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ABSTRACT 

Title of Thesis: Mechanisms Regulating Edema in Anterior Ischemic Optic 

Neuropathy and Approaches to Treatment. 

 

Name:    James D. Nicholson, Doctor of Philosophy, 2012 

Dissertation Directed By:  Steven L. Bernstein, MD, Ph.D., Professor 

    Department of Ophthalmology 

 

There are few clinically effective approaches that reduce CNS white matter (WM) 

injury.  Following WM infarct, nuclear factor κB (NFκB)-driven pro-inflammatory 

signaling can amplify vascular injury, resulting in progressive endothelial dysfunction 

and a severe ischemic lesion.  I evaluated whether amplification of vascular injury in 

WM could be reduced using complementary approaches related to NFκB signaling: 

1) I administered the anti-inflammatory compound 15-deoxy-Δ
12,14

-prostaglandin J2 

(15d-PGJ2), a prostaglandin known to inhibit NFκB nuclear translocation; 2) I 

investigate the role of sulfonylurea receptor 1 (SUR1), which is reported to contribute 

to vascular dysfunction by opening a non-specific cation channel in response to NFκB 

signaling.  

 

I evaluated the effects of 15d-PGJ2 in the rodent anterior ischemic optic neuropathy 

(rAION) model, an in vivo optic nerve (ON) ischemia model that shares many 

characteristics with the clinical condition non-arteritic anterior ischemic optic 

neuropathy (NAION).  I found that 15d-PGJ2 administered intravenously, either 



 

 

acutely or 5 hours post-insult, reduced tissue edema and significantly increased 

survival of retinal ganglion cells (RGCs) 30 days post-rAION.  I developed a novel 

quantitative capillary vascular analytical technique which allowed me to show that 

15d-PGJ2 improves ON capillary perfusion at 1 day post-infarct.  To investigate the 

mechanism of 15d-PGJ2 action, I developed an immunohistochemical technique that 

enabled me to directly determine that 15d-PGJ2 acts to reduce NFκB signaling in 

white matter by preventing nuclear localization of the NFκB p65 subunit.  Western 

blot analysis and qRT-PCR gene expression analysis confirmed the 15d-PGJ2-

associated reduction of NFκB signaling.   

 

SUR1 upregulation after other types of CNS focal ischemic events has been 

associated with edema formation.  Because edema is associated with rAION, I 

evaluated SUR1 expression post-ON infarct using immunohistochemistry, western 

blot analysis, and quantitative real time polymerase chain reaction (qRT-PCR).  I 

found no evidence that SUR1 is upregulated in WM after rAION.  Using the SUR1 

modulator glibenclamide, a drug approved by the U.S. Food and Drug Administration 

(FDA) for the treatment of type 2 diabetes, I found no difference in ON edema with 

and without glibenclamide treatment.   

 

My results show that, while 15d-PGJ2–associated NFκB modulation may be a useful 

approach for reducing ON ischemic injuries, increased NFκB signaling apparently 

does not result in sulfonylurea receptor 1 (SUR1) upregulation in the ON under the 



 

 

conditions tested. These studies may have importance for improved clinical treatment 

of NAION and other WM ischemic events. 
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Chapter 1 : Introduction 

Non-Arteritic Anterior Ischemic Optic Neuropathy (NAION) 

NAION is a human optic nerve stroke that is thought to occur in conjunction with a 

reduction of microvascular perfusion of the anterior portion of the optic nerve.  

Before describing my work with a rodent model of this injury, I will provide a short 

introduction to the vascular supply of the optic nerve relevant to NAION, the effects 

of this injury, and risk factors thought to contribute to NAION.  

Anatomy and Blood Supply of the Optic Nerve (ON) 

The retina can be divided into 7 layers.  The layers containing cell nuclei (from 

innermost to outermost) are the retinal ganglion cell (RGC) layer, the inner nuclear 

layer (INL), which contains amacrine cells and other interneurons, and the outer 

nuclear layer (ONL) that contains the nuclei of photoreceptor neurons (see Figure 1-

1).  The retinal layers containing no nuclei (from innermost to outermost) are the 

nerve fiber layer (NFL) containing the axons of the RGC cells, two interneuronal 

connection layers (inner plexiform layer (IPL) and outer plexiform layer (OPL), and 

a photoreceptor layer (PRC) containing the outer segments of photoreceptor cells.  A 

retinal schematic diagram is shown in figure 1.1.   

 

RGCs are neurons whose axons become the axons of the ON when they exit the eye.  

Each RGC cell is believed to give rise to a single axon that travels within the nerve 
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fiber layer (NFL) toward the disc of the optic nerve at the back of the eye.  The 

action potentials carried by RGC axons provide all output from the eye to the brain 

transmitted along the optic nerve (ON) (see Kaufman, Alm, & Adler, 2002 for 

review).  

 

 

 

  

Figure 1-1. The 7 layers of the retina: nerve fiber layer (NFL), 

retinal ganglion cell layer (RGC), inner plexiform layer (IPL), inner 

nuclear layer (INL), outer plexiform layer (OPL), outer nuclear 

layer (ONL), photoreceptor layer (PRC).  Hematoxylin and eosin 

were used to stain the cell nuclei and cytoplasm, respectively.   
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RGC axons travel along the innermost layer of the retina, converging at the optic 

disc in the posterior-medial area of the eye where they dive into the disc of the eye 

(also called the optic nerve head (ONH)) and pass through a perforated, collagen-

rich layer (known as the lamina cribrosa in humans (see Figure 1.2) and the lamina-

cribriform layer in rodents) to enter the ON proximal segment.  RGC axons in the 

NFL are typically unmyelinated until they pass the lamina cribrosa and enter the 

initial segment of the ON where they become highly myelinated.  At this point, the 

ON becomes a central nervous system (CNS) tract.  

 

The central nervous system (CNS) is defined as that part of the nervous system 

enclosed within the meninges (Kingsley, 2000).   However, bodies labeled “nerves” 

typically are part of the peripheral nervous system, not the CNS.  This discrepancy in 

naming the ON has caused some confusion about the classification of the ON.  

Despite being called a nerve, the ON is covered by the ON sheath.  The ON sheath is 

an extension of the meninges, and, all the meningeal layers are represented in the 

ON sheath.  The ON pia/arachnoid is tightly adherent 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) in this arachnoid space, which is contiguous with CNS 

cisternae.  Thus, the ON is a CNS white matter tract.  In addition, the vasculature in 

the NFL, the ONH, and the entire body of the ON has tight junctions and is therefore 

protected by the blood brain barrier (BBB).  In addition to RGC axons, the ON 

contains only CNS cell types: oligodendrocytes, microglia, endothelial cells, 
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astrocytes, fibroblasts.  All of these characteristics demonstrate that the ON is a CNS 

tract in composition as well as by definition.     

 

An important structural feature of the ON is that the proximal ON substance and the 

retina are supplied with blood via different vascular systems.  Thus, the RGC axons 

in the ON may be made ischemic independently of the RGC cell bodies, if the 

supply to the proximal ON is interrupted without interrupting the supply to the 

retina.   

 

The human inner retinal supply is provided by the central retinal artery (CRA) and 

central retinal vein (CRV), which primarily supply and drain the inner portions of 

retina but not the substance of the ON (Kaufman et al., 2002) (see Figure 1-2).  The 

CRA and CRV do not appreciably supply the substance of the ON despite running 

through the center of the proximal human ON.  In rodents, the CRA and CRV run 

parallel to the ON but do not enter or supply the substance of the proximal ON.   
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Figure 1-2. Circulation of the Proximal Optic Nerve. The proximal ON 

microvasculature is primarily supplied by three sources: ONH capillaries, vessels 

from the choriocapillaris, and pial vessels.  Reproduced from (Bernstein, Johnson, & 

Miller, 2011) 
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The substance of the proximal ON is supplied by three sources: a small contribution 

from ONH capillaries (anterior), choriocapillaris (the vascular network outside the 

retina), and pial vessels (from around the nerve sheath) (see Figure 1-2).  The most 

anterior capillary network supplying the first portion of the ONH (inside the globe; 

see Figure 1-2) is continuous with the capillary network of the anterior ON through 

a small number of capillaries traveling from the ONH and perforating the lamina 

cribrosa to reach the proximal ON (Olver, Spalton, & McCartney, 1994).  Ciliary 

arteries pass blood through choroidal vessels closest to the ON which in turn supply 

the proximal ON (Morrison, Johnson, Cepurna, & Funk, 1999).  This portion of the 

choriocapillaris has tight junctions and is therefore protected by the BBB.   

   

Rat and human pial vessels supplying the ON differ somewhat.  The circle of Zinn-

Haller is an anastomosis that surrounds the optic nerve, stretching between medial 

and lateral short ciliary arteries (Figure 1-3). This structure is found in humans (but 

not rodents) and supplies the initial segment of the ON via recurrent pial arterioles 

(Olver, Spalton, & McCartney, 1990).  However, the circle of Zinn-Haller occurs 

with non-pathological variants.  Approximately 23% of post-mortem eyes from 

cadavers without known ocular disease were found to lack a complete circle of Zinn-

Haller (Olver, Spalton, & McCartney, 1994), suggesting that if a focal ischemic 

event were to occur in the anterior portion of different human ONs, the incomplete 

ring in some individuals may contribute to susceptibility to ischemic damage.  In 
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general, however, the perfusion and drainage of the initial segment of the ON 

proceeds along the same basic plan in rodents and human.   
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Figure 1-3. Circle of Zinn-Haller.  This scanning electron microscopy 

image of an erosion cast of human ON vasculature shows a posterior view 

of the ON with choriocapillaris in the background.  The circle of Zinn-

Haller (arrowheads) around the dense ON capillary network sends vessels 

into the ON capillary network.  Scale bar = 1200 µm.  Adapted from 

(Olver et al., 1994). 
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Figure 1-4. The Dense Capillary Network of the Proximal ON in Human and 

Rat.  This scanning electron microscopy image of erosion casts of human (A) and 

rat (B) ON shows pial vessels supplying the ON (see white arrows in panel A and 

black arrow heads in panel B for pial vessels communicating with the substance 

of the ON).  Adapted from (Bernstein et al., 2011). 
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Within the substance of the ON itself, the micro-vasculature is restricted to the 

collagenous septae dividing the axonal fascicles.  The anterior ON parenchyma is 

heavily perfused with a spatially dense and highly branched capillary network, both 

in human (Olver et al., 1990, 1994) and rat (Morrison et al., 1999) with very few 

arterioles or venules present in the substance of the nerve (Figure 1-4).  The rat ON 

initial segment capillary bed is organized with most capillaries oriented transverse to 

the axis of the ON (as seen in Figure 1-4B and Figure 2-4), with short capillary 

segments connecting these longer segments.  This organization transitions to a more 

axial orientation of capillaries ~1-2 mm behind the globe (Morrison et al., 1999).  In 

my experience, this transition point is variable in the rat.  The human capillary 

network appears to be radially oriented and possibly radially segmented (Olver et 

al., 1990), consistent with the observed radially segmented ON strokes found 

clinically.  This area in the proximal ON contains the greatest density of capillaries 

and has been associated with the initiation of ON stroke both clinically (Tesser, 

Niendorf, & Levin, 2003) and in the rodent injury model used for this study. 

    

NAION: Pathology and Risk Factors 

There are two major classes of sudden ischemic optic neuropathy: arteritic and non-

arteritic.  Arteritic Anterior Ischemic Optic Neuropathy (AAION) is a neuropathy 

caused by arterial inflammation directed at the small- to midsize arteries that supply 

the circle of Zinn-Haller (reviewed briefly in Hayreh, 2009). When these small to 
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mid-sized arteries are damaged, there is compromise to the ON head circulation, 

leading to segmental photoreceptor infarct, ON edema, thrombus, and ischemia.  In 

contrast, NAION 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 in few individuals and can occur as a sequela to face-down 

surgeries that involve prolonged hypotension (reviewed in Hayreh, 2009).  

 

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 the ON 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 degeneration (Alasil, Tan, Lu, Huang, & 

Sadun, 2008; Bellusci et al., 2008; Contreras, Rebolleda, Noval, Muñoz-Negrete, & 

Munoz-Negrete, 2007; Contreras, Noval, Rebolleda, & Muñoz-Negrete, 2007; 

Deleon-Ortega, Carroll, Arthur, & Girkin, 2007).  In the mature NAION injury, the 

retina appears pale due to reduced retinal perfusion. 

 

NAION is the leading cause of sudden ON-related blindness in older adults.  The 

incidence of NAION was estimated to be 10.2 patients per 100,000 (Hattenhauer, 
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Leavitt, Hodge, Grill, & Gray, 1997) in a Caucasian cohort, with an increased 

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

separate study (McCulley, Lam, & Feuer, 2001).  There can be severe regional loss 

in the visual field with a slight predominance of superior altitudinal defect in vision.  

Altitudinal defect is a loss of vision in the superior or inferior visual field, 

suggesting a preference for damage in the optic nerve region that supplies the 

inferior retina.  After the first NAION incident, 12-17% of patients develop NAION 

in the other eye within 5 years (Beck, Hayreh, Podhajsky, Tan, & Moke, 1997; 

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

smaller than average optic nerve head, also called a crowded ON disc or a “disc at 

risk”.  The disc at risk is identified via ophthalmologic examination, where the ON 

disc depression (known as the optic cup) compared to the area of the total optic disc 

diameter (known as the cup-to-disc ratio) is less than 20% (0.2).  Although a number 

of small group studies purport to link particular drugs or systemic conditions to an 

increased incidence of NAION, the commonly agreed-upon risk factors for NAION 

(in addition to the disc at risk) include age > 50 years, arterial hypertension, 

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

Various prescription medications have been linked to NAION ( Hayreh, 2009; Kerr, 

Chew, & Danesh-Meyer, 2009), but only the association with sildenafil (Viagra®) 

and similar vasoactive drugs is widely accepted.  NAION can also occur without a 

history of risk factors or drug exposure.   
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Few tissue samples have been collected during the acute phase of NAION due to the 

fact that NAION is not lethal.  One of the few histopathological studies of early 

NAION, (Tesser et al., 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 response after NAION must be inferred from non-invasive or post-

mortem measurements (Salgado, Vilson, Miller, & Bernstein, 2011).      

 

Following an episode of NAION, approximately 40% of patients can experience 

spontaneous improvement in visual acuity over several months (Hayreh & 

Zimmerman, 2008; IONDT Group, 1995).  Spontaneous improvement of vision 

after NAION can be a confounding factor in small clinical trials aimed at evaluating 

whether a NAION treatment is effective.  However, some improvement may also be 

due to resolution of retinal edema that accompanies the condition (S. Kelman MD, 

personal communication). 

 

The Current State of NAION Treatment 

NAION tends not to be reported promptly due to lack of public awareness of its 

symptoms.  However, there is also a lack of effective treatment (reviewed in Atkins, 

2011), so, except at the epidemiologic level, the issue of NAION reporting is 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 NAION.  Unlike cerebral stroke, “clot busting” 

thrombolytic drugs such as tissue plasminogen activator (t-PA) are not indicated for 

treatment of NAION because thrombus is not present (Hayreh, 2009; Tesser et al., 

2003).  Nevertheless, a single case study of urokinase plasminogen activator (also a 

thrombolytic agent) claimed protection against NAION injury in two of three 

patients.   

   

Corticosteroids, while widely promoted for NAION treatment, do not significantly 

improve vision in NAION patients.  High doses of corticosteroid have been 

clinically evaluated for treating NAION on the basis of its anti-inflammatory 

properties.  One study of the corticosteroid prednisone (Hayreh & Zimmerman, 

2008) evaluated 696 eyes in 613 NAION 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 that the Hayreh, 2009 study was not appropriately 

blinded, and, patients decided which treatment to receive (Lee & Biousse, 2010).  

The patients with the greatest risk factors for NAION also had the greatest risk 

factors for complications due to prednisone and therefore were more likely to 

decline the treatment.   

 

The early phase of NAION is likely to cause permanent damage to the axons and 

oligodendrocytes of the infarcted area.  An often-given reason for continuing to use 
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corticosteroids for NAION is that administration might aid recovery from NAION 

by preventing further 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 is based on the assumption that NAION results from a 

compartment syndrome. In early theories, the ON was believed to be compressed by 

fluid accumulating within the ON sheath, creating a region of high vascular 

resistance and ON compression. By analogy to other compartment syndromes, it 

was reasoned that allowing the fluid to drain would reduce the vascular resistance of 

the compartment syndrome, and  restore perfusion to the tissue.  However, ON 

surgical decompression did not improve outcomes in NAION patients in a 

randomized trial (Ischemic Optic Neuropathy Decompression Trial [IONDT] 

Research Group, 2000).  Long-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., 2008).  More recently, the 

NAION lesion has been localized to the most anterior ON segment, with swelling 

and edema within the nerve tissue itself.  Tesser et al., 2003 have shown that the 

NAION lesion extends 1.5 mm from the most anterior segment of the ON, a 

surgically inaccessible region. This site is densely supplied by the small (pial) 

vessels supplying the ON through the sheath, as well as a component supplied by 

the small vessels comprising the circle of Zinn-Haller. These small vessels are 
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exquisitely sensitive to surgical manipulation.  Thus, surgical manipulation to gain 

access to this part of the ON would cause destruction of these vessels and increase 

damage.   

 

Other failed approaches to treating NAION have included aspirin (Botelho, 

Johnson, & Arnold, 1996) and hyperbaric oxygen (Arnold, 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 the University of Maryland-Baltimore in the laboratory of Dr. Steven Bernstein 

and is referred to as rodent anterior ischemic optic neuropathy (rAION) (Bernstein, 

Guo, Kelman, Flower, & Johnson, 2003).  rAION is induced in mice or rats by 

illuminating the optic disc with laser light (514-535 nm) after intravenous (i.v.) 

injection of the photo-reactive dye Rose Bengal (RB).  RB fluoresces and produces 

oxygen radicals 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 intra-arterial (primary hemostasis), or, photothrombosis can result 

from damage 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 here, I observe that thrombosis actually plays a 

minor role in rAION, similar what is seen clinically in NAION (see chapter 4).   

 

The rAION injury produces its effects almost exclusively via reactive species 

produced by the laser and not by heat deposition into the tissue (Inamo, Belougne, 

& Doutremepuich, 1996; Rodgers, 1981; Schafer et al., 2000).  Figure 1-5A shows 

the manner in which rAION is induced (images taken from Bernstein 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 (Figure 1-5B) and with dye present (Figure 1-5C).  In the presence 

of RB dye, the laser illumination produces a pronounced golden spot due to 

fluorescence of the dye.  In contrast, laser illumination without administration of RB 

does not produce vascular fluorescence and also does not produce injury. 

 

After rAION injury, there are a defined sequence of events that resemble clinical 

NAION  progression.  One day after rAION injury, a pronounced swelling of the 

ONH occurs (Figure 1-5D), and, restriction of venous drainage causes engorgement 

of the retinal veins.  Capillary perfusion of the ONH is reduced as well (Bernstein et 

al., 2003).  Flow to the retina via the large retinal vessels  is relatively spared, and, 

little or no direct retinal injury.  These signs are similar to the signs of NAION in 

humans.    
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The characteristic effect of rAION injury is to produce pronounced edema limited to 

the proximal ON and ONH with an occasional production of subretinal fluid (also 

seen  in NAION).  Venous insufficiency resolves within three days after rAION, 

and, the ONH edema typically resolves by 5-7 days (Figure 1-5E).  Histologically, 

macrophages infiltrate the injured nerve by 3 days post-injury (Zhang, Guo, Miller, 

& Bernstein, 2009).  The pace of changes to the rat ON is significantly faster than in 

humans, where ONH inflammation can persist for 1 month, and, macrophages were 

found in the substance of the ON 21 days post-NAION (Salgado et al., 2011).   

 

The terminal outcome of NAION and rAION is RGC death, following an insult 

causing axonal ischemia which initially spares the RGC cell bodies.  Similarly, 

rAION-injured eyes show the characteristic ON pallor at >30 days after rAION 

induction (Figure 1-5F), suggesting RGC loss.  Long term retinal pallor with loss of 

RGCs is a typical finding in NAION.  The inner retinal vasculature is not thought to 

be compromised by rAION or NAION.  The relative ON pallor observed after these 

injuries may be caused by changes in autoregulation of blood flow to a tissue with  

reduced metabolic requirements due to cell loss.   

 

The rAION model has been used to evaluate physiological and gene expression 

changes following optic nerve ischemia.  After rAION, RGCs transiently express c-

fos (a common marker of cell stress) as well as the stress proteins heat shock protein 

84 and 86 (HSP84 & HSP86) at 3 days post-injury (Slater, Mehrabian, Guo, Hunter, 



 

19 

 

& 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 curve that peaks at 10 and 21 days post-injury. There is no 

immediate loss of neurons that are found in the retinal ganglion cell layer, 

suggesting that there is no direct damage to the retina caused by rAION.  Taken 

together, all these effects of rAION, their similarity to clinical NAION, combined 

with the isolated loss of RGCs suggest that the rAION injury is a good injury model 

that  simulates many of the features of  clinical  NAION. 
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Figure 1-5. rAION injury model images.  Panel A demonstrates a fundus image 

of a normal Sprague-Dawley rat retina with the disc of the ON indicated by an 

arrow.  Panels B & C demonstrate the laser illumination of the ON disc without 

and with RB dye, respectively.  Panels D-F demonstrate the progression of the 

injury from 1 to 37 days.  ON edema is initially apparent with engorgement of 

retinal veins followed by the development of retinal pallor due to reduced blood 

flow by 37 days.  Figure taken from Bernstein et al., 2003. 
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Ischemic Inflammation and Nuclear Factor κB (NFκB) 

NFκB signaling is recognized as a major factor in pro-inflammatory gene 

transcription.  The term “NFκB” refers to a class of dimeric transcription factors that 

bind to the DNA kappa-B consensus sequence (reviewed in Hayden & Ghosh, 2011; 

Hoffmann & Baltimore, 2006).  The NFκB family comprises 5 individual proteins 

that form one of 15 heterodimeric or homodimeric transcription factors.  The NFκB 

dimeric is transcriptionally inactive when localized to the cellular cytoplasm and is 

maintained in this inactive form by being bound in a trimeric complex to one of 8 

IκB proteins (IκBα, IkBβ, IκBε, IkBζ, Bcl-3, IκBNS, p100, or p105) (reviewed in 

Hayden & Ghosh, 2011).  This IκB/NFκB trimeric complex effectively retains the 

dimeric NFκB signaling complex in the cytoplasm and prevents nuclear 

localization.  NFκB that is retained in the cytoplasm cannot bind nuclear DNA and 

is considered inactive. 

 

There are two general pathways for NFκB activation: the canonical and non-

canonical pathways (shown schematically in Figure 1-6).  Canonical activation is 

associated with the production of pro-inflammatory molecules (such as TNFα and 

IL-1β) (Hayden & Ghosh, 2011; Hoffmann & Baltimore, 2006), while the non-

canonical mechanism is associated with lymphoid organogenesis, B cell survival, 

dendritic cell maturation, and bone marrow metabolism (Hayden & Ghosh, 2011; 

Sun, 2011).  The canonical pathway receives inputs from many different upstream 

signaling mechanisms which converge on the phosphorylation of two N-terminal 
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serine residues (S32/36) of the IκB protein.  N-terminal phosphorylation results in 

K48-linked polyubiquitination and proteasomal degradation of the IκB protein 

(Chen et al., 1995; Scherer, Brockman, Chen, Maniatis, & Ballard, 1995; 

Traenckner et al., 1995).  This induced degradation of IκB frees the NFκB dimer 

from the IκB protein and allows the dimer to be translocated into the nucleus where 

it participates in gene transcription.  Activation of NFκB-driven gene expression, 

thus, begins with an increase in N-terminal phosphorylated IκB protein followed by 

a decline in total IκB proteins due to proteasomal degradation.  NFκB-driven 

expression of IκBα eventually increases total IκBα to serve as a negative feedback 

mechanism to extinguish NFκB signaling (Hayden & Ghosh, 2008).  Nevertheless, 

upregulation of phosphorylated IκB demonstrates that upstream signaling for NFκB 

activation is intact.   

 

NFκB is appears to be a common cellular protein.  The number of the canonical 

NFκB subunits p65 present in a human T cell carcinoma after tumor necrosis factor 

alpha (TNFα) stimulation was estimated to be ~124,000 (Hottiger, Felzien, & Nabel, 

1998).  Given that a human T cell carcinoma has a cell volume of ~1500 µm
3
 (see 

Jurkat radius in Table 1 of Rosenbluth, Lam, & Fletcher, 2006) the average cellular 

concentration of p65 can be estimated to reach ~137 mM [calculated as follows 

(124x10
3
/6.023x10

23
 mol

-1
) / (1500x10

-18
 m

3
 * 0.001 L/m

3
)], or about 8.9 mg/mL 

(p65 is ~65kDa).  Even if TNFα-stimulated rat cells were to have an order of 
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magnitude less p65 than the observed concentration, whatever p65 is present should 

be easily detectable by immunohistochemistry. 

 

Review articles and textbook descriptions of canonical NFκB signaling rely upon 

experiments conducted using cultured cells, typically cancer cell lines, where the 

p65/p50 heterodimer is the dominant canonical transcription factor (Hayden & 

Ghosh, 2008; Hoffmann & Baltimore, 2006).  In contrast, Witt and colleagues 

observed rat CNS endothelial cells in vivo and found that NFκB signaling during 

ischemia was dominated by the p65 homodimer and that the p50 subunit was 

present in a greatly reduced concentration (Witt, Mark, Huber, & Davis, 2005).  The 

Witt article also showed that p50 expression changed independently of p65 after 

ischemia/reperfusion, demonstrating that, while the p65/p50 heterodimeric 

transcription factor may be present, it is not likely to be the dominant form in rat 

CNS endothelial cells after ischemic injury.  This was an important consideration in 

my in vivo experiments where I used the p65 subunit as a marker for upregulation of 

canonical NFκB proteins during rAION.    

 

CNS edema subsequent to ischemia is promoted by NFκB-driven expression of pro-

inflammatory cytokines and chemokines ((Deli et al., 1995; Dickstein, Moldofsky, 

& Hay, 2000), for endothelial-specific effects see Pober, Min, & Bradley, 2009).  

Reducing NFκB signaling during CNS ischemia can result in improved outcomes 

(van der Kooij et al., 2010).  Reduction of TNFα and IL-1β signaling via 
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neutralizing antibodies has also been shown to be particularly important for ON 

neuroprotection after ischemia (Sherwin & Fern, 2005).  CNS ischemia can also 

cause microvascular compression (Garcia, Liu, Yoshida, Chen, & Lian, 1994) and 

damage to capillary endothelial cells and other CNS cell types in an NFκB-

dependent manner (Pober et al., 2009; Ridder & Schwaninger, 2009).  Therefore, 

control of NFκB-driven inflammation is an important mechanism to consider when 

attempting to reduce edema and protect tissue from ischemic damage. 
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  Figure 1-6. Typical schematic diagram for the canonical NFκB activation 

pathway.  The canonical NFκB pathway begins with extracellular signals (ex. 

TNFα, IL-1β) activating a series of tyrosine kinases until IκBα serines S32 

and S36 are phosphorylated.  Phosphorylation of S32/S36 signals for 

ubiquitination of IκBα and proteasomal degradataion.  Once IκBα is degraded, 

the NFκB dimeric signaling complex enters the nucleus using a nuclear 

import signal on p65/RelA, where it participates in enhancing or repressing 

gene transcription.  The canonical NFκB pathway is typically studied for its 

ability to promote inflammation.  Image credit: wikimedia.org.    
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15d-PGJ2: Synthesis and Function 

15-deoxy-Δ
12,14

-Prostaglandin J2 (15d-PGJ2) is formed as a nonenzymatic double 

dehydration product of prostaglandin D2 (PGD2) (reviewed in Scher & Pillinger, 

2009; Scher & Pillinger, 2005), a ubiquitous cyclooxygenase-2-derived 

prostaglandin in the arachidonic acid cascade (Rink & Khanna, 2011).  15d-PGJ2 

has been found to be neuroprotective in a number of systems (Liang, Wu, Hand, & 

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

on diverse systems (reviewed in Scher & Pillinger, 2005).  The most studied anti-

inflammatory mechanisms of 15d-PGJ2 are its ability to activate peroxisome 

proliferator-activated receptor-gamma (PPAR) (Ou et al., 2006; Zhao, Ou, Grotta, 

Waxham, & Aronowski, 2006) and its ability to inhibit NFκB signaling (Giri, 

Rattan, Singh, & Singh, 2004).   Post-infarct 15d-PGJ2 administration may be 

neuroprotective following middle cerebral artery occlusion (MCAO) by non-

overlapping NFκB and PPARγ dependent and independent mechanisms (Pereira et 

al., 2006).   

 

15d-PGJ2 is reported to stabilize vasculature by reducing endothelial inflammatory 

signaling (Huang et al., 2008; Sasaguri & Miwa, 2004; Verrier et al., 2004) but has 

also been reported to be toxic when tested in vitro against neuronal cells (Li et al., 

2004) as well as oligodendrocytes and their precursors (Xiang, Lin, & Reeves, 

2007).  Determining 15d-PGJ2 toxicity using in vitro testing is subject to a number 

of caveats, most notably that 15d-PGJ2 is a reactive compound that depletes 
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glutathione in cultured cells (Brunoldi et al., 2007).  Because of this reactivity, 

toxicity may occur more easily under typical cell culture conditions where the 

typical dose of the 15d-PGJ2 relative to the biomass of cultured cells is much larger 

than the typical dose of 15d-PGJ2 relative to the mass of an intact animal.  

Additionally, 15d-PGJ2 is a hydrophobic prostaglandin that is likely to be rapidly 

metabolized or eliminated in vivo.   Related prostaglandins have a plasma half-life 

of under one minute for the parent compound in rat (Eguchi, Kaneko, Urade, 

Hayashi, & Hayaishi, 1992).  This is in contrast to in vitro testing where the parent 

compound is in constant high concentration.  Thus, the answer as to whether such a 

potentially useful compound is too toxic to be a neuroprotectant should be evaluated 

in an intact animal using reasonable doses and a route of administration that does 

not excessively burden any group of cells.  

 

Sulfonylurea Receptor 1 (SUR1) Upregulation Produces Delayed 

Edema 

The upregulation of the SUR1 ion channel regulatory subunit after CNS injury is 

associated with the formation of CNS edema.  SUR1 expression increases 

immediately after experimental ischemia or ischemia/reperfusion (Simard et al., 

2006).  Downregulating SUR1 expression or blocking its activity may be beneficial 

after CNS injury.  In the work reported here, I used the 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 matter edema after focal ischemia, which 

is not studied as often as CNS grey matter edema after focal ischemia. 

 

During the early course of my work with the rAION model, I came to suspect that 

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

24 hours after rAION (see chapter 2) and the slow rate of edema progression after 

NAION and rAION.  SUR1 expression has also been shown to be dependent upon 

NFκB signaling, a known target of 15d-PGJ2 activity.  Because SUR1 has been 

shown to be involved in delayed CNS edema formation after focal CNS injury in 

both human and rodents (see below for full discussion), it seemed a reasonable 

molecular target to investigate as a mechanism for edema after rAION.  As noted, 

NFκB is a major transcription factor regulating SUR1 expression.  The abcc8 gene 

that produces SUR1 contains a κB binding site for the NFκB class of transcription 

factors, and, SUR1 expression can be driven by NFκB signaling in cell culture 

(Geng, 2009).  My work presented in chapter 2 suggests that rAION upregulates 

NFκB expression as well as signaling to downstream gene targets typically 

associated with inflammation.  I also demonstrate that 15d-PGJ2 reduces NFκB-

driven signaling.     

 

As previously noted, increased NFκB signaling after rAION has been shown to 

increase SUR1 expression.  Increased SUR1 expression after ischemia has, in turn, 

been shown to produce cytotoxic edema after CNS injury (Simard, Tsymbalyuk, et 
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al., 2007).  Reducing NFκB signaling after rAION appeared to be a likely way to 

reduce SUR1 expression and improve edema in the ON after rAION injury.  I, 

therefore, sought to test whether NFκB signaling correlated with SUR1 upregulation 

and edema after rAION in rat ON. 

   

SUR1: Structure, Function, and Biochemical Role 

The Biochemical Role of SUR1 

SUR1 is an ion channel regulatory protein that alters ion channel conduction states 

based on intracellular adenosine tri-phosphate (ATP).  SUR1 is known to associate 

with inward rectifying potassium channels of the Kir6.x family to form a KATP 

channel containing an ion channel that is blocked by ATP.  SUR1 and Kir6.2 exist as 

a tetramer of SUR1/Kir6.2 heterodimers in a 4:4 complex (Babenko, Aguilar-Bryan, 

and Bryan 1998; Aguilar-Bryan et al. 1998).  SUR1’s function has been extensively 

studied because of its role in regulating Kir6.2 in pancreatic beta islet cells, making 

it a primary molecular target for anti-diabetic drugs.   

 

SUR1 is known as a sulfonylurea receptor because insulin-sensitizing anti-diabetic 

drugs, many of which contain a sulfonylurea group, bind to SUR1 (glibenclamide, 

tolbutamide, glibpiride, etc.).  Drugs in this class bind to SUR1 and close the SUR1-

associated Kir6.2 potassium channel.  In pancreatic beta cells, sulfonylurea binds to 

SUR1/Kir6.2 resulting in cell depolarization, calcium entry, and enhanced pulsatile 
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release of calcium due to ryanodine receptor-mediated calcium release (Fridlyand, 

Tamarina, & Philipson, 2010).  Activated SUR1 ultimately leads to enhanced release 

of insulin due to elevated cytoplasmic calcium pulses.   

 

SUR1-regulated Kir6.2 ion channels undergo bursts of the channel open state 

followed by a prolonged channel closed state.  SUR1 effectively closes this 

potassium channel in the presence of elevated ATP by prolonging the interval 

between bursts and shortening the burst duration (Kakei & Noma, 1984).  

Conversely, when intracellular ATP is low, the SUR1/Kir6.2 remains in the open 

state for a longer period of time.  Thus, SUR1 association with Kir6.2 confers 

increased ATP sensitivity upon the KATP channel and allows the SUR1 antagonist 

glibenclamide to reduce SUR1-regulated 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 

SUR1 is produced by transcription of the abcc8 gene into a complex protein.   

Figure 1-7 shows the SUR1 predicted transmembrane domains indicated along with 

potential glycosylation and phosphorylation sites for the human protein taken from a 

protein map of guinea pig SUR1 (for review see Aguilar-Bryan et al., 1995, 1998; 

Béguin, Nagashima, Nishimura, Gonoi, & Seino, 1999).  The exon map from the 

SUR1 entry in Genbank (Accession #Q09428.8) contains 39 exons and aligns well 

with one created using the Spidey mRNA to genome alignment program (Wheelan, 

Church, & Ostell, 2001) (see Figure 1-8).   

 

SUR1 has one full-length form and seven known splice variants detected in various 

species and tissues (partially reviewed in Aguilar-Bryan et al., 1998).  Some SUR1 

splice variants are known to be less sensitive to ATP (Shi, Ye, & Makielski, 2005) 

and glibenclamide than the full-length SUR1 (for the Delta-31 splice variant see 

Aguilar-Bryan et al., 1998; for the Delta-2 splice variant see Schmid et al., 2011).  

Thus, any method for detection of SUR1 protein may find multiple forms that may 

affect the function of SUR1. 

 

SUR1 contains two pairs of Walker A and B domains comprising two nucleotide 

binding domains (NBD1 & NBD2) (Figure 1-7).  Binding of ATP to NBD1 or 

NBD2 modulates the ion channel associated with SUR1.  While NBD1 binds ATP
4-

, 

NBD2 binds Mg-ATP and may have weak ATPase activity (Bryan, Crane, Vila-
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Carriles, Babenko, & Aguilar-Bryan, 2005).  SUR1 contains three transmembrane 

domains (TMD0, TMD1, TMD2) (Bryan et al., 2005) that allows it to be an 

essential membrane protein and to bind to ion channels.  SUR1 also acts as an 

essential chaperone for ion channels via its N-terminal domain which binds to the 

RKR endoplasmic-reticulum retention domain of its ion channel partner and allows 

the channel protein to reach the cytoplasmic membrane (Taschenberger et al., 2002; 

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

interest in the human SUR1 protein.  Transmembrane helices and Walker 

domains responsible for binding ATP are labeled in pink and blue.  Glycosylation 

sites are indicated in tree form.  Phosphorylation sites (adapted for the human 

sequence from Aguilar-Bryan et al., 1995) are labeled with a circled green P and 

the residue number.  See Appendix figure A-1 for enlargements of this figure. 
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Figure 1-8. Alignment of SUR1 proteins from mouse, rat, and, human with exons 

and immunogen sequences for SUR1 indicated.  The mouse, rat, and human SUR1 

protein sequence shows many areas of high homology.  A consensus sequence runs across 

the top of the alignments with numbered introns running along the bottom of each row.  

Known transmembrane regions are indicated in blue.  Protein sequences used to create 

antibodies used in this study are indicated in brown with the name of the 

company/creator.  See text for further details of antibody specificity.  See figure A-2 for 

enlargements of alignment. 
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SUR1 Regulates a Non-specific Monovalent Cation Channel after Ischemia 

The laboratory of Dr. J. Marc Simard at University of Maryland-Baltimore 

discovered that SUR1 translational upregulation is associated with delayed edema in 

animal models of CNS injury (Simard, Tsymbalyuk, et al., 2007; Simard, Kilbourne, 

et al., 2009; Simard, Woo, Norenberg, et al., 2010; Woo et al., 2011).  They 

proposed that SUR1 regulates a nonspecific cation channel that is opened at low 

intracellular ATP concentration (NCCa-ATP).  They further suggested that SUR1 

associates with the Transient Receptor Potential M4 (TRPM4) ion channel to form 

the non-selective monovalent cation channel, NCCa-ATP (Simard, Kahle, & 

Gerzanich, 2010).  The NCCa-ATP channel was demonstrated in primary activated 

astrocytes subjected to azide chemical hypoxia (Chen & Simard, 2001).  The NCCa-

ATP has a single channel conductance of 35 pS, does not conduct Ca
2+

 or Mg
2+

, is 

mildly inwardly rectifying, and is modulated by ATP, which is similar to what the 

characteristics of the TRPM4 channel but with increased sensitivity to ATP (Chen & 

Simard, 2001; Chen, Dong, & Simard, 2003).  Just as with SUR1/KIR6.x, 

dramatically reduced [ATP]i opens the NCCa-ATP channel while typical intracellular 

concentrations of ATP keep the channel closed.  Elevated cytoplasmic [Ca
2+

]i opens 

the channel found after hypoxic injury (Chen & Simard, 2001; Chen et al., 2003) as 

well as the proposed TRPM4 channel (Simard, Kahle, et al., 2010).  Continuous ion 

flow through this non-specific cation channel may depolarize a cell, causing cell 

swelling and resulting in cytotoxic edema.  This channel is believed to be intimately 

involved in cytotoxic edema in multiple cell types after ischemic injury. 
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The roles of SUR1 and NCCa-ATP in CNS injury have been established by multiple 

lines of evidence.  SUR1(-/-) mice are protected during spinal cord injury relative to 

wild-type animals (Simard, Woo, Norenberg, et al., 2010).  A temporary reduction of 

SUR1 expression using antisense DNA also protects against spinal cord contusion ( 

Simard, Woo, Norenberg, et al., 2010).  Finally, SUR1 expression is upregulated in 

injured human spinal cord sections, confirming SUR1’s presence in clinical cases of 

CNS ischemia.  Blocking SUR1 using glibenclamide (a second generation 

sulfonylurea receptor antagonist) reduces spinal cord injury after contusion (Simard, 

Tarasov, & Gerzanich, 2007) and CNS injury after MCAO occlusion (Simard et al., 

2006).  A retrospective clinical study showed that type 2 diabetes patients who 

suffered ischemic stroke and continued to receive glibenclamide for the duration of 

their hospital stay had significantly improved functional outcome upon release 

(Kunte et al., 2007).  The fact that NCCa-ATP is susceptible to blockade by an FDA-

approved drug (glibenclamide) makes inhibiting SUR1-regulated ion channels an 

attractive research objective. 

 

Interaction of Glibenclamide with SUR1 

Glibenclamide is one of a class of anti-diabetic compounds that binds to SUR 

proteins and results in closing of ion channels regulated by the SUR proteins.  

Glibenclamide will close a SUR-regulated channel despite [ATP]i that may have 

fallen to a concentration that would normally activate it.  Glibenclamide binds 
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SUR1 preferentially over SUR2 with at least 100x selectivity (see Table in Babenko 

et al., 1998, also see Russ et al., 1999).  Because of glibenclamide's selectivity for 

SUR1 over SUR2, glibenclamide effects observed in the low nanomolar range are 

believed to be related to its SUR1 activity.  

 

Glibenclamide can act as a PPARγ partial agonist, similar to the PPARγ agonist 

activity of 15d-PGJ2.  The PPARγ agonist activity of glibenclamide has an effective 

concentration (EC50) of ~10 μM (Fukuen et al., 2005).  Because this effective 

concentration is three orders of magnitude higher than the dose of glibenclamide 

given to rAION rats, the secondary effects of glibenclamide is not relevant in the 

concentration range being utilized. 

 

Since glibenclamide is an anti-diabetic agent, care must be taken to prevent 

pathologic reduction in blood glucose levels in non-diabetic patients and animals.  If 

glibenclamide concentrations in rats are maintained below 10 nM by constant 

infusion, serum glucose is not depressed (Simard, Geng, et al., 2009).   Another 

important point regarding glibenclamide is that the glibenclamide concentration 

found to promote neuroprotection should, theoretically, be insufficient to block 

SUR1/KIR6.x or NCCA-ATP maximally.  Since the un-ionized fraction (vs. ionized) of 

glibenclamide (pKa = 6.3) is responsible for interacting with SUR1, the fraction of 

drug available to block the NCCA-ATP channel is increased by the lower pH found in 

ischemic tissue.   Thus glibenclamide can act to block the NCCA-ATP channel at a 
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concentration that would normally be ineffective (Simard et al., 2006).  Because 

rAION also induces ischemia, I suspected that glibenclamide would show either a 

neuroprotective or edema-reducing effect if SUR1 were involved. 
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Chapter 2 : 15d-PGJ2 Protects Against rAION by Reducing 

Edema 
 

Hypothesis: 15d-PGJ2 Protects Against rAION by Reducing Edema 

My hypothesis for this aspect of my investigations was that 15d-PGJ2 would reduce 

the photo-thrombotic infarct volume of the optic nerve by reducing optic nerve 

edema and the subsequent additional vascular compromise that involves the infarct 

penumbra.   

 

Rationale for Hypothesis 

Edema is Important in NAION and rAION Injuries 

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

of NAION and is always present (personal communication, Dr. N. Miller).  NAION 

is not lethal, therefore it is has not been possible to histologically examine 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) and recapitulated in rAION (Zhang et al., 

2009).  Thus, I felt that edema reduction immediately after rAION may be a critical 

factor in the neuroprotection produced by 15d-PGJ2. 
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 15d-PGJ2 may Reduce WM Edema 

15d-PGJ2 reduces injury after an experimental spinal cord ischemic injury 

(Genovese et al., 2008).  An example of edema reduction by 15d-PGJ2 comparing 

tissue wet weight to dry weight, albeit non-neuronal, is found in (Genovese et al., 

2005) where 15d-PGJ2 protected the lung after injury specifically by reducing 

edema as measured by the ratio of wet to dry weight.  Thus, the literature 

surrounding 15d-PGJ2 demonstrates the anti-edema potential of this drug. 

 

Methods: 

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

 

Results: 

Intravenous 15d-PGJ2 Improves RGC Survival 30 Days After rAION 

As described above, 15d-PGJ2 is a neuroprotective compound that improves long-

term RGC survival after rAION.  Figure 2-1 shows a 15d-PGJ2 dose-response curve 

for 30 day RGC survival, where where the fraction of surviving RGCs is plotted 

against the dose of a single i.v. 15d-PGJ2 injection administered immediately post-

rAION.  30 day RGC survival is expressed as a ratio of RGC density per unit area in 

rAION-injured retina normalized to the average RGC density per unit area found in 

uninjured eye.  A significant non-zero correlation exists between 15d-PGJ2 dose and 
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RGC survival (Pearson R = 0.89, p = 0.02, Prism 4, Graphpad Inc.).  The effective 

neuroprotection of RGCs 30 days following  rAION when given only a single 15d-

PGJ2 administration combined with preliminary observations of edema reduction in 

15d-PGJ2-treated animals at 1 day (tested systematically in the next section) 

suggested that 15d-PGJ2 protects the ON by acting early in the injury process.  
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Figure 2-1. RGC survival at 30 days post-rAION as a function of 15d-PGJ2 dose.  

Retinas from rAION-injured eyes were flat mounted, immunostained for Brn3a (RGC 

marker) and counted using unbiased stereology.  RGC survival is expressed as the ratio of 

RGC density in rAION-injured retinas to RGC density of unlasered eyes on the y-axis, 

with the dose of 15d-PGJ2 on the x-axis.  The data shows a significant non-zero slope 

(Pearson’s R, p=0.02, Prism 4, Graphpad Inc.).  The trend line is a best fit to data and is 

not model-based.  Error bars represent standard error.  Red numbers indicate the number 

of eyes tested for each dose. 

      
6    7    6         7                     3                                          3 
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15d-PGJ2 Reduces ONH Edema 1 Day Post-rAION.  

Edema in the rat anterior ON and optic nerve head (ONH) can be visualized in vivo 

using spectral-domain Optical Coherence Tomography (SD-OCT).  SD-OCT is a 

clinically-relevant imaging method that uses infra-red laser light to measure changes 

in tissue index of refraction, yielding an accurate three dimensional computer model 

of the retinal laminar structure and ONH.  Alterations to the thickness of retinal or 

ONH structures due to edema can thus be quantified using SD-OCT (Alasil, Tan, 

Lu, et al., 2008; Lee, Woo & Hwang, 2011; Sarac, Tasci, Gurdal & Can, 2012).  We 

have adapted a clinical Heidelberg Spectralis® (Heidelberg Engineering) SD-OCT 

instrument for use in rodents by way of using a plano-convex contact lens.  Figure 

2-2 compares edema of rat ONH under three treatment conditions by showing 

representative images of rat SD-OCT (Figure 2-2 panels A, C, E) and color retinal 

images (Figure 2-2 panels B, D, F).   

 

The color retinal image of the naïve eye (Figure 2-2B) shows that the ONH lies 

even with the inner retinal surface while the ON border is defined by straight lines.  

Naïve retinal veins (Rv) are of normal caliber.  One day post-infarct in vehicle 

treated animals, ONHs are edematous and increased in size with whitening and 

blurred margins (Figure 2-2D, white arrows show ONH margin).  Retinal veins are 

engorged, with edema blocking vein outlines at the ON margin (Figure 2-2B, black 

arrow).  rAION-induced animals treated acutely with 100 µg/kg 15d-PGJ2 have 

ONHs that are reduced in size compared with vehicle-treated rAION-induced 
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animals, with significantly reduced edema (Figure 2-2F) at 1 day post-rAION (for 

hematoxylin and eosin histology of rAION-injured ONs see longitudinal sections in 

Zhang et al., 2009).  The rAION-injured ONH of animals treated with 15d-PGJ2 has 

a reddish hue at 1 day similar to that of un-induced eyes (compare Figure 2-2F with 

that seen in Figure 2-2B). There is less venous congestion (compare Figure 2-2F and 

2-2D). The 15d-PGJ2-treated ON typically is similar to that of the naïve control. 

 

OCT images in figure 2-2 panels A, C, and E show a horizontal scan of the ONH at 

the level of the hyaloid artery.  OCT of naïve rat eye reveals the laminated structure 

of the retina (Figure 2-2A, ret).  The ONH diameter is indicated by white arrows.  

One day post-rAION vehicle-treated animals (Figure 2-2C) show increased opacity 

of the intra-retinal axonal layer and ONH diameter expansion.  By comparison, 15d-

PGJ2-treated animals show reduced ONH edema and diameters at 1 day (Figure 2-

2E) compared with vehicle treated rats.  

 

Using OCT imaging, I quantified ONH edema by measuring the apparent diameter 

of the edematous ONH at the horizontal level of the hyaloid artery and the axial 

level of the inner nuclear layer at 1 day post-rAION with either vehicle (n=5) or 100 

µg/kg 15d-PGJ2 i.v. treatment (n=7) (Figure 2-2G).  The mean diameter of the 

edematous ONH treated with 15d-PGJ2 536±108 µm (n=5) was significantly less 

than the group treated with vehicle which had a mean diameter of 676±95 µm (n=7) 

and both rAION-injured groups were significantly larger than both baseline groups 
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(p < 0.05, Student’s t test all pairs comparison with Bonferroni correction, NCSS 8 

software, NCSS LLC).  Thus, measurement of the ONH using OCT is consistent 

with the observation made with retinal imaging that acute 15d-PGJ2 treatment 

reduces ONH edema at 1 day post-rAION. 
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Figure 2-2. Retinal (Ret) color photos and OCT scans showing ONH edema 1 day 

post-rAION with reduction of edema by 15d-PGJ2 treatment.  A. An OCT scan of a 

naïve eye shows that the inner surface of the ONH is even with the inner retinal layer and 

the ONH is narrow (white line).  B. A color retinal image of the same naïve eye shows the 

ONH margin is well defined by an optic disc that is redder than the surrounding retina.  

The retinal veins (Rv) are of normal diameter.  C. An OCT scan of a 1 day post-rAION 

i.v. vehicle-treated eye shows increased ONH diameter (arrows) compared with the naïve 

eye (compare white line lengths).  D. The color retinal image of the same eye shows a 

swollen and edematous ONH (delineated by the white arrows).  E. OCT imaging shows a 

reduction of ONH edema 1 day post-rAION i.v. 15d-PGJ2 treated eye relative to vehicle 

treatment (compare white line to white line in panel C).  F. ONH edema in the i.v. 15d-

PGJ2-treated 1 day post-rAION eye is reduced in the color photo and the definition and 

color of the optic disc is similar to the naïve eye.  Retinal vein (Rv) engorgement is 

reduced.  G. ONH diameter measured by OCT is significantly reduced at 1 day post-

rAION (100 ug/kg i.v. 15d-PGJ2 (n=5) vs. i.v. vehicle (n=7), *** p < 0.05 Bonferroni 

multiple comparison test). 
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Automated Microvascular Quantification Using Fluorescent Gelatin Perfusion 

Quantifying patent microvasculature in the ON after rAION is the most direct test of 

microvascular compromise due to rAION-induced edema.  A previously-used 

microvascular imaging technique employed vessel filling with India ink to study 

ON ischemia (Bernstein et al., 2003).  However, fluorescent gelatin perfusion 

appeared to be a better alternative for three reasons: 1) a liquid more viscous than 

blood will resist entering damaged vessels that are not patent, 2) filling capillaries 

with a fluorescently labeled solution does not depend upon the presence of 

endothelial luminal markers to adequately label a blood vessel, and 3) confocal 

imaging of fluorescently labeled structures can be digitally rendered to yield three 

dimensional information that allows automated digital volumetric reconstruction 

(see methods section for details of gelatin perfusion technique).   

 

Automation of digital vessel reconstruction saves a great deal of time compared to 

manual reconstruction of vessel volume and allows a much larger volume of tissue 

to be imaged than would be practical with manual vessel tracing.  Manual vessel 

reconstruction of filled vessels is performed by tracing vessel outlines on serial 

sections of tissue (or serial optical sections if confocal imaging is used) and 

connecting the vessel outlines using an approximation for the surface between the 

traced vessel outlines.  To facilitate vessel reconstruction, I developed a vessel 

quantification method using Imaris software (Bitplane Inc.) after considering several 

commercial and non-commercial alternatives.  Briefly (see methods section for 
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details), a confocal image stack is processed through the following steps: Gaussian 

filtering and background subtraction on the input confocal image stack, masking a 

volume of interest (volume masking), masking the vessels as separate from 

background autofluorescence (vessel masking) to allow automatic filament 

generation, filament tracing to define the centerline of the vessels, and filament 

radius calculation to determine the volume of the capillary network.  The vessel 

volume of the rAION-damaged ON is then normalized by comparing it to the vessel 

volume of the undamaged contralateral ON. 

 

The Imaris filament model exists within the space defined by a confocal image stack 

and is comprised of short, connected line segments with an diameter assigned for 

each line segment.  Imaris’ filament model uses a circular cross-section where the 

radius is set by searching for the least distance from the centerline that satisfies a 

threshold condition (see Figure 2-3A for a typical example).  This method provides 

a suitable approximation to vessel volume because the filament models created by 

this method appear to cover the volume of the capillary fluorescent density 

reasonably well by visual inspection.  However, vessel volume measurement is 

subject to systematic and non-systemic sources of error.  Examples of such sources 

of error are: capillary volume may vary from animal to animal or between eyes in a 

single animal, the total fluorescent intensity may differ between batches of gelatin, 

gelatin fluorescence intensity may vary because of gelatin mixing with residual 

saline, the autofluorescent background of the tissue may make vessels appear larger 
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than they are, and noise in the fluorescent signal due to confocal digitization may 

alter the filament diameter calculation.  These errors are mitigated by normalizing 

the capillary volume to the uninjured contralateral ON, because the sources of error 

in the capillaries of one ON are likely to be present in the contralateral ON of the 

individual animal. 

 

Because Imaris’ filament algorithms are not publically disclosed, I performed two 

tests to determine the sensitivity of the quantification method to variations in input 

parameters.  The vessel volumes of 5 uninjured ONs were calculated with different 

threshold settings (an input parameter that varies from 1 to 5) (Figure 2-3B).  Vessel 

volumes showed a linear correlation with threshold setting, with Pearson’s R
2
 > 

95% for each ON reconstruction (Prism 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 linear (Pearson’s R
2
 > 0.91 for all data 

sets, Prism 4, Graphpad Inc.) and did not change significantly with changes in 

threshold setting (ANCOVA, Prism 4, Graphpad Inc.).  In all subsequent testing I 

used the middle threshold value of 3, which is the Imaris software default setting.  I 

also compared vessel volumes of 10 uninjured ONs with background subtraction 

pre-processing compared to no background subtraction pre-processing (Figure 2-

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

(Wilcoxon’s matched pairs test, Prism 4, Graphpad Inc.).  While there is no 

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 events.  Thus, subsequent analysis are performed on 

samples in which the background has been subtracted.  

 

Automatic vessel tracing with appropriate controls is likely to be at least as accurate 

as manual tracing with the advantages of significantly reduced processing time and 

reduced variability between users of the method.  However, computer software 

cannot judge where a vessel exists or what its radius might be.  It is the 

experimenter’s responsibility to reject a bad vessel reconstruction and to confirm 

that the reconstruction is plausible.  I 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 capillaries covered by a filament (blue surface) 

calculated using threshold = 3 form a reasonably accurate surface covering the 

fluorescent signal.  The filament threshold setting of 3 is used in capillary quantification 

in subsequent results.  B. The sensitivity of the ON quantification method to the threshold 

setting was tested by varying the filament setting from 1 to 5.  The relative order of 

relative vessel volume shows some sensitivity to threshold but retains the general ranking 

of relative vessel volume.  C. Background subtraction necessary to allow Imaris to 

calculate filament diameters does not introduce significant error into vessel volume 

calculations.   
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Variation of Fractional Vessel Volume 

 



 

55 

 

15d-PGJ2 Improves Capillary Perfusion by Reducing Post-infarct Edema.   

The effect of 15d-PGJ2 on rAION was determined by quantitative evaluation of 

capillary perfusion volume in the rAION-injured ON proximal segment 1 day after 

injury.  ON sections selected for analysis were aligned to within ~160 µm of the 

maximal diameter for each nerve which typically has a “kidney bean” shape due to 

an axial groove in the ON that allows the CRA and CRV to pass through the ON 

disc into 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 drainage (see Figure 2-4A) (Morrison et al., 1999). 

 

I found a significant (p = 0.03) increase in ON capillary volume when animals were 

treated with 100 µg/kg 15d-PGJ2 i.v. vs. vehicle administration, where the capillary 

volume of the un-infarcted eye of each animal served as an internal control to 

eliminate individual variation in capillary density and diameter (Figure 2-4B).  The 

mean perfusion was only 25±11% (standard error of the mean) of filling compared 

with contralateral un-infarcted control ONs (Figure 2-4E, untreated).  In contrast, 

15d-PGJ2-treated animals had dramatically more ON vascular perfusion at the level 

of the infarct, with a mean of 65±18% (standard error of the mean) of un-infarcted 

nerve perfusion (Figure 2-4F, treated).  This difference was significant (p < 0.03 by 

single-tailed Mann-Whitney U test). 
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Importantly, there was no significant difference in capillary perfusion 4 hours post-

rAION (Figure 2-4B) when compared to the contralateral uninjured control eyes or 

when treatment groups were compared (p > 0.05, Student’s t test all pairs 

comparison with Bonferroni correction, NCSS 8 software, NCSS LLC) (see Figs. 2-

4C & D for representative 4 hour post-rAION capillary perfusion).  This suggests 

that the rAION infarct develops slowly, transitioning from almost no loss of 

perfusion at 4 hours to almost complete loss of perfusion by 1 day post-rAION in  

the vehicle-treated group.  These data are consistent with previous reports 

evaluating the region of ON infarct associated with inflammation (Zhang et al., 

2009).   

 

To better understand the loss of ON microvascular perfusion after rAION, I 

examined by immunohistochemical analysis a 1 day post-rAION ON section shown 

by fluorescent gelatin perfusion to have partial loss of perfusion. I utilized 

antibodies against Laminin, which identifies the capillary basement membrane 

(reviewed in Wang & Shuaib, 2007); fibrinogen, using an anti-fibrinogen beta chain 

C-terminal directed antibody, and FITC-BSA filling of the remaining patent 

capillaries.  Figure 2-5A shows laminin in capillary basement membrane (red) and 

thrombi or trapped blood labeled using an anti-fibrinogen beta chain C-terminal 

directed antibody (orange) with FITC-BSA filling of the remaining patent capillaries 

(green).  In capillaries 1day post-induction, occasional focal fibrinogen signal 

(indicative of fibrin clots, blue arrows) is present within the capillaries (Figure 2-
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5A, arrowheads).  Thinning of capillaries and loss of FITC-filled capillary lumens 

were observed at 1day, but, there was also laminin immunofluorescence without 

fibrin or FITC-BSA filling, suggestive of edema-associated capillary collapse. Lack 

of fibrinogen staining with capillary collapse is apparent in a section shown at low 

magnification in figure 2-5C.  An adjacent section from this nerve was used to 

evaluate capillary changes by TEM ultrastructural analysis. 

 

I explored blood brain barrier (BBB) breakdown and related interstitial tissue edema 

by staining for the presence of endogenous rat immunoglobulin G (IgG) at 1 day 

post-rAION (Figure 2-5B and D).  The un-infarcted ON of a vehicle-treated animal 

(Figure 2-5B) had minimal rat IgG signal in the ON substance while the rAION-

induced ON of the same animal revealed diffuse IgG staining in the affected area 

(Figure 2-5D), implying the occurrence of plasma protein extravasation.  

Quantification of the fluorescent anti-IgG signal (using the un-infarcted 

contralateral ONs as baseline) revealed that 100 µg/kg 15d-PGJ2 i.v. treatment 

significantly reduced post-infarct extravasated IgG in the ONH and the substance of 

the proximal ON, compared with vehicle-treated infarcted ON and ONH 1 day post-

rAION (see Figure 2-6, p = 0.047 for the main effect of 15d-PGJ2 treatment, 2-

factor ANOVA, Prism, Graphpad Inc.).  A parametric test was used because the data 

cannot be rejected as non-normal by Kolmogorov-Smirnov test (Prism, Graphpad 

Inc.).  A single tailed statistical test is appropriate for comparing IgG leakage to 

background, because there is negligible IgG in uninjured ON.  Bonferroni-corrected 
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t tests showed no significant difference between any two treatment-tissue groups 

(Prism, Graphpad Inc.). 

 

I further evaluated alterations in the microvasculature by ultrastructural analysis via 

TEM.  TEM analysis revealed that endothelial cells from regions of ON severely 

affected by rAION (outlined in Figure 2-5C) had swollen nuclei (Figure 2-5F, 

labeled N for nucleus) and the presence of cytotoxic edema compared with ON 

endothelial cells from un-infarcted tissue of the same animal (compare Figure 2-5F 

with 2-5E). These capillaries also had a reduced lumen diameter.  See Garcia et al., 

1994 for a more thorough treatment of this phenomenon. 

 

At high magnification, naïve ON capillary shows intact mitochondria and the 

presence of small vacuoles (Figure 2-5G).  In comparison, larger vacuoles fusing 

with the cytoplasmic membrane are consistently present in the cytoplasm of rAION-

injured endothelial cells.  These vacuoles are in communication with both the 

lumenal and ablumenal surfaces of the endothelial cells (Figure 2-5F & H , marked 

with L for lumen).  A total of 5 capillaries from the side of the ON with collapsed 

capillaries (as imaged by vessel filling) and 8 capillaries from the side with patent 

capillaries were imaged.  All endothelial cells examined in the injured ON showed a 

consistent increase in actively fusing vesicles when compared to the un-injured ON 

from the same animal (see Figure 2-5G).  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 loss of ON perfusion observed with fluorescent 

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 naïve 

and infarcted ONs at 1 day post-induction. A. Fluorescent vascular imaging of 

naïve ON. Filled capillaries (green) are shown in the central region of the ON 

covered by a vascular filament model (bright blue) and are dense and uniformly 

distributed throughout the nerve. B. Quantitative vascular analysis at 4 hours and 

1 day post rAION-induced ON in vehicle- and 15d-PGJ2-treated animals.  The 

microvascular volume of infarcted ONs were compared with the contralateral 

(naïve control) ON of the same animal, with the comparison represented on the Y 

axis as a fractional vessel volume (OD/OS).  There is no statistical difference 

between vehicle-treated and 100 µg/kg 15d-PGJ2-treated proximal segment ON 

perfusion volume at 4 hours post-rAION (p > 0.05, Mann-Whitney U test, Prism, 

Graphpad Inc.), but significantly greater capillary volume at 1 day post-rAION in 

15d-PGJ2-treated animals than vehicle-treated animals (p=0.03, Mann-Whitney U 

test, Prism, Graphpad Inc.). There is no significant difference from 1 for the 

OD/OS fractional vessel volume for either treatment condition at 4 hours (paired t 

test, Prism 4, Graphpad Inc.). C and D: ON capillary filling 4 hours post-

induction. There is minimal loss of capillary patency in both vehicle- (panel C) 

and PGJ2-treated (panel D) nerves. E and F: ON capillary filling 1 day post-

induction. There is significant loss of vascular patency in ONs of vehicle-treated 

animals (panel E). ONs in 15d-PGJ2 treated animals (panel F) show considerably 

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 post-induction, the capillary bed is visualized using laminin 

immunostaining (red). FITC-BSA vascular filling (green) shows incomplete vascular 

filling, with occasional small fibrin-fibrinogen thrombi (orange, indicated by blue arrows) 

present in the capillary bed. B. The naïve contralateral ON of the same animal shows 

complete FITC-BSA vascular filling with minimal IgG signal, indicating no BBB 

breakdown or serum leakage. C. FITC-BSA filling of ON 1d post-infarct demonstrating 

partial filling of ON microvasculature.  Panels F & H imaged by TEM were derived from 

this nerve.  The yellow rectangle indicates the area imaged to locate partially collapsed 

capillaries. D: FITC-BSA filling of ON 1d post-induction, immunostained with antibody 

against rat IgG (red).  There is a strong, diffuse IgG signal, indicating BBB breakdown 

and extensive serum leakage (compared to panel B).  E-H: ultrastructural analysis using 

TEM. E. Naïve ON, low power ultrastructural analysis (4400X). An endothelial cell 

nucleus (N) is adjacent to the capillary lumen (L).  F. ON 1d post-induction. The 

endothelial cell nucleus (N) is lobulated and enlarged, protruding into the lumen (L) 

which is reduced in diameter.  G. Naïve ON, high power (15000X). Mitochondria are 

intact and there are small vacuoles in the endothelial cytoplasm, adjacent to the lumen 

(L). The nucleus (N) is normal in appearance.  H. High power ultrastructural analysis of 

ON 1 day post-induction (15000X). The endothelial cell nucleus (N) has changed 

appearance.  There are large cytoplasmic vesicles open to both the luminal and ablumenal 

endothelial membranes, consistent with enhanced protein transit. 
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Figure 2-6. 15d-PGJ2 Reduces IgG Leakage 1 Day post-rAION.  

Immunofluorescence staining for IgG in ON and ONH tissue was quantified at 1 

day post-rAION.  The signal was normalized on a per animal basis to eliminate 

the inter-subject variability by subtracting IgG fluorescence signal from the 

uninjured ON of each animal from the IgG fluorescence signal found in the 

injured ON (see chapter 5 for detailed methods).  Two-factor ANOVA analysis 

showed a significant (n=6, p < 0.05) main effect for drug treatment on IgG 

leakage with no significant effect for tissue type (Prism 4, Graphpad Inc.). 
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15d-PGJ2 Exerts White Matter Neuroprotection by Inhibiting the Canonical NF-

κB Pathway.  

Previous studies of 15d-PGJ2’s mechanisms of action have suggested that 15d-PGJ2 

works by mixed mechanisms, including peroxisomal proliferator-activator receptor 

gamma (PPARγ) and NFκB inhibition.  In order to identify NFκB activation in ON 

and its inhibition by 15d-PGJ2, I examined p65 (NFκB) expression and nuclear 

localization in vivo via a novel immunohistochemical technique (Figure 2-7A).  I 

localized the NFκB p65 subunit by using immunohistochemical precipitation of 

nickel-diaminobenzidine (Ni-DAB), a black precipitate that quenches fluorescence.  

Nuclei were then fluorescently labeled in situ with 4',6-diamidino-2-phenylindole 

(DAPI).  The presence of high amounts of p65-associated Ni-DAB quenches the 

DAPI signal when p65 is found in the nucleus.  Relative differences in nuclear p65 

localization can therefore be evaluated by differential DAPI fluorescence (Figure 2-

7A, panels 1-4).  

 

I compared nuclear fluorescence between the different treatment strategies, along 

with total cellular and nuclear Ni-DAB signal levels. Using this technique, my data 

reveals that the NFκB-p65 subunit expression is diffusely present in ON glial and 

vascular cells in the WM of the un-infarcted, vehicle-treated ON (Figure 2-7A, 

panel 1) with considerable quenching of the DAPI nuclear signal (Figure 2-7, panel 

1 arrows). In vehicle treated animals, at 1 day post-rAION, there is a noticeable 

increase in overall p65 expression, with tissue darkening (Figure 2-7A, panel 2, 
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compare insets, panels 1 and 2). There is also prominent p65 nuclear localization, 

with loss of nuclear DAPI staining (arrows, Figure 2-7A, panel 2), consistent with 

greater overall DAPI quenching (compare DAPI signal in Figure 2-7A, panels 1 and 

2). In contrast, at 1 day post-rAION in the un-induced ONs of 15d-PGJ2-treated 

animals,  there is increased p65 intercellular Ni-DAB signal with strong DAPI 

fluorescence (Figure 2-7A, panel 3) compared with naïve ON (compare vehicle to 

naïve in panels 3 and 1, and compare insets).  rAION-induced ONs in 15d-PGJ2 

treated animals also show increased intracellular p65 signal (Figure 2-7A, panel 4 

inset), but conversely also show increased DAPI nuclear fluorescence (Figure 2-7A, 

panel 4; note blue color intensity). These data suggest that p65 nuclear localization 

is reduced in PGJ2-treated, infarct-affected ON nuclei.  This conclusion is also 

supported by the presence of a strong perinuclear p65 signal in these tissues 

(arrowheads, Figure 2-7A, panel 4) that is not present in the nucleus. Thus, 15d-

PGJ2 results in strong p65 up-regulation independent of rAION treatment, with 

additional p65 up-regulation if rAION is induced. The 15d-PGJ2-induced increase in 

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

 

To confirm this finding, I independently determined whether 15d-PGJ2 inhibits p65 

nuclear activation by examining well-documented downstream targets of p65, using 

qRT-PCR (Figure 2-7B). ON total RNA was prepared from both the rAION-induced 

and un-induced nerves of individual animals 1 day post-rAION with both vehicle 

and 15d-PGJ2-treatment (n=5/group), and analyzed for IL-1β, IL-4 and TNFα 
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expression  IL-1β and TNFα upregulation occurred 1 day post-infarct induction (Fig 

2-7B).  15d-PGJ2 administration significantly reduced (Student’s t test) ON levels of 

TNFα, IL-1b (Figure 2-7B), suggesting that 15d-PGJ2 administration inhibits the 

classical NFκB-associated inflammatory pathway activated after ischemia.  

 

I confirmed the results of our novel immunohistochemical assay using western 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 post-rAION: un-infarcted (U) 

treated either with vehicle or 15d-PGJ2 and 1 day post-infarct (I) treated with either 

vehicle or 15d-PGJ2 (Figure 2-7C).  Infarct with vehicle treatment increased p65 

expression slightly, while 15d-PGJ2-treatment greatly increased p65 expression 

independent of rAION status.   

 

To determine whether  15d-PGJ2’s effect on ON was a general response by CNS 

white matter, I also compared results from protein extracted from another WM tract, 

the corpus callosum (CC).  I examined naïve, 1 day post-vehicle-treated and 1 day 

post-15d-PGJ2–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 

downregulated by PGJ2 (Figure 2-7D).  
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Thus, there is agreement between all methods tested that 15d-PGJ2 administration 

upregulates p65 and blocks it from entering the nucleus.  15d-PGJ2’s action may 

also be a general effect upon white matter and not ON-specific. 
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Figure 2-7. 15d-PGJ2 inhibits WM related NFκB activity. A. DAB-quenched 

fluorescence analysis of NFκB expression and nuclear localization. All DAB-ON 

sections were developed and incubated for identical amounts of time to generate 

the analysis of relative DAB staining.  Panels 1 and 2 show ON cross-sections 

without 15d-PGJ2 treatment. Panels 3 and 4 are ON cross-sections of 15d-PGJ2 

treated animals. Insets in each panel are low power micrographs showing relative 

NFκB levels after DAB development. Panel 1: NFκB expression in naïve ON. 

There is reduced DAPI intensity (inset). NFκB is present in nuclei, which have 

reduced visibility (arrows).  Panel 2: 1 day post-rAION induction.  Increased 

intracellular NFκB expression (inset), relative to naïve ON (compare insets in 

panels 1 and 2), with reduced visibility of DAPI-stained nuclei (arrows).  Panel 3: 

ON 1d post-15d-PGJ2 treatment.  There is increased DAB signal (compare inset 

with those seen in panels 1 and 2), and prominent DAPI-stained nuclei, with 

perinuclear NFκB staining. Panel 4: rAION-induced ON 1 day post-15d-PGJ2-

treatment. There is increased NFκB signal, compared with vehicle treated or naïve 

animals (compare inset panel 4 with inset, panels 1 and 2), and increased 

perinuclear NFκB accumulation (arrowheads).  
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B. NFκB-associated gene expression in infarcted ONs with and without PGJ2.  

Results from infarcted- compared to contralateral-nerves and expressed as OD/OS 

ratios, from animals treated with either vehicle or 15d-PGJ2.  IL-1β and TNFα mRNA 

expression increase dramatically in rAION-induced ONs from vehicle-treated animals 

1 day post-induction, compared with 15d-PGJ2-treated animals (TNFα: 3.93± 2.57 

vehicle-treated vs. 1.35±0.60 for 15d-PGJ2-treated; p<0.05). Results are from 

individual ONs (total n=12). C. ON western analysis: NFκB -subunit protein 

expression from 1d post vehicle- and 15d-PGJ2-treated animals. The p65 subunit 

signal is increased in the uninfarcted (U) 15d-PGJ2-treated ON. There is also 

increased p65 signal in the infarcted (I) ON treated with 15d-PGJ2, compared with 

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

control. D. Western analysis: NFκB subunit and NFκB -related (iNOS) protein 

expression in other CNS white matter (corpus callosum). The first row shows p65 

subunit expression detected by a p65-specific antibody (Santa Cruz). There is 

increased p65 signal in 15d-PGJ2-treated animals compared with vehicle controls. 

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

The p65 subunit increase is independent of an increase in p50 subunit levels. The 

third row shows iNOS (NOS2) expression. Treatment with 15d-PGJ2 results in a 

decrease in white matter iNOS protein expression, compared with either naïve or 

vehicle-treated animals. β-Actin signal served as a loading control. 
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Chapter 3 : The Role of SUR1 in rAION Nerve Damage 

 

Hypothesis: 15d-PGJ2 Acts Via Sulfonylurea Receptor 1 (SUR1) 

I hypothesize that the protective effects of 15d-PGJ2 in the early stage of rAION 

injury are due to its ability to reduce post-infarct SUR1 upregulation.  

 

Rationale for Hypothesis 

Delayed Edema may Promote ON Edema After rAION 

SUR1 upregulation has been linked to delayed edema in many types of CNS injury 

(see introduction).  The ON injury produced by the rAION injury model may be 

conducive to SUR1 upregulation due to inflammation produced post-injury and the 

link between SUR1 production and pro-inflammatory NFκB signaling.  I decided to 

investigate SUR1’s role in producing edema because edema is generally believed to 

be important to ON injury after NAION and because SUR1’s ability to produce 

edema has been blocked in other injury models by the FDA-approved drug 

glibenclamide, thus creating an opportunity for a new 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 

I tested SUR1 involvement in rAION injury progression by inducing an rAION 

lesion in the right eye of 17 male Sprague-Dawley rats.  The uninjured left eye of 

each animal served as an internal control.  rAION-injured rats received either 

glibenclamide (n=9) or vehicle (n=8) via a combination of intraperitoneal (i.p.) 

injection and subcutaneously-implanted osmotic pump administered immediately 

post-injury (see chapter 5 methods section).  The use of glibenclamide administered 

in osmotic pumps enabled maintenance of glibenclamide at constant plasma 

concentration over a 1 day period.  Rats were euthanized 24 hours post-injury 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 nM (J Marc Simard et al., 2012).   

 

Effects of Glibenclamide on ONH Edema 1 Day after rAION 

I examined the extent of ONH edema using SD-OCT (spectral-domain optical 

coherence tomography) imaging to test for glibenclamide-associated edema 

reduction 1 day post-rAION.  I compared glibenclamide-treated and vehicle-treated 

rats.  Typical SD-OCT images from an rAION-injured ON are shown in figures 3-
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1A and 3-1B, where the edematous area of the rAION-induced ONH (Figure 3-1A) 

can be seen to obscure the laminar structure of the retina.  I quantified the extent of 

the injury by measuring the diameter of the edematous area across the ONH (from 

inner plexiform layer to inner plexiform layer) at the level of the hyaloid artery 

(frequently visible as a protrusion from the ON) in glibenclamide-treated (n=9) and 

vehicle-treated groups (n=10).  The group mean diameter of the glibenclamide-

treated animals was smaller than the group mean diameter of vehicle-treated.  

However, these results in figure 3-1C show a non-significant difference in ONH 

edema between glibenclamide (708±26 µm (n=9)) and vehicle-treated (605±54 µm 

(n=10)) groups (p=0.06, single tailed Student's t test, Prism, Graphpad Inc.).  The 

ONH diameter of uninjured eyes (362±24 μm) is shown for comparison.   

 

I 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 (fluid trapped between the outermost layer of the retina and the 

choriocapillaris).  All three researchers graded the two groups as being of equal 

severity (p>.05, Mann-Whitney U test, Prism, Graphpad Inc.).  Thus, there is no 

evidence that glibenclamide provided protection 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 B show typical images of rAION at 1 

day post-rAION.  Panel A shows severe edema and panel B shows minimal 

edema.  Panel C shows the diameter of rat ONH edema measured with SD-OCT 

in rAION-injured rats with either glibenclamide or vehicle treatment.  A normal 

curve is plotted over each category of data on a false x-axis to indicate what the 

relative frequency of results would be for normally distributed data.  Scale bars 

are 200 µm. 
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 Glibenclamide Infusion Does Not Protect Proximal ON Capillary Network of 

ON at 1 Day After rAION 

I quantified the proximal ON microvascular perfusion of glibenclamide-treated rats 

compared to vehicle-treated rats at 24 hours post-rAION.  As shown above, 

glibenclamide treatment did not reduce visible ONH edema.  Neither did 

glibenclamide improve ONH perfusion (see Table 3-1 for quantification of 

microvascular volumes and Figure 3-3 for images of fluorescent gelatin perfused 

ON at 1 day post-rAION with vehicle or glibenclamide treatment).   

 

The experimental yield for capillary filling was abnormally low and only allowed 

n=4 for each group.  I found no significant protection of the ON microvasculature 

with glibenclamide treatment compared to vehicle treatment (Wilcoxon rank sum 

test, two tailed, p=0.38, RKward frontend to the R Programming Language, www.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 of procedure).  I noted that failure of procedure rate with osmotic 

pump animals (58% or 11/19) was higher than for the previous 20 animals receiving 

either 15d-PGJ2 or vehicle (30% or 6/20).  This 58% failure rate for pump-

implanted animals can be broken down into glibenclamide (67% or 8/12) vs. 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 

http://www.r-project.org/
http://www.r-project.org/
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of achieving useful gelatin perfusion, although I did not find a statistically 

significant difference between any two groups (p>.05, Student’s t test, Prism, 

Graphpad Inc.).   

 

Given the high rate of vascular filling failure, I performed a post-hoc power analysis 

that revealed a group size of 13 would have been required to have a 95% probability 

of achieving a significant result, given the 0.71 effect size of the observed 

glibenclamide vs. vehicle groups (using Cohen's d statistic with α=0.05 in G*Power 

3 Software, software credit to Faul, Erdfelder, Buchner, & Lang, 2009).  By 

comparison, the effect size of perfusion volume from vehicle-treated to 15d-PGJ2-

treated animals had a much larger Cohen’s d of 2.85 (n=6).  Given the 58% average 

failure of procedure rate found with the osmotic pump-treated animals, an 

experimental group size of approximately n=49 would have been required to have a 

95% probability of achieving a significant result, which was deemed to be an 

excessive number of animals.  Because I obtained other data confirming that SUR1 

is not significant upregulated 1 day post-rAION, this part of the study was 

terminated.  
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Animal Cond OS vol/vol OD vol/vol OD/OS %vol/vol 

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 

J151 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 

post-injury with glibenclamide vs. vehicle.  Animal identifiers are listed in the left 

column.  The treatment conditions (Cond) were vehicle-treated (Veh) or 

glibenclamide-treated (Glib).  The fluorescent gelatin capillary filling technique was 

used to quantify vascular filling of the left, un-induced 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 rAION-injured ON (OD) compared to 

the un-induced ON (OS) fractional capillary 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 post-rAION 

with or without glibenclamide.  Rats were treated via osmotic pump plus intraperitoneal 

(i.p.) loading dose with either the SUR1 antagonist glibenclamide or vehicle.  All rAION-

injured ONs from either treatment group (vehicle and glibenclamide) with acceptable 

filling of the microvasculature are shown.  The vehicle-treated ONs are in the left 

column, and, the glibenclamide-treated ONs are in the right column.  No protection of the 

proximal ON microvasculature is apparent (see Table 3-2 for quantification).  All scale 

bars are 100 µm. 
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Qualifying SUR1 Antibody for Immunohistochemistry 

Prior to testing for upregulation of SUR1 after rAION, I established the specificity 

of a SUR1 antibody for immunohistochemical purposes.  Previous studies involving 

SUR1 immunohistochemistry in rodent brain employed an antibody raised in goat 

against a human SUR1 sequence (SC-5789, Santa Cruz Biotechnology) and this 

effectively reveals SUR1 expression in the cortex and other gray matter structures 

(Simard, Geng, et al., 2009; Simard, Kilbourne, et al., 2009)  However, I could not 

replicate this immunostaining with the Santa Cruz goat anti-SUR1 antibody in rat 

ON.  Instead, I employed an antibody (SC-25683, Santa Cruz Biotechnology) raised 

in rabbit against human SUR1 residues 611-690.  This antibody was raised against 

human SUR1 residues 611-690 but is also listed by Santa Cruz Biotechnology as 

able to bind specifically to rodent SUR1 because of significant homology between 

rat, mouse and human SUR1 in this region (see Figure 1-8 for a SUR1 protein map 

of antigens used to raise antibodies).  By exhaustively testing many variations of 

staining parameters and fixation conditions, I discovered that this antibody identifies 

SUR1 in rat ON only with paraffin-embedded sections kept free from detergent.  

Detergents such as Triton X-100 or Tween-20 actually caused non-specific staining 

(data not shown).   

 

Figure 3-3 shows Ni-DAB immunohistochemical staining of SUR1 in the choroid 

plexus of wild-type and SUR1(-/-) knockout mouse (courtesy of the Simard 
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laboratory) using the protocol in the chapter 5 methods (Figure 5-6).  The choroid 

plexus was suggested by Dr. Simard as a preferred target for SUR1 

immunohistochemistry (personal communication, Dr. J. M. Simard).  Ni-DAB 

immunohistochemical staining showed that the choroid plexus of wild-type mouse 

stains individual cells in the choroid plexus with minimal background staining.  No 

staining was seen in the choroid plexus from the SUR1(-/-) knockout animals.  

Secondary-only controls for both sections showed minimal background staining of 

the choroid for either condition, thus demonstrating the specificity of the primary 

antibody for SUR1.  Identical conditions were used to fix, embed, stain, develop, 

and image all four sections.  I also imaged aged baboon ON (a nonhuman, old world 

primate) using the Santa Cruz rabbit anti-SUR1 antibody and immunofluorescence.  

While the baboon tissue is not required to test a hypothesis in my dissertation, it 

showed strong SUR1 vascular and ON sheath staining (Figure 3-4) when compared 

to secondary-only controls.  This result increases my 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 plexus.  Panels A & B are the 

positive staining and secondary-only controls, respectively, in wild-type mouse.  Panels 

C & D show immunostaining under identical conditions in SUR1 knockout brain (anti-

SUR1 in panel C vs. secondary-only control in panel D) performed at the same time 

under equal processing conditions.  This staining demonstrates that the Santa Cruz rabbit 

anti-SUR1 is specific to SUR1 protein. 
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Figure 3-4. Test of Santa Cruz rabbit anti-SUR1 antibody on an old world 

nonhuman primate (baboon) ON.  Uninjured ON was harvested from an aged 

(26 years) baboon euthanized for age-related diseases unrelated to vision.  Panel A 

shows positive fluorescent staining around the vasculature of the ON, with Panel 

B being the secondary-only control showing relatively little background 

fluorescence.  Both images were produced and imaged under the same conditions.  

This immunofluorescent imaging demonstrates that SUR1 may be expressed in 

nonhuman old world primate ON vasculature.  Scale bars are 20 µm. 
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ON SUR1 Immunohistochemical Signal Does Not Increase After 

rAION 

I evaluated SUR1 upregulation by immunostaining for SUR1 in three sets of rat 

ONs (uninjured and 1 day post-rAION) where the animals received the i.v. vehicle 

treatment previously used to test 15d-PGJ2.  Rats were euthanized 1 day post-

rAION, and, ONs were processed for paraffin embedding.  All nerves were 

sectioned longitudinally to show both the proximal ON and ONH.   

 

SUR1 immunohistochemical staining (imaged using Ni-DAB chromagen) showed 

no increased signal in the substance of the rAION-injured ON vs. the uninjured ON, 

suggesting that SUR1 upregulation does not occur in the rAION-injured ON (Figure 

3-5 panels A vs. B (medium magnification) and C vs. D (low magnification)).  I 

detected some large SUR1-positive cells localized to the injured ON sheath, 

representing possibly marginating neutrophils or SUR1-expressing endothelial cells 

(Figure 3-5 panels A & C).  Immunostained tissue from the rAION-injured ONs all 

showed a lack of SUR1 staining in the substance of the ON, and, the primary 

antibody omitted test showed no Ni-DAB labeling (Figs. 3-5E, F).  The lack of 

staining when the primary antibody was omitted is a further demonstration that what 

little SUR1 staining was observed depended upon the specific binding by the 

primary antibody.  Given the general lack of proximal ON perfusion at 1 day post-

rAION (Figure 2-4) and the extent of endothelial cell damage at 1 day post-rAION 

(Figure 2-5), it is likely that immunohistochemical detection methods would have 
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demonstrated SUR1 expression and upregulation if this protein were contributing to 

ON edema development in rodents.   

 

Thus, while SUR1 protein may be present in rat ON, rAION does not induce the 

strong SUR1 upregulation after rAION seen in other types of ischemia.  This lack of 

ON SUR1 upregulation is consistent with the lack of effectiveness of the SUR1 

antagonist glibenclamide against rAION-induced ON edema I demonstrated above. 
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Figure 3-5. SUR1 staining in rat ON 1 day post-rAION.  Panels A & C show 

stroked ON at immunostained for SUR1 with Ni-DAB chromogen staining at 

medium and low magnification.  Panels B & D show the uninfarcted ON at the same 

two magnifications.  Immunostaining for panels E & F was conducted on the same 

animals with the primary antibody omitted (also known as a secondary-only control).  

SUR1-positive staining is seen in cells in the ON sheath of the infarcted ON but not 

in the substance of the nerve itself.  Scale bars are 100 µm. 
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Western Analysis of ON SUR1 Expression After rAION 

To confirm the lack of change in SUR1 in ON tissue, I used western blot and 

immunoprecipitation analysis as additional tests.  Pooled protein from the initial 2 

mm of rat proximal ONs (n=3) were taken for each of three treatment conditions 

(naïve, vehicle-treated, 15d-PGJ2-treated)  (see methods).  I compared protein from 

injured ONs from the right eye of the rats (OD) 1 day post-rAION to uninjured 

contralateral ONs (OS) for each treatment conditions.  Naïve animals received no 

injury to the right eye (OD).  I also extracted and pooled protein (n=3) from the 

corpus callosum (CC) of the same animals to serve as a WM positive control for 

SUR1.   

 

Figure 3-6 (panels A and B) show western blots probed for SUR1 using two 

different antibodies raised against SUR1.  Densitometric results for SUR1 are 

shown in table 3-2.  Quantification of the SUR1 bands (~140-177 kD) did not show 

a significant (2x) change in SUR1 protein signal in rAION-injured ON when 

normalized to total protein per lane (Table 3-2A) or normalized to lamin C (Table 3-

2B) (see Figure 2-7D for blot of lamin C).   

 

Additionally, an immunoprecipitation experiment (performed and analyzed by Z. 

Geng and V. Gerzanich of the Simard laboratory) on protein extracted from groups 

of animals 1 day post-rAION showed a similarly non-significant result (Figure 3-
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6C).  Protein extract from animals used in the immunoprecipitation assay was 

prepared from different animals than used in the western blot experiments.  

Immunoprecipitation shows a small, non-significant decline in SUR1 in the vehicle 

and 15d-PGJ2 treated ON when compared to naïve.  Surprisingly, the 15d-PGJ2 

treated ON appears to have less SUR1 protein than the vehicle treated ON.  Thus, I 

could find no evidence for an increase in ON SUR1 protein expression with rAION 

nor significant decrease in SUR1 protein concentration with 15d-PGJ2 

administration, which runs counter to the predicted upregulation in SUR1 

expression after rAION injury.   
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Figure 3-6. ON-SUR1 expression after rAION analyzed by western blots and 

immunoprecipitation.  A. SUR1 western blot of pooled ON protein extract from 

3 treatment conditions: naïve, vehicle-treated 1 day post-rAION, and 100 µg/kg 

15d-PGJ2 i.v. 1 day post-injury.  Panel B shows similar staining using a different 

antibody raised against SUR1 (NeuroMab, Antibodies Inc.).  Panel C shows an 

immunoprecipitation experiment for SUR1 showing naïve vs. rAION-injured ON 

under both treatment conditions performed using custom anti-SUR1 antibodies 

(see methods).  The immunoprecipitation assay was performed and evaluated by 

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

 

 
B. SUR1 Quantification Using Lamin C Normalization  

SUR1 Antibody 
Vehicle 15d-PGJ2 

OS OD OS OD 

Woo 262 134 173 93 

Neuromab 170 214 131 185 

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 15d-PGJ2 treatment.   The SUR1 bands in figure 3-6 were quantified and 

normalized to equal total protein per lane (A) or lamin C (B).  The difference 

between OD and OS did not exceed a 2x change in either direction for any condition. 

SUR1 Antibody 
Vehicle 15d-PGJ2 

OS OD OS OD 

Woo 0.295 0.199 0.240 0.144 

Neuromab 0.191 0.318 0.182 0.288 
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SUR1 mRNA is not Upregulated in ON After rAION 

I tested ON for SUR1 mRNA upregulation in response to rAION.  ON total RNA 

was isolated, and, quantitative real time polymerase chain reaction (qRT-PCR) was 

performed by Dr. Y. Guo (Bernstein laboratory).  qRT-PCR mRNA analysis was 

performed using linearly amplified mRNA by analyzing the difference of 

differences in cycle threshold of the test gene product vs. a control gene product 

(ΔΔCt method) (see methods chapter 5 for primers and procedures).    

 

SUR1 mRNA from the injured proximal ON did not significantly change relative to 

contralateral uninjured ON SUR1 mRNA (|ΔΔCt| > 1) at 1 day post-rAION with 

either vehicle treatment or 15d-PGJ2 treatment (compare injured to uninjured in 

Table 3-3).  Treatment with 15d-PGJ2 produced no significant difference in SUR1 

mRNA (see last row in Table 3-3, SUR1 ΔΔCt Injured – Uninjured) when compared 

to vehicle-treated (p > 0.05, Student’s t test, Prism, Graphpad Software).  qRT-PCR 

results, similarly to the western blot analysis, do not confirm the proposed 

hypothesis for SUR1 contribution to 15d-PGJ2 protection edema.    
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            Vehicle                  15d-PGJ2 

 Rat 

ID 

Injured 
Uninjured 

Rat ID Injured 
Uninjured 

ΔCt SUR1 Y9 9.42 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 9.57 

 Y14 5.57 8.95 Y8 9.29 9.17 

ΔCt SUR1 Mean 9.08 9.19  9.94 9.00 

 S.D. 1.16 0.86  0.87 0.48 

ΔΔCt SUR1 Mean -0.11  0.94 

Injured - 

Uninjured 

S.D. 

 0.79 

 

0.78 

Table 3-3. Results of qRT-PCR for SUR1 mRNA comparing rAION-injured vs. 

uninjured ON at 1 day post-rAION with 15d-PGJ2 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 Injured – 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-

PGJ2 treated groups (p>.05, Student’s t test, Prism, Graphpad Inc.). 
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Chapter 4 : Summary and Future Directions 

15d-PGJ2 Protection Against rAION and the Lack of SUR1 

Involvement 

15d-PGJ2 provides excellent neuroprotection after rAION for the post-injury time 

points examined.  The dose of 15d-PGJ2 that I used throughout most of this study 

(100 µg/kg) was not the maximally-protective dose for producing RGC survival 

after rAION (see Figure 2-1), yet it performed well enough to show significant ON 

microvascular protection and reduction of ONH edema.  The characteristic 

microvascular thinning (see Figure 2-4) seen after rAION appears to be due to 

endothelial cytotoxic edema (see Figure 2-5).  15d-PGJ2 protected the endothelial 

cells against rAION injury, possibly by reducing NFκB-driven cytokine production 

or through some as-yet unreported mechanism.  The site of action for 15d-PGJ2 

appears to be located in the eye and not elsewhere in the body because direct 

administration to the eye by intra-vitreal (i.v.t.) 15d-PGJ2 injection also protected 

RGCs from rAION at 30 days in Long Evans rats (V. Touitou, S. Bernstein, and M. 

Johnson, in preparation).  It would be useful to know if microvascular analysis with 

TEM conducted for the i.v.t. route of 15d-PGJ2 administration confirms that the 

15d-PGJ2 effect is still found in endothelial cells and not some other cell type. 

 

While SUR1 expression after traumatic injury and major ischemic events has been 

shown to be important in the cerebral cortex and other higher CNS structures, I 
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found no evidence that it plays a role after rAION.  Therefore, the hypothesis that 

upregulation of SUR1 expression is involved in post-rAION ON edema formation 

cannot be confirmed.  However, it may be worthwhile to examine additional 

glibenclamide-treated animals using SD-OCT of the ONH at 1 day post-rAION to 

determine if glibenclamide treatment is capable of reducing ONH edema after an 

ischemic event.  Glibenclamide is approved for human use in the U.S. and may 

therefore be useful for some other ischemic ophthalmologic condition, despite its 

failure to protect against loss of ON perfusion after rAION. 

   

One explanation for the lack of SUR1 involvement in rAION vs. other ischemic 

injury models may be that rAION injury results in a much slower change in 

intracellular [ATP]i relative to rapid drop in ATP after MCAO or TBI because of the 

slow onset of ischemia.  Z. Geng (Simard laboratory, University of Maryland 

Baltimore) pointed out that the conditions which trigger increased SUR1 expression 

in other injury models are accompanied by a rapid depletion of intracellular ATP 

(Geng, 2009).  Thus endothelial cells undergoing a slow change in extracellular 

environment may follow a pattern of gene expression that does not include 

significant SUR1 upregulation.   

 

15d-PGJ2 administered 4 hours post-injury reduced rAION-induced RGC death 

measured by stereology at 30 days post-injury.  15d-PGJ2 therefore provides an 

extended window of stroke treatment opportunity.  In comparing this treatment 
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window to potential use in the human clinical condition NAION, it is known that 

incipient forms 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 can also be variable.  Therefore, if 15d-PGJ2 were to be used 

clinically, it may have an even longer window of opportunity in the human 

condition due to a longer time-course for injury development. 

. 

The Importance of NFκB Signaling in Stroke Treatment 

The success of 15d-PGJ2 blockade of NFκB signaling in rAION and its positive 

effects on outcome from this stroke model suggests that the canonical NFκB 

signaling pathway is important for preventing ON edema and long-term damage 

after rAION.  NFκB inhibition may be the dominant mode of action of our drug.  

The fact that corticosteroids, which are also commonly believed to inhibit NFκB 

signaling, have failed to produce clinical protection against either ischemic cerebral 

stroke (Sandercock & Soane, 2011) or NAION (Lee & Biousse, 2010) should not be 

a deterrent to identifying NFκB signaling as an important pathway in the 15d-PGJ2 

protective response for the following reasons: the mechanisms of action by which 

corticosteroids are able to reduce some forms of edema are not well established 

using in vivo model, and, the timing of corticosteroid action for edema reduction is 

considerably longer than that established for 15d-PGJ2.  In support of the former 

reason, the molecular target commonly thought to mediate NFκB inhibition by 
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corticosteroids (blockade of NFκB signaling via IκBα upregulation) was not 

confirmed in rat brain after dexamethasone administration (Unlap & Jope, 1997), 

demonstrating that NFκB inhibition by corticosteroids is not completely understood.  

This failure could be due to species difference between human and rat, strain 

differences in rats, or (judging by the lack of publications on this topic) a lack of in 

vivo experience regarding the molecular targets of corticosteroids.  In my opinion, 

15d-PGJ2 has a far better record of protecting against injuries in vivo vs. in vitro, 

due largely to its potent anti-inflammatory effects in vivo and the tendency of 

researchers to achieve significant effects in vitro through the use of long exposure of 

cells to toxic concentrations of 15d-PGJ2.  I believe that further experiments to 

ascertain the usefulness of NFκB inhibition should be performed with the rAION 

stroke model to confirm the target I have identified.  In particular, other drugs that 

block NFκB signaling that are approved for human use (Miller et al., 2010) should 

be tested against rAION injury to confirm the importance of the canonical NFκB 

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 PGJ2 Methods 

Animals: Animal use procedures were approved by the University of Maryland- 

Baltimore. Male Sprague-Dawley (SD) rats (150-200g) were obtained from Harlan 

Laboratories, USA.   

 

Rodent Anterior Ischemic Optic Neuropathy (rAION) injury and treatment: ON 

infarct was induced as previously described (Bernstein et al., 2003).  Intravenous 

(i.v.) Rose Bengal (RB) (Sigma-Aldrich; 2.5 mg/kg 0.45 µm sterile filtered in saline) 

was administered via tail vein.  RB was activated by intraocular optic nerve 

illumination via 532nm wavelength laser light (OccuLight GL medical laser system, 

Iris Medical) by illuminating the optic disc with a 500 µm spot size at 50 mW 

intensity for 12 seconds.  This results in ON ischemia at 1 day with ~55% loss of 

retinal ganglion cells by 30 days post-induction (Chen et al., 2008).  15-deoxy-Δ
12,14

-

Prostaglandin J2 (15d-PGJ2) was purchased from Cayman Chemicals (Ann Arbor, MI) 

and re-suspended in 20% ethanol-0.9% saline then sterile filtered prior to intravenous 

injection.  Animals received either vehicle (20% ethanol-0.9% saline) or 15d-PGJ2 i.v. 

via tail vein post-induction. 

 

 In vivo imaging:  ONH edema was evaluated using a thin plano-convex contact lens 

that enables visualization of the rodent retina and anterior optic nerve.  Optic nerve 

fundus images were obtained at baseline and 1 day post-induction using a slit lamp 



 

101 

 

(Model BM900, Haag-Streit) and imaged using a digital camera (Nikon D1X).  The 

retinal cell layers and ONH diameter were imaged via a spectral domain optical 

coherence tomograph (Spectralis®, Heidelberg Instruments) using the same contact 

lens.   

 

Ribonucleic acid (RNA) isolation and quantitative real-time polymerase chain 

reaction (qRT-PCR):  The proximal 3 mm of the ON was surgically isolated after 

removing the eye and stored at -80°C.  Total RNA was isolated using the RNeasy 

micro kit (#74004, Qiagen Inc.) and DNAse-1 treated to eliminate genomic DNA 

contamination. Nerves were crushed over dry ice, homogenized in lysis buffer using 

linear acrylamide (Ambion Inc.) as a carrier, followed by proteinase K digestion. 

RNA was analyzed for purity and quality using an Agilent Bio-analyzer.  Because of 

the low yield for individual ON samples, single chimeric primer amplification method 

(SPIA-Ovation pico system, Nugen Corp.) was used to provide non-biased linear 

amplification of small amounts of mRNA.  This reduced animal use, enabling 

comparison of gene response in individual rats rather than using pooled mRNA.  

RNA was converted to first strand random primed cDNA via RETROscript 1710 kit 

(Ambion Inc.) and used for qRT-PCR with gene-specific primers, using Syber green 

dye (Bio-Rad Laboratories) for detection, with cyclophilin B used as a reference 

gene.  Specific mRNA levels were evaluated using the ΔΔCT method of difference 

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

TNFα (f) actcccagaaaagcaagcaa, (r) cgagcaggaatgagaagagg; IL-1β (f) 
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gctagggagcccccttgtcg, (r) gctctgagagacctgacttggca; cyclophilin B (f) 

tgacggtcaggtcatcactatc, (r) ggcatagaggtctttacggatg. 

 

ON vascular filling quantification: Quantitative ON vascular analysis was 

performed using tissue from terminally anesthetized rats.  Animals were placed on a 

warming pad (~38
0
C) and transcardially perfused sequentially with the following 

heated (~38
0
C) solutions: 120 ml heparinized saline (50 units/ml) with 2 μg/ml 

atropine sulfate (Sigma Chemicals) and 100 μM adenosine (HAAS solution), 50 ml 

fluorescein-conjugated bovine serum albumen (FITC-BSA) with 2% dissolved gelatin 

(300 bloom, Sigma Chemicals) in HAAS solution, 20 ml FITC-BSA with 4% 

dissolved gelatin in HAAS solution. The descending aorta was clamped during 

perfusion. The ascending aorta was clamped under pressure at perfusion’s end and the 

carcass immersed in ice water slush for 10 minutes to set the gelatin.  A three-way 

valve with syringes was used to perform the perfusions with the inclusion of a 1.0 μm 

filter (#6821-1310, Whatman) added inline to remove un-dissolved gelatin.  Tissues 

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

(PBS), embedded in 10% gelatin (#G1890, Sigma), and re-fixed for an additional 24 

h in PFA. Tissues were cryosectioned to 40 μm and imaged by confocal microscopy 

using tiled z-stacks from a Zeiss LSM510 Duo fitted with a 40x 1.4 NA oil objective.  

Vascular data was quantified using a filament model (see 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 protein, FITC-BSA was created and purified in the 

Bernstein lab by reacting fluorescein isothiocyante (Sigma) in a 9:1 molar ratio with 

fraction V BSA (Sigma)  in 10 mM Tris buffer containing 0.9% NaCl at pH 9.0 for 1 

hour.  The mixture was then dialyzed against normal PBS until no unreacted 

fluorescein was evident.  The solution was concentrated 6x using a size-exclusion 

spin column (30 MDa size exclusion filter, Centricon Plus-70, Millipore) and stored 

aliquoted at -80ºC until use. 

 

Retinal and ON immunohistochemistry: Retinal ganglion cell (RGC) stereology 

was performed on retinae from paraformaldehyde (PFA)-fixed eyes. Retinae were 

isolated and permeabilized by freezing under a drop of PBS (-80° C), thawed at room 

temperature, digested for 1 hour with 1 mg/ml hyaluronidase (Sigma-Aldrich) in 

phosphate buffered saline (PBS), washed 3x over 1 hour in PBS, incubated overnight 

with a goat polyclonal antibody to Brn3a (sc-31984, Santa Cruz Biotechnology), 

washed 3x over 1 hour, incubated 1 hour in Cy3-conjugated donkey anti-goat 

antibody (Santa Cruz Biotehcnology), washed 3x over 1 hour, then mounted in a 

fluorescent mounting media with anti-fade agents.  All immunohistochemistry 

involving ON and ONH sections was carried out using phosphate buffered saline with 

0.2% Triton X-100 (PBST) as a wash and antibody diluent.  ON edema and blood 

brain barrier (BBB)-serum leakage were assessed in ON and ONH sections using the 

following protocol: wash tissue 1 hour, incubate in 1:2000 biotin-conjugated 
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minimally cross-reactive donkey anti-rat IgG (Jackson Immunoresearch), wash 3x 

over 1 hour, incubate 1 hour in 1:2000 Cy3-conjugated streptavidin (Jackson 

Immunoresearch), wash 3x over 1 hour .  Laminin (1:7000, Cat# AT-2404-1, EY 

Labs) and fibrinogen beta chain (1:5000, Cat# 2616, Epitomics) were detected by 

shaking tissue overnight in primary antibody solution at room temperature, followed 

by 4x wash over 1 hour, and detection with 1:2000 donkey anti-rabbit conjugated to 

either Cy3 or Cy5 fluorophores (Jackson Immunoresearch) incubated for 1 hour and 

washed 4x over 1 hour.  All samples were washed with PBS before mounting in a 

glycerol-based anti-fade mounting media. 

 

NFκB quench immunoassay: 40 µm thick ON cryosections were analyzed for NFκB 

nuclear localization and immunostained floating in staining nets.  The p65-NFκB 

subunit was detected using a rabbit anti-p65 antibody (sc-372, Santa Cruz 

Biotechnology) at 1:4000 dilution in PBS gently shaken overnight at room 

temperaure.  Sections were incubated 1:2000 in biotinylated donkey anti-rabbit IgG 

(Jackson Immunoresearch), washed in PBS and developed using nickel-

diaminobenzidine (Ni-DAB), using the Elite ABC kit (Vector Labs).  Imaging was 

performed on an Olympus Fluoview 500 (Olympus Corp.) confocal microscope using 

the transmitted light detector (633 nm laser illumination) for 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.) 
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Western analysis: ONs and corpus callosum (CC)-white matter tract were pooled 

from three animals and homogenized using a tissue homogenizer (#PRO250, PRO 

Scientific) in ice-cold radio-immunoprecipitation assay buffer (RIPA) (Amersham 

Biosciences) containing 1 mM DTT,  Complete Protease Inhibitor cocktail (Roche), 

and 1 mM heat-activated sodium orthovanadate (90°C, 10 minutes, then stored at -

20°C until use).  Denatured protein was quantified in triplicate using the Pierce 

reducing agent compatible Microplate BCA Protein Assay Kit (#23252, Thermo-

Fisher) and loaded (5 µg/lane for CC & 1 µg/lane for ON) on 4-15% polyacrylamide 

gels, electrophoresed for 60 min at 90V, transferred to PVDF membrane using 

NuPage Transfer Buffer (Invitrogen) and detected using target-specific primary 

antibodies (listed below) and secondary antibodies 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% Tween-20 at room 

temperature.  Primary antibody incubations included 5% milk.  Blots were developed 

using Lumi-light substrate (Roche Laboratories) and standard x-ray film.  Primary 

antibodies used were: p65 (1:1000, sc-372, Santa Cruz Biotechnology, CA), an 

antibody that labels both the p50 and p65 NFκB subunits (1:2000, #4764, Cell 

Signaling), inducible nitric oxide synthase (iNOS) (1:2000, #160862, Cayman 

Chemical), -Actin (1:2000, #A5441, Sigma), and Lamin C (1:2000, #4777, Cell 

Signaling).  Lamin C is a nuclear structural protein and has previously been used as a 

loading control (Kim et al., 2011).  
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RGC Stereology: Stererology was performed on flat-mounted whole retinae 30 days 

post-induction, using StereoInvestigator software (Microbrightfield Inc.) on a Nikon 

E800 microscope with a motor-driven stage driven by the stereological software to 

generate random fields of 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 equation (Schmitz & Hof, 2000) for statistical validity.  The dose-response curve 

of 30 day RGC survival as a function of acute 15d-PGJ2 dose i.v. was calculated by 

normalizing the rAION-injured RGC areal density by the uninjured RGC areal 

density within each Brn3a staining group to eliminate group-to-group variability.  The 

final curve represents 3 groups of retinae stained and counted at the same time: group 

#1 (Vehicle, 100 µg/kg), group #2 (25 µg/kg, 50 µg/kg), group #3 (200 µg/kg, 400 

µg/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 Sciences, 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 were post-fixed with 1% 

osmium tetroxide, 1% potassium ferrocyanide 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 was followed 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 collected using a 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 using an AMT 

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 fluorescent gelatin perfusion and Imaris 

imaging software: The filament model of ON vasculature allows the removal of 

background auto-fluorescence and calculation of accurate capillary volumes.  I 

created tiled z-stacks of ON sections filled with FITC-BSA gelatin using the 

automated tiled z-stack feature of the Zeiss LSM-510 confocal microscope (Carl 

Zeiss, Inc.).  Individual tiles of these data sets had an intrinsic tile size of either 

512x512 or 1024x1024 with 1 µm z-steps.  Data from the confocal microscope was 

saved in .lsm format (the native Zeiss format) and imported directly into Imaris 

software (Bitplane Inc.).  In the event that a file had a 1024x1024 tile size, I imported 

the .lsm file into Imaris software with the subsampling option set to import every 

other x and y line.  Large tiled z-stacks successfully import into Imaris, however the 
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quantification was extremely slow and prone to software crashing due to the large 

memory footprint.  I converted the tiled z-stack into a filament model using Imaris 

software versions 7.1.1 or 7.0 (Bitplane Inc.).  Earlier versions of Imaris were 

unstable, and, versions after 7.1 and before 7.5 do not calculate the volume of the 

microvasculature properly due to a bug introduced into the software after version 7.1.  

The steps for creating a vascular filament model using Imaris are illustrated in figure 

5-1.  After importing the data, I applied a Gaussian filter to eliminate the highest 

frequency voxel noise.  A background subtraction was performed with the 

background value calculated using the default settings.  I then created a 3 dimensional 

mask using the isosurface tool to isolate tissue volume of interest (tissue contour, or 

tissue isosurface).   This isosurface was used as a three dimensional mask to set 

voxels outside the isosurface to zero so that they would not be considered.  The 

volume of this isosurface is used as the tissue volume in subsequent calculations.  The 

major innovation that made ON quantification possible using Imaris was the inclusion 

of a second isosurface three dimensional mask to isolate capillaries from background 

staining.  I used the isosurface tool on the previously-masked data set to create a new 

isosurface, the vessel isosurface (Imaris settings: pre-processing enabled = 1 µm, 

largest sphere = 7 µm).  I varied the threshold to produce an isosurface that 

surrounded all of the microvasculature, after which I masked the dataset using this 

new isosurface.  Vessel isosurfaces generated in this fashion sometimes included 

unwanted background fluorescence.  I filtered these regions of unwanted background 

voxels by exclusion based on setting a minimum standard deviation (StDev) for the z-
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stack FITC channel.  The doubly masked confocal data set was then used in filament 

creation.  I created the filament using the “threshold” method in Imaris software, 

which permits creating a filament with the existence of multiply connected segments.  

I set filament creation parameters in Imaris software as follows: pre-processing=true, 

approx. dia.=2.5 µm, preserve edges=false, fill cavities=true, baseline=true, branch 

length ratio=3-4, find dendrite beginning=false.  I performed any required manual 

editing using Imaris’ filament editing tools and the “auto-depth” method.  I calculated 

filament statistics such as volume, length, branching, etc. using the statistics tab of 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 fraction (volume of capillary filament model / 

volume of tissue isosurface) was calculated for both ONs of each animal.  I calculated 

the relative capillary fraction (OD / OS) by dividing the OD capillary fraction by the 

OS capillary fraction.  The OS was always un-infarcted 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, 

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.

Mask blood vessels using iso-surface.

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 (see Figure 5-2 for visual representation of processing steps).  

Immunohistochemistry for IgG was performed as noted in the “retinal and ON 

immunohistochemistry” portion of the methods.  A tiled 1 µm thick optical section 

was made through each ON or ONH imaged using an LSM510 duo confocal (Carl 

Zeiss Inc.).  The DAPI nuclear stain was excited at 405 nm and observed with a 420-

480 nm bandpass filter.  The FITC-conjugated BSA vessel filling was excited with the 

488 nm laser and observed with a 505-550 bandpass filter.  The Cy3 fluorophore was 

excited with a 560 nm laser and observed with a 575-615 nm bandpass filter.  The 

Cy5 fluorophore was excited with a 633 nm laser and observed with a 650 nm long 

pass filter.  The thickness of the optical section was calculated by Zen software 

controlling the LSM510 duo (Carl Zeiss Inc.).  The data from this tiled section was 

imported into Imaris software v. 7.1.1 (Bitplane Inc.) with each fluorophore signal 

assigned to a different channel.  An isosurface was manually created around the 

capillary network of each ON or ONH (tissue isosurface) to limit detection of 

extravasating IgG to this core region of the ON.  The tissue isosurface was then used 

to set the IgG channel intensity to zero outside that surface, limiting IgG signal to the 

body of the ON.  IgG signal from blood trapped in capillaries was removed by 

manually creating an isosurface around each volume that had intense staining for 

fibrinogen (capillary isosurface).  The capillary isosurface, when present, was then 

used to set the already masked IgG intensity to zero inside that surface, eliminating 
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the contribution of residual IgG intensity from blood trapped in capillaries.  This 

results in a doubly masked IgG channel.  The IgG signal for each ON or ONH section 

was calculated by dividing the doubly masked signal intensity by the tissue isosurface 

volume minus the capillary isosurface volume using the formula:  

                   
                           

                                        
 

The IgG signal due to IgG extravasation was calculated by subtracting the IgG signal 

density of un-injured ON (OS) from the IgG signal density of 1 day post-rAION 

injured ON (OD) to account for baseline fluorescence of uninjured tissue according to 

the formula: 
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Method for Quantifying Extravasating IgG

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 IgG 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. Essential steps for processing extravasating IgG signal prior to 

quantification. 
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SUR1-Related Methods 

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 

anesthesia during pump implantation.  Each rat received a local anesthetic 

consisting of 0.25 mL of 0.25% bupivacaine diluted 2:1 in sterile saline injected 

subcutaneously in a radiating pattern around the nape 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 heating pad (38°C).  A 

subcutaneous osmotic pump (Alzet Cat #2001, Durect Corp.) containing 

glibenclamide or vehicle was inserted through a ~1 cm incision in the nape of the 

neck.  The wound was closed with surgical staples.   An intraperitoneal (i.p.) loading 

dose of 10 µg/kg glibenclamide in 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 protocol (Simard et al., 2010, 

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

constant dose once implanted.   

 

Mouse Brain Tissue: Mouse brain tissue from SUR1(-/-) mice on a C57BL/6 

background was donated by the Simard lab.  Mouse tissue from the C57BL/6 mouse 
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was donated by the Merchenthaler lab.  In both cases, the mouse was euthanized 

with CO2 and perfused with 4% PFA prepared by the Bernstein lab.  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 expose a coronal section that included both the hippocampus and 

choroidal tissue.  The brain was then placed in 70% ethanol solution and paraffin 

embedded by the University of Maryland Baltimore (UMB) Histology Core lab.  

Brains were sectioned via microtome to 7 μm thickness and dried onto Superfrost 

slides (Fisher Scientific) overnight at 50°C. 

 

Baboon Tissue: Baboon ON was donated.  A male baboon (age 25 years) was 

euthanized via pentobarbital overdose because of age-related feeding difficulties.  

The animal was transcardially perfused with buffered 4% PFA approximately 2 

hours post-mortem.  ON was removed and fixed for 3 days immersed in 4% PFA, 

blocked with a razor blade, and paraffin-embedded by the UMB Histology Core lab.  

ON slides were microtome sectioned in cross-section to 7 µm thickness and dried 

onto Superfrost slides (Fisher 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 unused xylene.  The use of a long immersion in clean xylene 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 caused irregular as well as diffuse background staining and lead to false positive 

staining.  No antigen retrieval was used.  For rodent tissue with Ni-DAB 

visualization, endogenous peroxidase was inactivated by treating with 1% H2O2 + 

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 

streptavidin-Cy3 (Jackson Immunoresearch Labs) for 1 hour, washing 4x over 1 

hour in PBS, blocking in 2% normal donkey serum made in a saturated solution of 

biotin in PBS (Cat# B4501, Sigma) for 1 hour, then washing 6x in PBS over 1 hour.  

SUR1 was detected by incubating slides in the following solutions: 1:2000 rabbit 

anti-SUR1 antibody (SC-25683, 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, streptavidin-peroxidase (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 nickel-DAB by incubating in the following 

solution: 50 ml 0.175 M sodium acetate, 1.25 g nickel sulfate hexahydrate, 1 DAB 

tablet (Cat #D5905, Sigma Chemical Co.) dissolved in 0.175 M sodium acetate 

using sonication.  The developing reaction was stopped by rinsing 3x in 0.175 M 

sodium acetate.  The rinse solutions and all reagents containing DAB were collected 

and disposed-of safely via UMB waste disposal services.  The slides were then 
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equilibrated in PBS, dehydrated through an ethanol gradient into xylene, and 

mounted with a coverslip using DPX mounting media (Sigma).  The same 

deparaffinization, rehydration, and primary antibody staining was used for baboon 

ON but with the primary antibody at 1:200 dilution in PBS and secondary antibody 

dilution at 1:2000 donkey anti-rabbit Cy5 coupled antibody (Jackson 

Immunoresearch) applied for 1 hour followed by 6x PBS wash over 1 hour.  Nuclear 

counterstaining was done using 15 minute exposure to 0.1 µM 4',6-diamidino-2-

phenylindole (DAPI) in PBS before mounting in an anti-fade mounting media. 

 

Western Blotting: Pooled protein extract (described above) from rat ON and CC 

was denatured using 1x NuPage LDS Sample Buffer (4x) (Invitrogen), 47 mM DTT 

(0.5 M stock solution), and water to yield 4 µg protein per 64 µl total volume, with 

protein being measured as above using the microplate DTT-compatible 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, spun down in a benchtop 

centrifuge maintained in a walk-in refrigerator (5415D, Eppendorf), vortexed 

briefly, and spun down again.  Protein was loaded (1 μg/lane for ON, 5 μg/lane for 

CC) into a Mini-Protean TGX 15 lane 4-15% pre-cast polyacrylamide mini-gel (Cat 

#456-1086, Bio-Rad Inc.).  8 μl of pre-stained protein ladder solution (PageRuler, 

Thermo Scientific) provided molecular weight markers.  Protein separation was 

carried out in 1X Tris/Glycine/SDS solution (Cat #161-0732, Bio-Rad Inc.) at 90 V 
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for 65 minutes than transferred onto a briefly MeOH-wetted 0.2 μm PVDF 

membrane (Bio-Rad) in 1X NuPage Transfer Buffer (Invitrogen) at 100 V for 2 

hours with a Bio-Rad Mini-Protean blotting system.  The membrane was then rinsed 

in TBS and blocked overnight in 5% powdered milk in 0.1% Tween-20, pH 7.4 tris-

buffered saline (TTBS) (Bio-Rad Inc.).  SUR1 was probed using: 1:200 rabbit anti-

SUR1 antibody (Cat #SC25683, Santa Cruz Biotechnology) in 5% milk dissolved in 

TTBS rocked for 2 hours, 6x wash in TTBS over 1 hour, followed by 1:5000 

donkey anti-rabbit horseradish peroxidase-coupled 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) and x-ray 

film that was then scanned on a flatbed scanner at 600 dpi greyscale.  Quantification 

was performed using the gel analysis plug-in for the Fiji distribution of ImageJ 

software (National Institutes of Health, http://fiji.sc/wiki/index.php/Fiji).  For SUR1 

immunoprecipitation method used by Geng and Gerzanich, see J Marc Simard, 

Geng, et al., 2009. 

 

qRT-PCR: ON mRNA was prepared as above.  A SUR1 primer set was selected 

from a previously published paper; (f) tgaagcaactgcctccatc, (r) gaagcttttccggcttgtc 

(Mingkui Chen et al., 2003).  The primer set was optimized for temperature by 

running a PCR reaction on rat brain cDNA across a temperature gradient 57-62°C 

and examining the reaction products on a DNA gel for the presence of a single 

product.  The optimum temperature was 59°.  cDNA was prepared from mRNA 
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(described previously) extracted from the first 3 mm of individual rat ON at 1 day 

post-rAION with the OD subject to rAION and the OS not subject to rAION.  

mRNA was not pooled.  Two treatment conditions were examined: 100 µg/kg 15d-

PGJ2 vs. vehicle.  The mRNA from individual rats (n=4) was reverse transcribed to 

cDNA and subjected to amplification using the SPEA kit (see chapter 2).  All cDNA 

was diluted 1:10 in water before qRT-PCR testing.  The housekeeping gene control 

was cyclophilin B (f) tgacggtcaggtcatcactatc, (r) ggcatagaggtctttacggatg. 
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Appendix 
 

 

 

  

Figure A-1. Enlargements of figure 1-7. SUR1 transmembrane protein diagram 

depicting regions of interest in the human SUR1 protein.  Transmembrane helices 

and Walker domains responsible for binding ATP are labeled in pink and blue.  

Glycosylation sites are indicated in tree form. 
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Figure A-2. Enlargements of figure 0-3.  Alignment of SUR1 proteins from 

mouse, rat, and, human with exons and immunogen sequences for SUR1 

indicated.  The mouse, rat, and human SUR1 protein sequence shows many areas 

of high homology.  A consensus sequence runs across the top of the alignments 

with numbered introns running along the bottom of each row.  Known 

transmembrane regions are indicated in blue.  Protein sequences used to create 

antibodies used in this study are indicated in brown with the name of the 

company/creator.  See text for further details of antibody specificity. 
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