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I. INTRODUCTION 

/ 

A. LITERATURE REVIEW 

1. Acute Ischemic Stroke and Reperfusion Injury 

An acute ischemic stroke results from a sudden blockage· of a blood vessel leading 

to the brain, causing inadequate oxygen supply, tissue death and development of focal 

neurological deficits (Concise Medical Dictionary, Oxford University Press, Second 

Edition, 1990). The majority of acute cerebral ischemic strokes are due to an embolism or 

a thrombosis in situ (Mohr et al., 1978). When the blood supply to a tissue is interrupted, 

a sequence of. chemical events is initiated that leads to cellular dysfunction, cellular and 

interstitial edema, and ultimately neuronaJ ·death (reviewed by Grace, 1994). Oxygen and 

glucose are indispensable for maintaining the function of the central nervous system 

(CNS) because the rate of oxygen cohsi.unption and glucose utilization is high, but the 

reserve of glycogen is low in the CNS. Thus, brain tissue is more vulnerable to~ shortage 

of blood supply than other tissues. Irreversible neuronal injury may oc;;cur after only 

/ minutes during severe. ischemia (Chervu et al., 1989). Thus, achieving· early brain . 

reperfusion is still the most effective treatment for an acute ischemic stroke. Reperfusion 

is .a crucial prerequisite for recovery from ischemic injury because early re-establishment 

of blood flow has two beneficial consequences: the energy supply is restored and toxic 
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metabolites are removed. This reperfusion may occur spontan~ously or as the result of 

pharmacological interventio~ with thrombolytics. 

However, reperfusion of the ischemic brain tissue is associated wi~ end~thelial 

cell dysfunction, inflammatory cell infiltration and microvascular dysfunction, leading to 

· further local brain tissue injury. This phenomena is called reperfusion injury (reviewed by 

del Zoppo, 1994 ). There is a large amount of evidence that neutrophils and an acute 

inflammatory response contribute to tissue injury during acute ischemic stroke and 

following reperfusion (Hallenbeck et al., 1986, 1990; del Zoppo et al., 1991). The 

pathophysiological processes ofreperfusion injury are mediated, at least partly, by-

adhesion of the neutrophils to the cerebral microvascular endothelial cells. Therapeutic 

strategies which inhibit neutrophils or neutrophil-endothelium interactions have shown 

reduction in tissue injury and infarct volume in animal models of ischemic stroke (Clark 

et al., 1991a, Chopp et al., 1994, Zhang et al., 1995). 

During ischemia-reperfusion, genes for multiple inflammato?' response molecules 

that include extracellular adhesion molecules, integrins, cytokines, interleukins, and 

inducible nitric oxide synthase (iN OS) are upregulated (reviewed by Albelda et al., 1994; 
~ .. 

Lll;scinskas & Lawler, 1994), especially in the endothelial cells that line the 

microvasculature.of.the b~ain (Wang and_Feuersteine, 1995). Evidence has been obtained 

that upregulation of these molecules on endothelial cells precedes the events of influx of 

neutrophils into brain tissue (Matsuo et al., 1994, Wang and Feuerstein, 1995). 

Expression of a set of these rapidly expressed genes results in the i~ammatory activation 

of endothelial cells, and the activated endothelial cells subsequen~ly -upregulate the 

expression of more adhesion molecules and secrete cytokines (Gerritsen et al., 1993). In 
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addition, inflanimatory response molecules may also be upregulated in other cell types in 

the brain ( astrocytes, microglia and neurons )(Kaltschmidt et al., 199~, 1994) and in the. 

circulation (neutrophils, lymphocytes and monocytes) (Frankenberger et al., 1994) during 

reperfusion injury. The consequence ofthe inflammatory activation ofbrain endothelium 

· is their subsequent affinity for circulating neutrophils which tightly bind to the 

endothelium via upregulated endothelial-leukocyte adhesion proteins (Albelda et al., 

_1994 ). This can cause secondary blo~kage of the microvasculature which is called the 

Dno-reflowD phenomenon (Ames et al., -1968). Bound neutrophils will further invade the 

brain through the endothelial blood-brain-barrier and mediate local inflammation and 

tissue injury. 

There is mounting evidence that intracellular free radical generation may play a 

critical role in the signal transduction mechanism for the upregulation of leukocyte-

endothelial adhesion molecules and other inflammatory response molecules (Staal et al., 

1990, Schreck et al., 1992, Collins et al., 1993). The evidence for Re.active Oxygen 

Species (ROS) being key pathophysiological mediators of stroke-induced neuronal 

degeneration was addressed by E. D. Hall (1993). During reperfusion after ischemia, ROS 

may be generated when the brain tissue, that has been rendered anoxic by ischemia, is 

flooded with oxygenated blood. There is evidence that reoxygenated:endothelial cells are 

potent generators of superoxide and hydroxyl radicals (Zwier et al., 1988, Lum et al., 

1992). Furthermore, the endothelium, because of its strategic anatomic position, is . 

exposed to oxygen free radicals produced by activated inflammatory· celis, such as 

neutrophils, monocytes and macrophages. A tripeptide, glutathione, Which is a critical 
• I 

antioxidant in endothelial cells, provides a reducing environment.to protect the cells for 



their normal function. Reduced glutathione functi~ns as a substrate for glutathione 

peroxidase to destroy hydrogen peroxide and lipid peroxides. Its levels decrease 

dramatically during cerebral ischemia (Mizui et al., 1992). It is thought that the burst of 

ROS at the time ofreperfusion overwhelms the capacity of the endothelial cell anti-

4 

- oxidant defense systems. The subsequent activation of redox-regulated transcription 

factors such as NF -KB by ROS initiate the expression of multiple inflammatory 

molecules, causing reperfusion injury. One of the goals of stroke therapy in the next 

decade should be focused on the attenuation of reperfusion injury_ and the inhibition of the 

inflammatory components of tissue injury. 

A potential therapeutic strategy to prevent or reduce reperfusion injury is to treat 

with agents that block the upregulation of multiple inflammatory genes and subsequently 

interfere with the adhesion of neutrophils to the brain microvascular endothelium. A few 

published studies have shown that the administration of anti -integrins or anti-ICAM -1 

antibodies resulted in reduced ischemic tissue injury and infarct size in animal models of 

transient focal ischemia followe~ by reperfusion (Clark et al., 1991a, 1991b; Zhang et al., 

1995). However, in addition to the upregulated integrins and ICAM-1, many other 

inflammatory genes can also be activated during reperfusion; in other words, the 

inflammatory response induced by reperfusion is a multiple gene-involved event. 

Therefore, in order to achieve an optimal "anti-reperfusion injury" therapeutic effect, all 

of these inflammatory response molecules would have to ideally be targeted individually. 

A better approach may be to target common pathways involved in the upregulation of 

multiple inflammatory genes·. 
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The transcription factor, nuclear factor-kappa B (NF-KB) binds to the promoters 

of a large number of genes involved in the inflammatory response (Collins et al., 1993). 

There is a large body of evidence which suggests that one of the common pathways 

involved in the upregulation of multiple inflammatory genes is the activation of the 
•. 

·redox-regulated transcription factorNF-KB (Schreck et al., 1991; reviewed by Droge et 

aL, 1994 ). Agents which·can block NF-KB activation should reduce expression of 

inflammatory genes. (Read et al., 1994) .. Therefore, a strategy which targets NF-KB in 

reperfusion injury following acute ischemic stroke may be preferable to strategies that 

involve inhibiting the products of individual inflammatory genes. 

2. Multiple Inflammatory Response· Molecules and Reperfusion Injurv 

a. Cytokines · 

Cytokines are small proteins with molecular weight from 8 to 30 ~a that possess 

multiple biological activities. They are active in low (picomolar) concentrations 

(reviewed by Cassatella, 1995). Although the precise mechanism of cytokine induction in 

acute ischemic brain remains obscure, it is thought that generation of free radicals 

(Moulton, 1996), overactivation of the NMDA receptor (Szaflarski et al., 1995), release 

of free fatty acids and other proinflammatory lipid metabolites (Feuerstein et al., 1995), 
' 

ionic imbalance, free calcium accumulation, and the over-secretion df excitatory amino 

acids (Dinarello et al., 1993) in the ischemic br3:in promote the expression and release of 

a pro inflammatory cytokine cascade. As has been discussed previously, the inflammatory 

I 

response mediated by neutrophil-endothelial cell interactions plays a key role in ischemia-
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reperfusion injury. Many studies have shown that much of this inflammatory response 

appears to be mediated by interleukins (IL ), a multifunctional subfamily of cytokines 

(reviewed by Benveniste, 1992). The pro inflammatory cytokines, in~luding IL-l p and 

tumor necrosis factor alpha (1NF-a) can be produced in a variety of cells in the· brain 

· during acute ischemic stroke, including microglial cells, astrocytes, endothelial cells and 

leukocytes (Benveniste, 1992, Feuerstein et al., 1995, Minami et al., 1991). The release 

of IL-l P and TNF -a initiates a proinflammatory cytokine cascade and leads to the later 

production of other proinflammatory cytokines including IL..:6 and IL-8 (Gershenwald et 

al., 1990, Sei et al., 1995), upregulation of multiple adhesion molecules (Bevilacqua et 

al., 1985, Dinarello, 1991 ), ~d induction of a group of chemokine molecules, such as 

Cytokine-induced Neutrophil Chemoattractant (CINC)(Liu et al., 1993). All these events 

will finally result in the activation of the neutrophil endothelial adhesion cascade and 

infiltration of neutrophils into brain tissue, causing inflammatory tis~ue damage. 

IL-l p, a cytokine with multiple pro inflammatory actions, is produced in the brain 

I 

by endothelial cells, microglial ~ells, astrocytes and neurons (reviewed by Rothwell, 

1991). Using rat models of ischemic stroke, Minami et al. (1991) first demonstrated that 

IL-l p mRNA was induced in the brain ischemic regions when circulation restarted. The 

initial upregulation occurred at 1 hour and peaked at 6-12 hours post-ischemia (Wang et 

al., 1994). This increased expression was seen in areas of ischemia and was most 

enhanced in those areas during reperfusion in the rat model (Feuerstein et al., 1995)·. 

lnj ection of anti-IL-l p monoclonal antibody into the lateral ventricle during transient 

ischemia produced a decrease in postischemic infarct size (Y amasakf et al., 1995), and 
I • 

treatment with a naturally occurring IL-l J3 receptor antagonist (IL-lr~) also decreased 
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infarct size and neutrophil infiltration into brain tissue (Relton et al., 1992, Garcia et al., 

1995, Relton et al., 1996). Like IL-l~, TNF-a. also has diverse proinflammatory 

functions, including the induction of acute-phase protein secretion and increased 

neutrophil infiltration (Feuerstein et af., 1995). 1TNF-a. is produced in the brain by 

· macrophages, monocytes, and astrocytes (Rothwell and Hopkins, 1995). During acute 

brain ischemia, the time course of TNF -a. expression is similar to that of IL-l~. Its 

mRNA levels were detected at 1 hour and peaked between 6 and 12 hours (Wang et al., 

1994). Local injection ofTNF-a. into the brain greatly increased neutrophil infiltration in 

that area suggesting that TNF-a. may potentiate brain reperfusion injury (Feuerstein etal., 

1995). Other studies have also shown that TNF -a. promoted neuronal cell death .in 
., 

cultures (Chao 'et al., 1995). However, some conflicting results have shown that TNF-a. 

could be neuroprotective. Barger et al. (1995) rep?rted that TNF-a. ~ad neuroprotective 

effects to primary hippocampal neurons in cultUre. Blockage of TNF-a. induced NF -KB 

activation by aspirin or sodium salicylate could protect neurons against excitotoxic amino 

acid, glutamate-mediated neuronal death (Grilli.et al., 1996). 

: :· A var~ety of mechanisms have been proposed to elucidate the role of the 

proinflammatory cytokines during reperfusion injury (re-yiewed by Sei et al., 1995, 

Rothwell and Hopkins, 1995). One of the primary mechanisms by which 

proiiiflammatory cytokines may potentiate brain ischemia-reperfusion is thought to be 

their effects on the upregulation of multiple adhesion molecule genes via activation of the 

redox-regulated transcription factor, NF-KB, leading to the neutrophil endothelial 

adhesion cascade and final infiltration of neutrophils into brain tissu~ (reviewed by 

Collins et al., 1995). 



b. Adhesion Molecules ·and Leukocyte-endothelial Interaction 

Leukocyte endothelial adhesion molecules are central control factors in· the 

pathophysiology of brain reperfusion injury. There are three families of adhesion 

. molecules which respond to brain ischemia-reperfusion. They are the selectins, the 

integrins and the immunoglobulin superfamily (reviewed by Froese et aL, 1994, Mojcik 

and Shevach, 1997). Members ofthe_selectins include the following adhesion molecules, 

8. 

· L-selectin, E-selectin and P-selectin. L-selectin is constitutively expressed on the surface 

of virtually all circulating leukocytes, with the exception of some memory lymphocytes 

(Rosen, 1993). P-selectin exists in~ preformed pool in Weibel-Palade bodies of vascular 

endothelial cells and in the a.-granules of platelets. E- and P-selectin are rapidly expressed 

on the endothelial cell surface during injury (McEver, 1991, Bevilacqua and Nelson, 

1993). These selecti~s mediate the initial tethering of leukocytes to the lumi11:al surface of 

endothelium by binding counter-receptors within minutes following tissue injury (Spertini 

et al., 1991). Deficiency of eith~r the selectins or their ligands leads to failure of the 

migration process and recurrent inflammation (Etzioni et al., 1992). The two other 

families of adhesion molecules mediate strong adhesion between leukocytes and 

endothelial cells and migration of leukocytes across the endothelium into brain tissue 

(reviewed by Winn etal., 1993, Albelda et al., 1994, Palmer, 1995, del Zoppo et al., 

1996, Mckeating and Andrews, 1998). The immunoglobulin superfamily has diverse 

members, including adhesion molecules and nonadhesion molecules as well. Some 

important adhesion molecules belong to the immunoglobulin superfamily and mediate 

key events during leukocyte-endothelial cell interactions. They include intercellular 
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adhesion molecule-1 (ICAM-1)(Rothlein et al., 1986), ICAM-:-2 (Rothlein et al., 1991), 

vascular cell adhesion m~lecule-1 (VCAM-1)(Cybulsky and Gimbrone, 1991) and 

ICAM-3 (Young and Steinman, 1996). ICAM-1 is an inducible adhesion molecule which 

is widely distributed on leukocytes, endothelial cells, fibroblasts, and epithelial cells. In 

. contrast, ICAM-2 is constitutively expressed on endothelial cells, lymphocytes, and 

monocytes. A newly identified member of the immunoglobulin superfamily, ICAM-3, is 

absent on endothelial cells and only expressed on the ·activated leukocyte surface. 

VCAM-1 is constitutively expressed on some resting endothelial cells, but highly 

expressed on activated endothelial cells (reviewed by Buck, 1992). The counter-receptors 

of these immunoglobulin superfamily members are from the third family, the integrins. 

The integrin family is a class ofheterodimeric membrane glycoproteins. The P2 (CD 18) 

integrin family members, specifically CI? 11 a/ CD 18. (LF A -1) and CD 11 b/CD 18 (Mac-1 ), 

were among the first cell adhesion molecules to be identified and characterized (reviewed 

by Sanchez-Mandrid and Corbi, 1992)~ CD11b/CD18 (Mac-1) is expressed on the 

leukocyte surface and recognizes ICAM~1, whereas integrin CD11a/CD18 (LFA-1) is 

also -~~pressed on the leukocyte surface and recognizes both endothelial expressed 

ICAM-1 and ICAM-2 (Anderson, 1995), and leukocyte expressed ICAM-3 (De 

Fougerolles et al., 1993). ICAM-3 not only has a role in the initial phases of leukocyte 

cell-cell contacts but is also involved in the regulation ofLFA-1/ICAM-1-dependent 

leukocyte-endothelial cell interactions during inflammatory responses (Campanero.et al., 

1993). 

During reperfusion after acute ischemic stroke, these adhesion molecules are not 

upre~ated at the same time but are. expressed iri a programmed sequential manner to 
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form what has been termed the leukocyte-endothelial adhesion cascade (reviewed by· 

Butcher, 1991, von Andrian et al., 1991, Smith, 1993, Albelda et al., 1994). In general~ 

the adhesion cascade can be divided into four distinct phases. The first phase described as 

"leukocyte rolling", is mediated by the upregulation of the selectin family, including P-

· selectin, E-selectin, L-selectin and their related molecules. In this phase, circulating 

leukocytes are loosely tethered to the vessel wall and roll slowly along the surface of the 

endothelium. These initial rolling or tethering interactions are reversible. The second 

phase described as "leukocyte arrest" (Luscinskas and Lawler, 1994), is mediated by the 

.interactions of the activated J31 integrin VLA-4 (a4J31) expressed on leukocytes, especially 

monocytes and lymphocytes, with the endothelial adhesion receptor ·VCAM -1, a member 

of the immunoglobulin superfamily. In this phase, the rolling leukocytes initially attach to 

endothelial cells and become stablized. The, leukocyte-endothelial cell interactions in this 

phase also .become irreversible. The third phase described as "finn adhesion" or . 

"spreading", is mediated by the interactions .of the activated J32 (CD 18). integrins on 

leukocytes with immunoglobul~n superfamily members. These include ICAM-1 and 

ICAM-2 on.endothelial cells and all three ICAMs on leukocytes. Various stimuli such as . .. . . . 

proin:flammatory cytokines and chemokine generated by activated leukocytes and 

endothelial cells can induce activation and/or upregulated expression ofintegrins (von 

Andrian et al., 1991, Hynes 1992). In this phase, attested leukocyte~ adhere firmly to the 

endothelial cell surface and change their shape from a spherical to a flattened 

configuration. The fourth phase described as ''transmigration" or "diapedesis", is 

mediated by a chemotactic gradient (Rosengren et al., 1991) and the platelet-endothelial 

cell adhesion molecule-1 (PECAM-1), a member of the immunoglo~ulin superfamily. 
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PECAM is highly expressed on the junction surface be~een microvasc~.l1ar endothelial 

cells during reperfusion injury (Muller et al., 1993). In this phase, adherent leukocytes 

transmigrate across the blood brain barrier (BBB) and infiltrate. into loc~l tissues. 

3. Reactive Oxygen Species and Reperfusion Injury 

A free radical is an unstable molecule containing one or more unpaired electrons 

(Halliwell, 1989). S~veral oxygen free radicals may·be produced by red~ction or 

excitation of molecular oxygen (Kukreja and Hess, 1992). Superoxide i~ fo~ed 

chemically by addition of an extra electron to molecular oxygen. This reaction may occur 

by chemical accidents such as the leakage of electrons from the mitoch6ndrial electron 

transport chains (Chance et al., 1979, Freeman and Crapo, 1982). However, the most 

. important source of superoxide is thought to be deliberately generated l?Y activated 

neutrophils, macrophages, and circulating monocytes (reviewed by Fantone and Ward, 

1982). Superoxide is the precursor of hydrogen peroxide and the highly reactive hydroxyl 

radical. The hydroxyl radical is formed from hydrogen peroxide via non-enzymatically 

catalyzed Fenton reactions in the presence ofFe2
+ or Cui+ (Halliwell; 1987). Superoxide 

. ' 

radicals release iron from fe~itin (Thomas et al., 1985) which in turn reacts with 

hydrogen peroxide to produce hydroxyl radicals, especially in endothel~al cells (Rosen 

and Freeman, 1984 ). The hydroxyl radical is the most reactive free radical in biological 
' . ' 

systems and is probably responsible for most of the cellular damage. It causes lipid 
I 

peroxidation, oxidization of sulfhydryl groups, inactivation of ~ytochro:me enzymes and 

malfunction of membrane transport proteins (Wess, 1986, Perry, 1991 )~ Two other · 

radicals that may be produced from oxygen are the perhydroxyl radical
1

and singlet 
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oxygen. Perhydroxyl radical is a stronger oxidant than superoxide and i~ cytotoxic 

(Kukreja and Hess, 1992). Singlet oxygen and hydroxyl radical are the direct initiators of 

lipid peroxidation (Svingen et al_., 1978). Collectively, all of these reduced oxygen 

molecules ~e referred to as reactive oxygen species (ROS). In contrast,] hydrogen 

peroxide is generated from superoxide by superoxide dismutase. It has no unpaired 

electron and is not as reactive as other oxygen free radicals. Thus, hydrogen peroxide is 

considered a Reactive Oxygen Intermediate (ROI). 

The brain is especially vulnerable to attack by ROS because the ;brain .represents 

about 2% of body weight but utilizes 20% of the total inspired oxygen in a resting 

individual. Moreover, there is not a large amount of antioxidant defense systems in a 

normal brain (reviewed by Reiter, 1995). During reperfusion following ischemia, ROS 

may be generated when the brain tissue that has been rendered anoxic i~ flooded with 

oxygenated blood. The mechanisms involved in the generation of ROS include 

production of superoxide radicals by ~anthine oxidase (reviewed by Phillis, 1994, . 

Maxwell and Lip, 1997), and the production of hydroxyl radicals via the Fenton reaction 

catalyzed by free ferrous iron (Halliwell and Guttridge, 1985, Hernandez et AI., 1986). 

There is also direct evidence t~at reoxygenated endothelial cells are potrnt generators of 

superoxide and hydroxyl radicals (Zwier et al., 1988; Lum et al., 1992 ). Furthermore, 

the endothelium, because of its strategic anatomic position, is·:exposed to oxygen free 

radicals produced by activated inflammatory cells, such as n~utrophils, ;monocytes and 

macrophages (reviewed by McCord, 1985, Halliwell, 1992). The tripeptide, glutathione, 

which is a critical antioxidant in endothelial cells, decreases dramatical~y during cerebral 

ischemia (Mizui et al., l992). It is thougp.t that the b~st ofROS_ at the time ofreperfusion . 



overwhelms the capacity of the endothelial cell anti-oxidant defense systems. The 

subsequent activation of redox-regulated transcription factors, most notably NF-KB, by 

ROS initiates the expression of multiple inflammatory molecules, causing further 

neutrophil infiltration and tissue damage. 

4. Transcription factors and Reperfusion Injury 

a. Redox-regulated NF -KB and reperfusion injury 
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The presence of recruited leukocytes at the site of tissue injury is the key event of 

reperfusion injury and is critically dependent upon the coordinated expression of adhesion 

molecules on inflammatory cells and the activated brain microvascular endothelium, as 

well as other inflammatory response molecules, including proinflammatory cytokines and 

chemokines. Most of these inflammatory response genes can be activated by ROS (for 

reviews see Certti, 1985, Blake et al., 1987, Halliwell and Gutteridge, 1989, 1990, 

Palmer, 1995). One of the common pathways. involved in the upregulation of these genes 

is thought to be mediated by the activation of the redox-regulated transcription factor NF

KB (reviewed by Droge et al.,. 1994, Wulczyn et al., 1996, Baeuerle, 1998). 

i. Overview of NF -KB and Its Activation Pathways. 

First described as a transcription factor in lymphocytes (Sen and Baltimore, 1986), 

NF -KB is now known to be expressed by many cell types including endothelial cells 

(Collins et al., 1995 ). NF-KB belongs to the Rel family of transcriptional activator 

proteins. Unlike most transcriptional activators, this family of proteins resides in the 



cytoplasm and must therefore translocate into the nucleus to function. The mammalian 
l 

· NF-KB/Rel family contains five· distinct DNA-binding proteins, P50, P52, P65, C-Rel, 

and Rei-B. P50 and P52 are synthesized as precursor proteins ofP105 and P100, 

respectively. P100 and Pl05 are also known to belong to the inhibitory protein IkB 

family. Every rei-protein can form homo- or heterodimers with each other except Rel-B 

which can only form lieterodimers with P50 and P52 (for reviews see Baeuerle, 1991, 

Nolan and Baltimore, 199_2, Baeuerle and Henkal, 1994, Siebenlist et al, 1994, Israel, 

1995, Kopp and Ghosh, 1995, Miyamoto andVerma, 1995, Verma et al., 19~.5, Thanos 

and Maniatis, 1996, Baeuerle and Baltimore, 1996). The prototype NF -KB exists in the 
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cytoplasm as a P50/P65 heterodimeric complex associated with an inhibitory protein from 

the IkB family (reviewed by Beg and Baldwin, 1993; Gilmore and Moljin, 1993 ). A large 

number of inducers including pro inflammatory cytokines and ROS can trigger a cascade 

where one endpoint is the phosphorylation of the inhibitory protein which is subsequently 

degraded or dissociated from the NF-KB dimeric complex. There are two major pathways 

that have been proposed for IkB phosphorylation and subsequent NF -KB activation. One 

is the serine phosphorylation pathway in which IkB is phosphorylated at specific serine 

residues (Ser32 and Ser36), then ubiquitinated at lysine residues (Lys2 ~ and Lys22) and 

finally recognized and degraded rapidly by the 268 proteasome (Browri et al., 1995). 

Another pathway is the tyrosine phosphorylation pathway in which IkB is phosphorylated 

on a specific tyrosine residue (Tyr42). This causes dissociation oflkB .:from NF-KB rather 

than the subsequent degradation of lkB (1m bert et al., 1996). When it is released from 

IkB, the active NF-KB P50/P65 heterodimer enters the nucleus and stimulates 
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transcription initiation ofmu~tiple inflammatory· genes bearing NF-KB: binding sites in 

their promoters (reviewed by May and Ghosh, 1998). 

Unlike many other transcription factors, such as the well-known AP-1/c-fos and c-

jun family, no protein synthesis is required for the activation ofNF-KB. Therefore, it can 

be induced at a very early time during inflammatory responses. On th~ other hand, NF -KB 

can also be rapidly inactivated. Activated NF -KB enters the nucleus and induces not only 

the transcription of multiple inflammatory genes but transcription of the IkB genes, 

thereby replenishing the intracellular IkB pool and inactivating NF-KB (Sun _e~ al.,1993; 

de Marti et al., 1993 ). IkB family proteins are able to bind NF -KB in the nucleus and· 

displace them. from their DNA binding sites, thus terminating NF -KB -dependent gen~ 

expressipn (Zabel et al., 1990); This suggests that NF-KB activation is'transient. 

However, there is also some evidence showing that NF-KB remains activated for longer 

periods of time in endothelial cells than other cell types (Read et al., 1994). Also,-the 

endothelial ~ctivation and inflammatory gene induction in endothelial cells are 

dynamically regulated by the balance between NF-KB and IkB proteins (Read et al., 

1994). 

ii. NF -KB and Multiple Inflammatory Response Molecules 

Initiation of mRNA synthesis is a primary control point in the regulation of gerte 
. . 

expression. Gene mapping and systetl~lati~, mutational analysis has revealed that each gene 

has a particular arrangement of positive and negative regulatory cis-elements uniquely 

arranged in their DNA promoter region (review~d by Mitchell and Tjian, 1989). These 
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cis-acting elements are binding sites for cognate transcription factors that activate or 

repress the corresponding gene. Some promoter elements, such as TAT AA, are common 

to many genes. However, a variety of less common elements have been implicated in 

specific types of signal-dependent transcriptional regulation. In response to specific 

environmental stimuli, the activated transcription factor binds to a specific DNA 

sequence of the target genes and initiates the synthesis of their mRNAs. NF -KB is one of 

the well characterized inducible transcription factors which is activated in a variety of 

cells that respond to pathophysiological stimuli. There include the proinfl=,atory 

cytokines (IL-l~ and TNF-a), ROS, mitogens (lectins, phorbol esters), 

lipopolysaccharide (LPS), and viruses such as HIV. Functional NF-KB elements have 

been identified in many cellular and viral genes, such as the genes for cytokines and 

c~okine receptors, leukocyte-endothelial adhesion molecules, and multiple growth and 

differentiation factor~ (Table 1 ). The diversity of responsive genes, activating agents and 

the unique rapid activation pathways ofNF-KB suggest that NF-KB may be a pivotal 

regulatory mediator in the activation of the endothelium and the leukocyte-endothelial 

adhesion cascade following brain ischemia-reperfusion injury. 

Structural analysis of the ICAM-1, E-selectin and VCAM-1 genes reveals putative 

NF-KB binding sites in their 5' flanking region, and deletion analyses have shown that all 

three genes require the NF -KB binding sites for upregulation induced by pro inflammatory . . ( 

cytokines (Degitz et al.,- 1991, Montgomery et al., 1991, Collins et al., 1991, Voraberger 

et al., 1991, Iademarco et al., 1991, van Huijsduijnen et al., 1991, Whelan et al., 1991, 

Collins et al., 1992, Neish et al, 1992). Since endothelial cell activation and 



TABLE 1. TARGET GENES FOR NF -KB 
Proinjlammatory Cytokines 

Tumor· necrosis factor a 
Interleukin-1J3, -2, -6 
Granulocyte-macrophage colony-stimulating factor (GM-CSF) 
Macrophage colony-stimulating factor (M -CSF) 
Granulocyte colony-stimulating factor (G-CSF) 
Interferon-J3 

Adhesion Molecules 
Intercellular adhesion molecule-1 (ICAM-1) 
E-selectin 
Vascular cell adhesio~ molecule-1 (VCAM-1) 
Mucosal vascular addressin cell adhesion molecule-1 (MadCAM-1) 

Chemokines · 
Monocyte chemoattractant protein-1 (MCP-1) 
Macrophage inflammatory protein-1 a (MIP-1 a) 
Macrophage inflammatory protein-2 (MIP-2) 
IP-10 
KC 

Inflammatory Enzy-,nes and Proteins 
Inducible nitric oxide synthase (iNOS) 
Inducible cyclooxygenase-2 
5-Lipoxygenase 
Cytosolic phospholipase A2 
Ferritin H chain 
NADPH: quinone oxidoreductase 

Immunoreceptors 
Immunoglobulin k light chain 
Interleukin-2 receptor a-chain 
T -cell receptor J3-chain 
Platelet-activating factor receptor 
CD 11b 
CD48 
CD69 

) 

Viruses 
Human immunodeficiency virus 1 (HIV -1) 
Simian immunodeficiency virus (SIV) 
Cytomegalovirus (CMV) 
Simian virus 40 (SV 40) 
Adenovirus E3 region 
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leukocyte-endothelial adhesion are the key events during reperfusion injury, the role of 

NF-KB in cytokine-induced adhesion molecule upregulation on human endothelial cells 

has been studied extensively. Cytokine-induced activation of the ICAM-1 gene in 

endothelial cells involves a single essential NF-KB site (Ledebur and ~arks, 1995, 

Lockyer et al., 1998), and cytokine-induced activation of the E-selectin gene involves 

three critical NF-KB sites (Anrather et al., 1997, reviewed by Collins, 1993). More 

evidence has shown that during ischemia-reperfusion, the NF-KB mediat~d upregulated 

protein expression ofiCAM-1 and E-selectin on the cerebral microvascular ~ndothelium 

precedes the influx ofneutrophils (Matsuo et al., 1994, Wang and Feuerstein, 1995). As 

has been discussed previously these two adhesion molecules are critical for binding of the 

neutrophils to the endothelial cells, in which E-selectin mediates "neutrophil rolling" 

while ICAM-1 mediates the tight binding ofneutrophils to the endothelial cells. Analysis 

of the VCAM-1 promoter has-also revealed cytokine-responsive regions with multiple 

NF-KB binding sites in human endothelial ~ells (Collins et al., 1993). VCAM-1 is an 

inducible endothelial cell adhesion molecule involved in the adhesion of monocytes and 

lymphocytes via one ofthe Pl integrins, VLA-4 (Adams and· Shaw, 1994). Besides these 

three criticai adhesion molecules, there are also many other inflammatory response genes, 

including IL-l, IL-6, IL-8 and iN OS which are involved in the cytokine- or ROS-induced 

upregulation mediated by NF-KB (Liu et al., 1993, Yamasaki et al., 1995, Iadecola et al., 

1995). 

NF -KB may be potentially activated via multiple pathways dtiring human brain 

ischemia-reperfusion. Proinflammatory cytokines such as IL-lP and TNF-a are released 

• I 

by leukocytes, astrocytes and neurons and bind to endothelial cell s~face receptors and 
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activate signals for NF -KB activation (reviewed by Benveniste, 1992).: Oxidant stress with 

the burst of oxygen free radicals at the time of reperfusion may also be a potent mediator 

ofNF-KB activation (reviewed by Baeuerle and Henkel, 1994). Furthermore, 

proinflammatory cytokines themselves are also inducers of ROS generation in endothelial 

cells (Ritchie et al, 1991 ). The interaction of cytokines with endothelial receptors 

probably causes a cellular oxidative burst. For example, TNF-a has been shown to 

activate endothelial cell xanthine oxid~se (Friedl et al., 1989). Generation of ROS by 

endothelial cells in response to cytokines causes oxidation of glutathione, sepsitizing 

endothelial cells to the oxidative stress generated ~uring reperfusion or reoxygenation in 

the human brain, l~ading to the activation ofNF-KB and subsequent NF-KB mediated 

· upregulation of multiple inflammatory response molecules (Collins, ~ 993, Flohe et al., 

1997, Ichikawa et al., 1997). Thus, currently, there is no other transcription factor system 

known to be such a frequent target for various anti-inflammatory and .immunosuppressive 

molecules as the redox-regulated NF-KB/Rel system (reviewed by Baeuerle and·· 
( 

Baichwal, 1997). 

b. Other Transcription Factors and Reperfusion Injury . . · 

Besides NF-KB, other transcription factors may be involved in the regulated 

expression of multiple inflammatory. response molecules during reperfusion injury. In a 
~ .. . 

transient focal middle cerebral artery occlusion (MCAO) rat stroke model, reperfusion for 

4 hours following 30-90 min~tes ischemia. resulted in a 4- to. 6-fold increase of AP-1 

binding activity in the affected brain hemispheres (An et al., 1993). ~tudies in a similar 

rat stroke model. showed that 5 days of reperfusion following 90 min4tes ischemia also 
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caused an increase in the binding activities ofCREB, SP-1, and NF-KB in the ischemic 

cerebral cortex (Salminen et al., 1995). 

Activator protein-1 (AP-1 ), which was first identified as a DNA binding protein in 

HeLa nuclear extracts recognizes a DNA element (TGACTCA) found .in the enhancer 

region of SV 40 virus and the human metallothionein IIA gene (Lee et al., 1987). 

Considerable effort over the past 10 years has led to. the identification and 

characterization of proteins that comprise this transcription factor. The'.AP-1 family of 

transcription factors are composed of the jun and fos gene products which fo?TI 

homodimeric (Jun/Jun) or heterodimeric (Jun/Fos) complexes. Membe~s of the Jun 

family identified so far include c-jun, v-Jun, JunB and JunD .. At present, the Fos family is 

comprised of c-Fos, v-Fos, FosB, Fra-1 (Fra, Fos-related antigen), and fra-2. All the Jun 
• •' ! 

family proteins are capable of forming homo- and heterodimers with other Jun or Fos 

proteins, whereas, the F os family proteins cannot homo- or heterodimedze with other F os 

proteins. However, Fos proteins are capable of associating with any members of the Jun 

family to form stable dimers that have higher DNA binding activity than Jun diiners 

(reviewed by Foletta et al., 1998). All the AP-1 dimeric complexes identified so far 

recognize the consensus sequence motif 5'-TGANTCA-3' immediately up-stream of a 

leucine-zipper domain (Angel et al., 1987, 1994). Like NF-KB, AP-1 is' a redox-regulated 

transcription factor and can be activated or induced by a broad rml:ge of extracellular 

stimuli, including proinflammatory cytokines, ionizing radiation and hydrogen peroxide. 

There is evidence that most of these stimuli utilize ROS as a second m~ssenger (reviewed 

by Karin et al., 1997). Many genes involved in a response to mitogenic :stimulation by 

. serum and/or growth factors ate upregulated by AP-1 and this has been given as a reason 



21 

that upregulated overexpression of Jun and Fos proteins can lead to cancer. Also, many 

genes involved in defense responses against pathogens are upregulated by AP-1. Some of 

them have both AP-1 and NF-KB binding sites in their promoter regioits (Foletta et al., 

1998). Unlike NF-KB, AP-1 is predominantly induced at a transcriptio:nallevel by nov~l 

synthesis of its subunits, with the exception of Jun homo- or heterodiriters which exist in 

the nucleus as an unphosphorylated inactive form. When the cells respond to an inducing 

or activating agent, the ROS generated may stimulate a protein kinase: cascade which 

leads to the phosphorylation of Jun protein dimers. The phosphorylate:d Jun protein 

dimers upregulate the expre~sion ofFos proteins. Induced AP-1 usually consists ofFos-

Jun heterodimers which are highly efficient in transactivating nuclear genes with AP-1 

binding sites i~ their promoters (reviewed by Sen and Packer, 1996). Studies have shown 

that NF-KB and AP-1 exhibit distinct patterns of activation or induction by ROS. 

Treatment of some cell lines with hydrogen· peroxide strongly activated NF -KB but only 

weakly induced AP-1. In contrast, antioxidants strongly induce AP-1 binding activity but 

at the same time prevent NF -KB activation in response to numerous stimuli, including 

1NF-a, IL-l and lipopolysaccharide (LPS)(Meyer et al., 1994). Investigation of the 

activity of AP-1 and NF -KB durip.g hypoxia and reoxygenation of HeLa cells showed that 

. . i 
AP-1 was rapidly and persistently activated in a biphasic response during hypoxia. The 

same treatment did not appear to activate NF-KB. However, NF-KB was very rapidly and 

potently activated when hypoxic Hela cell cultures were re-exposed to normal oxygen 

. pressure (Rupee and Baeuerle, 1995). 

SP-1 is a zinc-finger transcription factor that binds to GC box'elements via three 

I 

zinc fingers of the Cys2His2type in a variety of cellular and viral promoters (Kadonaga et 
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al., 1987). The· zinc ion is an essential cofactor for specific DNA binding of SP-1 (Westin 

and Schaffner, 1988). This feature provides a structural' basis for redo~ regulation of SP-
1 

1. In vitro SP-1 DNA binding was abolished by hydrogen peroxide and diamide. This 

oxidant-induced inactivation of DNA binding could be quantitatively reversed by 
! 

reductants such as GSH, P-!M£ and DTT (Knoepfel et al., 1994). Also', metal depletion of 

SP-1 protein dramatically increased the sensitivity of SP-1 protein binding to hydrogen 

peroxide and physiological concentrations ofGSSG (Knoepfel et al., 1994). SP-1 DNA 

binding was also found to be related to the aging process. SP-1 DNA ~indin~. efficiency 

was remarkedly reduced using nuclear extracts from brains of old animals compared to 

young animals (Ammendola et al, 1992). Addition of hydrogen. peroxide to nuclear 

extracts from young brain strongly decreased SP-1 DNA binding, while high 

concentrations of DTT fully restored SP-1 DNA binding activity in the nuclear extracts 
' . 

from aged brain (Ammendola et al., 1994). Because ROS were knowri. to increase during 

aging and reperfusion injury in the brain (Reiter, 1995, Collins et al., 1993), it is logical to 

speculate that the redox-regulated SP-1 may play a role in reperfusion injury following 

acute ischemic stroke. 

In mammalian cells, intracellular cAMP acts as a second mess:enger and . 

propagates various signals initiated by hormones, growth factors and ~eurotransmitters 
I 

(reviewed by Montminy, 1997). Transcriptional regulation upon stimulation of the cAMP 

signaling pathway is mediated by a family of cAMP responsive nuclear factors called 

• ' • • I 

cAMP-response-element-binding proteins (CREB) .. The CREB family consists of a large 
• I 

I 
I 

number of members which may aetas activators or repressors. All th~sefactors contain 
I 

_ the basic domain/leucine zipper motif and bind as dimers to cAMP-r~sporise elements 
. I 

! 



(CRE) and the functi<:>n of the CREB is modulated by phosphorylatio~ by the cAMP-
I 

I 

dependent protein kinase (PKA)(reviewed by Ohlsson et al., I993). Evidence from cell-

staining and footprinting in vivo has suggested that inactive CREB exists in the nucleus 

prior to phosphorylation and activation (Nich9ls et al., I993). Only the phosphorylated· 

CRBP is capable of interaction with a coactivator protein, CRBP-binding protein (CBP) 

and binds to the CRE elements in the promoter region (Lee and Masson, I993). Studies 
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on the CRE elements have revealed a core consensus sequence which is 5'-TGACGTCA-

3'. Interestingly, ~s sequence is very similar to that for the AP-I family (5'-'!GACTCA-

3 '), and many binding sites interact equally well with members of either family (Hai et 

al., I989). The c-Fos gene encodes a basic domain/leucine zipper tr~scription factor that 

requires heterodimerization with a member of the Jun family for stab~e DNA binding (see 

above). This gene also contains a CRE element and requires CREB binding for its 

. transcriptional upregulation in response to cAMP (Janknecht et al., I995). Furthermore, 

the activity of members from both AP-I and CREB families can be regulated by 

I 

intracellular Ca2+ levels (Rosen et al., I995). As has been discussed previously, one pfthe 

major effects of ischemia on neuronal tissue in the brain is th~ over-secretion of the 

excitatory amino acids (EAA), such as glutamate and aspartic acids. The EAA stimulates 
. ~ 

I 

the NMDA (N-methyl-D-aspartate) receptors on neurons that provok¢ the intracellular 

accumulation of calcium through specific calcium ch~els (reviewed by Yatsu et al., 

I997). Thus, CREB family transcription factors may also play a role in the ischemi'a-

reperfusion tissue injury in the brain. 
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5. Therapeutic Approaches of Reperfusion Injury 

a. Anti-cytokine and Anti-adhesion Molecule Therapy 

There have been some encouraging reports that have utilized anti -cytokine 

treatment to reduce brain ischep1ia-reperfusion injury. The increase of blood-brain barrier 

permeability and CSF neutophil count caused by administration of TNF. in the cisternae 

of rats were abolished by treatment with a TNF-a antibody (Kwang et al., 1992). After 

acute brain ischemia in rats, administration of a TNF -a antibody also caused ~ reduction 
... · ~· 

in cereb~al edema and facilitated recovery of motor function (Shohami et al., 1996). 

Injection of an anti-IL-l p monoclonal antibody into the lateral ventricle during transient 

ischemia produced a decrease}n postischemic infarct. size (Yamasaki et al., 1995), and 

treatment with a naturally occurring IL-IP receptor antagonist (IL-lra) also decreased 

infarct size and neutrophil infiltration into brain tissue (Relton et al., 1992, Garcia et al., 

1995, Relton et al., 1996). Some published data have also demonstrated the effects of 

anti-cytokine therapy on adhesion molecule expression. For example, using a rat model, 

treatment with anti-IL-lp antibody resulted in a significant reduction ofiCAM-1 

expression in the brain following a penetrating stab injury (Shibayama et al., 1996). 
I 

Although anti-cytokine therapy for brain injury has shown some positive effects, it may 

not be a good approach to treat brain ischemia-reperfusion injury. More and more 

researchers have realized that as natural communication molecules in the host defense 

system, proinflammatory cytokines have their complex inter-relationships, and so direct 

antagonism of their actions may have broad detrimental effects (Clark and Zivin, 1996). 
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Many research groups have focused their studies on anti -adh~sion molecule 
I 

therapy to treat brain ischemia-reperfusion injury. It is thought that this approach is 
I 
! 
I 

theoretically more attractive than anti-cytokine therapy because only the upregulated 
I 
I 

inflammatory adhesion molecules are blocked instead of blocking the :diverse actions of 
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cytokines. Since 1991, substantial progress has been made to study anti-adhesion therapy 

in animal models of brain ischemia-r~perfusion ~njury. Administration of either anti

integrin CD 18 or ~ti-ICAM-1 antibodies resulted in reduced neurological deficits and 

infarct size in a rabbit model of transient focal ischemia followed by r!eperfu~i_on (Clark et 

al., 1991a, 1991b)~ Zhang and his colleagues have also published finditigs from several 

studies in rat stroke models and shown that antibodies to various adhelsion molecules, 

including CD-11b, CD~18 and ICAM-1 reduce infarct size .and neutrophil infiltration into 

the brain (Chen ~t ~I.-, 1994, Jiang et al., 1994,.Zhang et al., 1994, 1995). Further studies 

! 

on treatment with anti-integrin or anti-ICAM-1 antibodies after the onset of ischemia or 
. l I 

I 
I 

during reperfusion also resulted inreduced infarct size in a rat MCAO: stroke model 

(Matsuo et al., 1994, Zhang et al., 1995, Chopp et al., 1996, Lindsberg et al., 1996). All 

• , I 

of this evidence suggests that anti-adhesion molecule therapy may be a promising 
• I 

therapeutic strategy for human brain ischemia-reprerfusion injury. However, the 
- . . . I 

I • 

. I 

inflammatory response induced by reperfusion upregulates the expression of various 
I 

! 

genes that include those encoded for cytokines, inflammatory enzymes such as iN OS and 

I • 

many other adhesion molecules such as E-selectin and VCAM-1 in addition to those for 
I 

! 

integrins and ICAM-1. Thus, in order to achieve an optimal anti-inflatiunatory therapeutic 
I 

i ' 
I 

effect, multiple endothelial adhesion molecules and inflammatory mediators would have 
! 
I 

to be targeted. Also, since ischemia-reperfusion injury is a fast, time-~ependent event; it 
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I 

I 

. . i 

is difficult to administer multiple antibodies against different adhesio~ molecules at the 
I 

i 

same time. Thus, a more attractive approach to treat reperfusion injury would be to target 
I 

. i 

common pathways involved in the upregulation of multiple inflamma~ory response genes . 

b. Anti-NF -ldl Therapy 

. ! 

I 
I, 

A common pathway. involved in the upregulation of multiple i~flammatory 

response molecules may be activation of the redox-regulated transcription factor, NF-KB. 

Thus; agents which target the transcription factor NF -KB in acute ischemic s~oke might 
I ·.< 
1 

I 

prevent simultaneously the upregulation of multiple inflammatory genes and their 

mediated reperfusion injury. This strategy might be preferable to strategies that attempt to 

utilize inhibitors of the products of individual genes. 

i. Thiol-containing Antioxidants 

Intracellular thiol redox status appears to be a critical determinant ofNF-KB 

activation. An optimal level of intracellular glutathione disulfide (GSSG) is required for 

effective NF-KB activation. For example, at low levels of cytosolic GSSG, T cells 'fail to 

respond to appropriate stimuli,. whereas.high concentrations of GSSG inhibit the binding 

of activated NF-KB to its cogriate DNA sites (Droge et al., 1994). GSH concentrations are 

reduced in brain following ischemia and reperfusion. Longer periods of ischemia lead to 
I 

greater reductions in GSH during the reperfusion period, and the reductions can be 

detected during the first hour after reperfusion commences (Shivakumar et al., 1995). 
! 

Furthermore, the reductions may continue for 24 hours following reperfusion (Mizui et 
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I 

al., 1992). GSSG levels increase in the same interval, and GSH concentrations eventually 

recover after longer time of repelfusion (Shivakumar et aL, 1992). 

i 
I 

I 

N-acetylcysteine (NAC) is a highly permeable free radical sca~enger with few 

cellular toxic effects. It a~ts as ~ antioxidant due to its sulfhydryl gro~p (U dupi and 

• I 

Rice-evans, 1992). It is also a GSH precursor, replenishing th~ intracellular cysteine 

required to produce GSH and blocking the oxidation of GSH to GSSH. NAC inhibits the 

activation ofNF-KB induced by TNF-a, IL-l~ and other inflammatory mediators in 

various cell types, including rat astrocytes (Pahan et al., 1998) and human umpilical vein 

endothelial cells (HUVEC)(Munoz et al., 1996). NAC also has the ability to inhibit either 

proinflammatory cytokines- or ROS-induced upregulation of multiple inflammatory 

response molecules. NAC inhibited reoxygenation-induced ICAM-1 apd TNF-a-induced 

E-selectin expression in human brain microvascular endothelial cells (HBMEC)(Hess et 

al., 1994, 1996). NAC inhibited inflammatory mediator-induced upregulation of IL-6, IL
! 

8 and granulocyte-macrophage colony-stimulating factor (GM-CSF) in HUVEC (Munoz 

et al., 1996). NAC inhibited cytokine-induced iN OS upregula:tion in rat macrophages, C6 

glial cells and.astrocytes (Pahan et al., 1998). Using animal models, NAC had the 

potential to elevate tissue GSH concentrations when administrated intraperitoneally 

during ischemia-reperfusion· of the rat liver (Vivot et al., 1993 ), and suppressed not only 

NF-KB activation but also neutrophil accumulation in lung when rats ~ere suffering from 

acute lung inflammation (Blackwell et al., 1996). 

Another thiol-containing antioxidant which has been used ext9nsively to study . 

I 

NF-KB mediated inflammatory injury is dithiocarbamate and its derivatives, such as 

pyrrolidine dithiocarbamate (PDTC) and diethyl dithiocarbamate (DDTC)(Schreck et al., 
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1992). DDTC was first used as a metal-chelating drug to treat ~etill Jisoning in patients 
. I 

(Sunderman et al., 1967). Since then, dithiocarbamate derivatives have attracted more and 
I 
I 

more attention because of their anti oxidative properties. It is thought that 
I 

dithiocarbamate derivatives exhibit these properties due to their dithidcarboxyl group, · 
I 

which chelates metals or metal ions (F e3+, Cu +) and, therefore, blocks :the generation of 

hydroxyl radicals by the Fenton reaction. The sulfhydryl group suppli~s protons for the 

reduction of glutathione by enzymes of the glutathione cycle and suppresses the 

. ! 

intracellular accumulation of GSSG (Denek and Fanburg, 1980). In a<;ldition .tp their 

I 

metal-chelating and antioxidant properties, dithiocarbamate derivativ~s are potent 

inhibitors ofNF-KB activation, and seem to be more effective than NAC (Schreck et al., 

1992). Among the dithiocarbamate derivatives, PDTC seems more su~ted to cell culture 
I 

experiments (using micromolar concentration) because PDTC does n6t change the pH of 
I 

I 

the culture medium and is, therefore, less cytotoxic than DDTC (Cohrn et al., 1990, 

Schreck et al., 1992). In animal experiments, cells ate rapidly desensitized to PDTC when 

used in millimolar concentrations. However, DDTC is more suitable for animal, 

experiments (using 100-150 mglkg) because relatively high concentrations and chronic 

(> 10 hours) treatments can be. utilized w~thout desensitization of the cells (Schreck and 

Baeuerle, 1994). DDTC is also an established pharmaceutical and has been used in 
• • • . I 

I 

clinical trials for decades to treat metal poisoning in patients. It was administered to AIDS 

patients for the first time in 1983 due to its antiviral effects_ (Lang et ~1., 1983). 

' i 

PDTC has been proven to be a strong inhibitor ofNF-KB actiyation by TNF-a, IL-

i 

1 ~' H20 2 and other inflammatory mediators in various cell types, incl:~ding rat 

macrophages, C6 glial cells and astrocytes (Pahan et al., 1998), Jurk~t T cells, pre-B-cells 
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I • 

and mouse fibroblasts (Schreck et al., 1992), and human umbilical veih endothelial cells 
I 

(HUVEC)(Munoz et a!., 1996). PDTC also )l~ the ability to inhibit ei~her the 
I 

! 

proinflammatory cytokine- or ROS-induced upregulation of multiple ipflammatory 
I 

I 

response molecules. PDTC inhibited inflammatory mediator-induced 'upregulation of It-

6, IL-8 and granulocyte-macrophage colony-stimulating factor (GM-qSF) in HUVEC 

(Munoz et al., 1996). PDTC inhibited cytokine-induced VCAM-1 gene expression in rat 

cardiac myocytes (Hattori et al., 1997). PDTC inhibited IL-l P-induced iN OS expression 

· in human astrocytes (Chao et al., 1997). In animal models, DDTC has ;been s~died for its 

various functions, such ·as partial protection against pulmonary and lymphoid oxygen 

toxicity when rats were over-exposed to pure oxygen (Mansour et al., :1985), anti-

I 

angiogenic effects on tumors transplanted into rats (Ambrus et al., 1992), and protection 

'against cisplatin induced nephrotoxicity in rat kidneys (Somani et al., ~ 995). 

ii. Proteasome Inhibitors 

Another category of anti- NF-KB drugs that has been studied is proteasome 

inhibitors, such as n-tosyl-phenylalaine-chlotomethylketone (TPCK). [his is based on the 

findings that the ubiquitin-proteasoine pathway is involved in the activation of the NF-KB 

-protein complex (Brown et al., 1995). Phosphorylated IkB is recogniz~d by ubiquitin-

conjugating enzymes and targeted for degradation by the 26S proteasome. This 
I 

I 

I 

multi catalytic complex forms a nonlysosomal pathway for degradation of biologically 
! 

I 

active proteins (Reviewed by Ciechanover, 1994). TPCK, which is an! inhibitor of 
I· 
I 

chymotrypsin-like serine proteases, can block IkB degradation and activation ofNF-KB in 
I 

various cell cultures (Heckle et al., 1993). Moreover, this proteasome ~nhibitor, by virtue 
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of its ability to block NF -KB activation, blocks cytokine-induced upregulation of E

selectin in human umbilical vein endothelial cells (HUVEC)( Read et al., 1995 ), 

cytokine-induced MCP-1 expression in mesangial cells (Rovin et al., 1995) and cytokine 

induced iNOS expression in murine macrophages (Kim et al., 1995). 
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B. HYPOTHESIS AND SPECIFIC AIMS 

1. Hypothesis 

Based on the data summarized above, the main hypothesis in this research project 

was proposed as following: 

Reper(usion injury following an acute ischemic stroke is mediated, in part, by_ the 

activation o(NF-KB which-upregu/ates the expression o(multiple inflammatory response 

genes. Blocking the activation o(NF-KB, especially in the endothelial cells that line the 

brain microvasculature, would be an effective therapeutic intervention to prevent or 

reduce reper(usion injury. 

2. Specific Aims · 

To test this hypothesis, the ~tudy was initiated with the following specific aims: 

Specific Aim # 1. To investigate whether reoxygenation o(hvooxic cells results in the 

activation ofNF-KB in the HBMEC model. J(NF-KB is activated identify the Rei family 

proteins in the activated NF-·KB. 

a. NF -KB can be activated by pro inflammatory cytokines and oxidative stress in 

various types of endothelial cells including human umbilical vein endothelial cells 

(HUVEC)(reviewed by Collins et al., 1995). Activated NF-KB in HUYEC treated with 

TNF-a contained P65 and PSO Rei proteins (Ledebur and Parks, 1995). However, there is 

evidence that endothelial cells are heterogeneous and there are significant differences 
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among endothelial cells derived from different species and between different organs in 

the same species. (Charo et al., 1984, Fajardo, 1989, Belloni and Nich~lson, 1988, Page 

et al., 1992, Zwaginga et al., 1990). Thus, to study events that occur in human brain 

reperfusion injury, human brain microvascular endothelial cells (HBMEC) are an ideal.in 

vitro cell model (Hess et al., 1993). 

b. Our laboratory has demonstrated that NF-KB was activated in response to TNF-a 

in HBMEC (Hess et al.,1996). We have also demonstrated that the adhesion molecules 

ICAM-1 and E-selectin were upregulated by hypoxia/reoxygenation (Hess et .~., 1994, 

1996). This suggests that HBMEC ·mimic the behavior of microvascular endothelial cells 

in the brain during the inflammatory events that accompany reperfusion after acute 

ischemic stroke. 

c. Electrophoretic mobility shift assay (EMSA) will be used to detect the activated 

NF-KB in HBMEC treated with hypoxia/reoxygenation. Supershift assays will be used to 

identify the Rei protein composition of the activated NF-KB. 

Specific Aim # 2: To investigate whether reper(usion ofthe ischemic brain tissue results 

in the activation ofNF-KB in the rat stroke model. l(NF-KB is activat~d. identify the Rel 

(amilv proteins in the activated NF-KB. · 

a. Among various animal models used to study ischemia-reperfus~on injury, the rat 

reversible middle cerebral artery occlusion model (MCAO) first described by Longa et al. 
I 

(1989) is believed to be one of the best models to simulate the events occurring in human 

acute ischemic stroke. For acute brain ischemia, the rat middle cerebral artery (MCA) is 
! 

temporarily occluded to mimic an embolism or a thrombosis in situ that oc9urs in human 
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acute ischemic stroke. After a short period, the occlusion .is removed to allow 
I 

reperfusion. This event is much like what happens in human acute isch~mic brain with 
I 

. ' 

thrombolytic therapy to achieve early reperfusion after acute ischemic stroke. 

b. In a rat left main coronary artery transient occlusion model, NF-KB was found to 

be activated in the heart as early as at 15-30 minutes and again at three· and six hours after 

the onset of reperfusion (Freeman et al., 1996). Since there are important parallels 

between myocardial infarction and acute ischemic stroke, studies on the role ofNF-KB in 

myocardial infarction are relevant. It is believed that NF -KB should also be a~tivated in 

the rat acute ischemic stroke/reperfusion model. In the study ofNF-KB activation in a rat 

MCAO stroke model, NF-KB was found to be activated in the ischemic hemisphere 5 

days after the commence ofreperfusion (Salminen et al., 1995). 

c. EMSA will be used to detect activated NF-KB in the ischemic hemispheres during 
I 

reperfusion in the rat reversible MCAO model at the following time points: 0 minute, 15 
. I 

minutes, 30 minutes, 60 minutes, 5 hours, 24 hours, 48 hours, 3 days ~d 5 days. Rei 

protein composition in the activated NF -KB will be identified by supershift assays. 

Specific Aim# 3: To test the efficacy o(antioxidants (NAC. PDTC) on the inhibition of 

NF-KB activation fOllowing TNF-a-treatment or hypoxia/reper(usion in the HBMEC 

model. 

a. The hypothesis asserts that drugs which block NF -KB activation will prevent or 

reduce reperfusion injury in the rat stroke model. To identify drugs that may be tested in 
I 
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the rat stroke model we will first test their efficacy i~ the HBMEC cult\ll'e model. This is 
j 

because the rat model is relatively labor intensive. 

b. In preliminary studies, we have demonstrated that NAG has the: ability to inhibit 

· the activated NF-KB induced by TNF-a and the upregulated expression ofiCAM-1 and 

E-selectin following TNF-a treatment or hypoxia/reoxygenation in HBMEC (Hess et al., 

1994, 1996). This suggests that HBMEC can be used to screen antioxidant drugs that may 

be used in the rat stroke model in vivo. 

Specific Aim # 4: To test the efficacy ofthe antioxidants (NAC. DDTG) on inhibition of 

NF-KB activation during reperfusion ofthe ischemic brain tissue in the rat stroke model. 

To further investigate whether this reduced level of activated NF-KB is directly 

correlated with reduced infarcted volume of the brain. 

a. IfNAC and PDTC are shown to be effective inhibitors ofNF-KB activation hi the 

HBMEC model, they will be further tested in the rat stroke model. As outlined in the 

previous literature review, a related dithiocarbamate derivative, DDTC, will be used in 

the rat stroke model instead ofPDTC. NAC and DDTC are well-estab~ished drugs that 

have been used in animal models and to treat patients for decades. 

b. It is anticipated that NAC and DDTC will inhibit NF-KB activation and reduce 

reperfusion injury in the tat stroke model. Measurement of the infarct volume in the 
J 

affected hemisphere will be used as an indicator ofreperfusion injury. i 

Specific Aim # 5: To test the efficacy o(proteasome inhibitors on the ~inhibition ofNF-

KB activation following TNF-treatment or hypoxia-reoxvgenation in the HBMEC model. 
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a. Proteasome inhibitors such as TPCK are potential alternatives or adjuncts to the 

use of antioxidants in the prevention ofNF-KB mediated reperfusion injury. TPCK has 

been shown to block IkB degradation and NF -KB activation in various cell cultures 

(Henkel et al., 1993). In addition, by virtueofits ability to block NF-Kll activation, TPCK 

blocked cyto~e-induced upregulation of E-selectin in human umbilical vein endothelial 

cells (Read et al., 1995). 

b. We wish to test the efficacy ofTPCKto inhibit NF;_KB activation in the HBMEC 

model in anticipation of the eventual use of proteasome inhibitors in animal :r;nodels. At 
' ... ~ 

present, it is not possible to test it in the rat stroke model due to its lethal toxicity to small 
. . 

animals when used in a relatively high doses (Hall et al., 1980). Thus, TPCK will only be 
I 

tested in HBMEC model in this research project. However, this specific aim will provide 

useful experimental evidence for studies in the future~ New generations of proteasome 

inhibitors with less. toxicity may be developed and further tested for their ability to reduce 

reperfusion injury in animals. 



II. MATERIALS AND METHODS 

A. The Cell Model of Reperfusion Injury 

· 1. Human Brain Microvascular Endothelial Cells 

Human Brain Microvascular Endothelial Cells (HBMEC) were isolated 

from temporal lobectomy specimens in patients undergoing ablative surgery for 

partial complex seizures, by the methods originally adapted from Bowman et al 

(Bowman et al., 1990) with minor. modifications (Hess et al., 1993). Specimens 

in which malignancy was found were excluded. 

c 

Specimens were first washed in endothelial cell growth ·medium (Medium 

199, Sigma with 50 U/ml penicillin and 50 J.lg/ml streptomycin) apd minced into 
. ' 

pieces approximately t mm3 with a scalpel blade. The minced tis~ue was then 

homogenized with 10 to 20 -strokes of a Dounce homogenizer. The homogenate 

was mixed with one. volume of27.3% dextran and centrifuged at ~5800g at 4°C in 

a swinging bucket rotor to separate the microvessels from the neutrophils . 

. Microvessels were then resuspended in M199 and successively passed through 
,' ' . . .· 

210 Jlm and 149 J.lm nylon meshes and sub~equently trapped on ~ 40 Jlm nylon 

mesh. The trapped microvessels were. then treated with a mixture; of 1 mg/ml 
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collagenase and dispase (Boehringer-Mannheim) at 37°C overnight~ Enzyme 

treatment was terminated by washing the released cells with M199,:pelleting at 

800g and resuspending in M199 with 10% fetal bovine serum (FBS)(Hyclone). 

To isolate endothelial cells from other cells, the suspension was laybred over a 

Percoll gradient. Fractions from the gradients were collected into sterile dishes 

and examined with an inverted phase contrast microscope. Those dishes 

containing viable endothelial cells were diluted in M199 and centrifuged to 
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remove Percoll. Isolated clumps of endothelial cells were then seeded and grown 

to confluency (Fig. 1) at 37°C, 5% C02 on tissue culture plates (Falcon) p~e

coated with 0.5% gelatin in M199 supplemented with 10%(v/v) iron-

supplemented calf serum (Sigma), 5%(v/v) fetal bovine serum, 15 U/ml heparin 

(Sigma), 24 U/ml thymidine {Sigma) and 50 Jlg/ml endothelial cell :growth factor 

(Upstate Biotechnology). Endothelial cells were identified by ·expressing Von 

Willebrand factor and angiotension converting enzyme (ACE) activity (Hess et . . . 

al., 1993) and utilized between passagesJ and 7. 

Since HBMEC were isolated from human temporal lobectomy tissue that 

would otherwise be discarded, experiments using HBMEC were ex;empt from 

Human As.surance Committee review. 

2. Hypoxia/Reoxygenation 
I 

HBMEC clones were subjected to conditions of severe hypoxia 

(P02<10mmHg) for 20 hours in a Fo~a Scientific Anaerobic Chafnber at 37°C, 

5% C02 (Hess et al., 1993). Just prior to placement in the chambe~, the medium 
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Fig. 1. Photomicrograph showing confluent monolayer of Human Brain:.~ 

Microvascular Endothelial Cells in the third passage. Magnification= 40:1. 
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· was exchanged with the medium that had been deoxygenated by bubbling with 

100% nitrogen for 30 minutes and then pre..,incubated in the anaerobic chamber 

for at least 2 hours. During the period of20 hours hypoxia, the anaerobic . 

condition was maintained an~ the oxygen tension was monitored by an oxygen 

sensitive indicator strips. Control cells were exposed to normoxia in a F orina 
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Scientific C02 incubator. To achieve reoxygenation, cells were removed from the 

chamber and hypoxic medium was replaced with the same amount of the· 

normoxic medium which had ·been pre-incubated in the C02 incubator for at least 

30 minutes. Cells were ·then inc~bated at :37°C; s% C02 at normal oxyge~·'tension 

in the same C02 incubator. After 3 0 minutes of reoxygenation, p~otein samples 

were _extracted for gel retardation assays for activated NF -KB, or after 4 hours, . 

RNA samples were isolated for Northern or Dot Blot analysis of ICAM-i mRNA 

levels. 

3. Drug Administration 

In a timed study (personal communication, Dr. Y eini Thompson, VA 

Medical Center, Augusta GA) it was determined that maximum NF-KB activation 

occurred within 30-45 minutes following the addition of the inflammatory 

cytokine TNF-a (Genzyme Diagnostics, Cambridge, MA) or the initiation of 

reoxygenation in HBMEC. Also Hess et al. (1994) had shown that the h.~vels of . 

. upregulated ICAM-1 mRNA transcripts in HBMEC peaked at 4 hours of 

reoxygenation following 20 hours of hypoxia. Thus, TNF -a was added to parallel 

HBMEC cultures at 100 U/ml (100 ng/ml) for 30 minutes to activate NF-KB or 
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for 4 hours to stimulate maximum ICAM-1 niRNA accumulation. For inhibition 

studies, HBMEC were treated with N-acetylcysteine (NAC) at 20 mM for 30 

minutes (Hess et al., 1994), pyrrolidine dithiocarbamate (PDr'C) at 20 J.LM for 1 

hour (Hattori et al., 1997) or n-tosyl-phenylalanine-chloromethyl ketone (TPCK) 

at 25 J.LM for 30 mh?-ute~ (Hattori et al., 1997) before TNF-a was added o~ 

reoxygenation commenced. In the experiments with hypoxia/reoxygenation 

treatment, fill inhibitors were added to hypoxic cell cultures in the anaerobic 

chamber and remained in contact with the cells for the duration of the 

experiments. NAC, PDTC, and TPCK were obtained from Sigma (St. Louis, 

MO). 

B. The Animal Model of Reperfusion Injurv 

All the procedures involving animal experiments were approved by the 

institutional animal welfare committee ancl w~re in accordance with the PHS 

Guide for .the care and use of laboratory animals (ID Number: A3307 -0 1:). 

1. Reversible Middle Cerebral Artery Occlusion and Reperfusion 

This method w~ established by Longa etal (1989)-and conducted in this 
' . . - : 

. . 

research project with the kind help by Dr. Chandramohan Wakade (VA Medical 

. Center, Augusta, GA).·· Male.Wistar rats (250-270g) were used in the study. 

·Temperature was maintained at 3 7°C with a heating blanket under all ~imals and 

temperature was recorded with a rectal thermometer. Under isoflurane ~th 



oxygen anesthesia ( 4% initially and respired with 2-2.5% isoflurane ), the: left 

middle cer~bral artery (MCA) was te~porarily occluded by advancing a #4 

surgical nylon suture from the left external carotid artery (ECA) into the left 

internal carotid artery (ICA) up to the origin of the MCA. Right side arteries 
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remained untouched during the whole procedure and the right br~in hemispheres 

were used as controls. The tip of the #4 suture was rounded by heating near a . . . 

flame, and examined under a microscope to make sure that there were no sharp 

edges on the tip. The surgical procedure was accomplished via a midline ~ervical 

incision to expose the left common carotid artery (CCA). As far away as possible 

- . 

from the CCA, the ECA and its branches were tied permanently. Extracranial ' 

branches of the ICA were also tied. A microaneurysm clamp_ was applied to the 

CCA near its bifurcation into the internal and external carotid arteries: Close to 

the: bifurcation, through a small opening in the ECA, a #4 nylon suture was 

advanced intr~tluminally into the left ICA. The nylon suture was tightened 

together with the ECA that peld it, and then th~ mi~roaneurysm clamp was 

removed. The #4 nylon suture was then, guided into the ICA up to the or.igin of the 

MCA. After 2 hours occlu~ion of the MCA, the· suture was withdrawn until the tip 

of the suture cleared the ICA and CCA. MCA reperfusion was then started. The 

skin incision was closed using 5 mm metal clips. Animals in which the blood flow 

did not resume in the ICA after the suture·was withdrawn or animals that did no~ 

survive at anytime during the o·cclusion/reperfusion procedure were exc'luded 

·from further studies: For the study ofNF-KB activation, rats with 2 hours of left 

MCA occlusion were subjected to different durations of reperfusion (0 minute, 15 
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minutes, 30 minutes, 60 minutes, 5 hours, 24 hours, 48 hours, 3 days, and 5 days) 

and then sacrificed immediately by d<?capitation. As soon as possible (within 30 

' . 
seconds), the brai~ was removed and cut into left and right hemispheres on ice, 

and homogenized by a Kinematica high-speed stirrer (Kriens-Luzem, 

switzerland) in 10 ml extraction buffer (Buffer A, 10 mM Hepes, PH 7_.9, 15 mM 

MgCh, 10 mM KCl, 0.5 mM phenylmethylsulfonyl fluoride (PMSF), 0.5 mM 

dithiothreitol (DTT), and 10 J.Lg/mlleupeptin). For the study of infarct volume 

following reperfusion (see section 3 below), rats were subjected to 2 hours of 

MCA occlusion and 46 hours of reperfusion, and sacrificed immediately by 

decapitation. Rat brains were removed and cut into 2 mm thick coronal blocks for 

a total of 6 blocks per animal on ice. 

2. Drug Administration 

For the study ofNF-KB activation~ all drugs used in the rat mode~ of 

reperfusion injury were administered 1 hour prior to the beginning of reperfusion. 

Both NAC and DDTC were administered to rats intraperitoneally in 0.9% sa~ine 

at 150 mg/kg. For the study of infarct volume folloWing reperfusion, all drugs 

were administered to rats 1 hour prior to the beginning of reperfusion and again at 

24 hours-following the first administration in an attempt to maintain maximum 

serum drug levels. For each drug studied in this research project, a control group 

. of rats received 0.9% saline intraperitoneally at the same' times as when' the drug 

treatment group of rats received drugs. 
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3. Infarct Volume Measurement 

After 46 hours of reperfusion, the rats in both the drug treatment group 

and the saline control group were anesthetized with xylazine ( 13 mg/kg, 

intramuscularly) and ketamine ( 44mg/kg, intramuscularly) and perfused at 
' ' 

140mmHg through the heart with 0.9% heparini;zed saline. Brains were removed, 

put into a rat brain matrix and cut into 2mm thick coronal blocks for a total of 6 

blocks per animal by scalpel blades on ice. The sections were then immersed in 

2% triphenyltetrazolium chloride (TTC) at 37°C for 30 minutes. Then the brain 

sections were immersed in 4% formaldehyde overnight, washed and stored in 

normal saline after removing formaldehyde by pipetting. The posterior surface of 

each section was photographed without magnification. The colorless areas 

reflecting_ mitochondrial damage and infarction were quantified by an image 

analysis system (NIH Image Software). The ip.farct volume· was calculated as the 

product of the infarct are_a times the 2 mm thickness of each ·section. The infarct 

vol~e was expressed as a percentage of the volume of the ipsilateral· 

hemisphere. 

C. Electrophoretic Mobility--Shift Assays . 

1. Nuclear Protein Extraction from HBMEC 

Nuclear proteins were extracted from HBMEC with a modification of the 
. -

·-method of Lederburg and Parks (1995). All operations were performed on ice. 

Nearly confluent monolayers ofHBMEC (Passage 3-7, >1x106 cells/pe! dish) in 
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1 Ocm t~ssue culture dishes were washed twice with cold, calcium-magnesiUm. free . 

PBS, scraped into 5ml of cold PBS and pell~ted at 1200g for 10 minutes at 4°C. 

Resuspended cell pellets in 0.5 ml PBS were transferred into microcentrifuge 

tubes and centrifuged for 1 0 seconds at top speed in a microcentrifuge. The cell 

pellets were then suspended in 400J.!l of Buffer A (10 mM Hepes, PH 7.9,: 1.5 

mM MgCh, 10 mM KCl, 0.5 mM PMSF, 0.5 mM DTT and 10 J.!g/mlleupeptin) 

and centrifuged immediately for 10 seconds at 12,000g. Pellets were then 

resuspended in 400J.!l Buffer A that contains 0.5%(v/v) nonidet P40 (Sig~a), and 

incubated on ice for 15 minutes and then vortexed vigorously for 15 seconds to 

release nuclei. Following centrifugation at 4°C for 10 minutes at 12,000g~ the 

crude nuclear pellets were suspended in 10 f.!l nuclear extraction Buffer C (20 mM 

Hepes, pH 7.9, 25% glycerol, 720 mM NaCl, L5 mM MgCh, 0.2 mM EDTA, 0.5 

mM PMSF, 0.5 mM DTT and 10 f.!g/mlleupeptin) and incubated on ice for 15 

minutes. Nuclear proteins were pelleted at 12,000g for 10 minutes at 4°C. 

Supernatants were transferred to fresh tubes and diluted with 40f..ll of Buffer D (20 

mM Hepes, pH 7.9, 20% glycerol, 50 mM KCl, 0.2 mM EDTA, 0.5 mM PMSF, 

0.5 mM DTT and 10 f.!g/mlleupeptin). After measurement of the concentration of 

the newly extracted nuclear proteins, protein. samples were aliquoted and flash

frozen in liquid nitrogen and stored at -80°C. PMSF, DTT and leupeptin were 

added to Buffers A, C and D inimediately before use. 
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2. Nuclear Protein Extraction from\ the Rat Brains 

Proteins for assays were prepared from crude nuclear extracts. Individual 

rat brain hemispheres were homogenized using a Kinematica high speed stirrer 

(Kriens-Luzern,Switzerland) in 10 ml Buffer A (10 mM Hepes, pH 7.9, 15 mM 

MgCh, 10 ~ KCl, 0.2 mMEDTA,. 0.5 mM PMSF, 0.5 mM DTT and 10J.!g/ml 

leupeptin). Stirring was stopped as soon as the tissue was dispersed as a fine 

homogenate. Nonidet P40 (Sigma) was added to a final concentration of 

0.5%(v/v). The solution was vortexed vigorously, stored on ice for 15 minutes, 
' .. 

and then centrifuged at 90Qg, 4 °C for 10 minutes. The supernatant was re~oved 

carefully and the pellet was suspended by adding one volume of2x Buffer C (40 

mM Hepes, 50% glycerol, 1.44 MNaCl, 9.4 mM EDTA, 0.5 mM PMSF,.0.5 mM 

DTT and 10 J.lg/mlleupeptin). After incubation on ice for 20 minutes, the crude 

nuclear suspen·sion was transferred to 1.5 ml microcentrifuge. tubes and 

centrifuged at .12,000g for 10 minutes at 4°C. Supernatants were sampled and 

diluted With 4 volumes ofBuffe~ D (2? ~M Hep~s, 20% glycerol, 50 mM KCl, 

0.2 mM EDTA, 0.5 ·mM PMSF, 0.5 mM DTT and 10 J.tg/mlleupeptin). After 
. . - . ' 

measurement of the concentration of the extract.ed nuclear proteins, protein . 

samples were sampled and flash-frozen in liquid nitrogen and stored at -S0°C. 

PMSF, DTT and leupeptih were added to Buffers A, C and D immediately before 

use. 



3. Protein Concentration Measurement 

Protein coQcentrations in nuclear extracts were measured with the BCA 

assay (Pierce, Rockford, IL). Working reagent was prepare~ by combining 50 

parts of Reagent A (sodium carbonate, sodium bicarbonate, BCA detection 

reagent and sodium tartarate in 0.1 M NaOH) and J part of Reagent B (4% 
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CuS04•SH20). A set of standards was prepared by diluting bovine se~ alb~in 

(Bio-rad) in the same diluent as the unknown samples. The set of protein 

standards covered the range of concentrations suitable for the assays. 10 J.Ll of 

each standard, blank or unknown samples were pipetted into th~ appropriate 

micro-titer plate wells (96-well plate). Two hundred microliters of working 

reagent was added to each well, mixed for 30 seconds 9P a micro-titer plate 
I ' 

shaker, and then incubated at 37°C for 30 minutes. Protein concentrations of 

unknown. samples were read for the absorbance at 570 nm with a micro-titer plate 

reader (Molecular Devices, Watervliet, NY) by plotting a standard curve using 

standard protein concentrations vs. absorbance at 570 nm. 

4. Oligonucleotides Used in EMSA 

In order to determine the activity of a specific transcriptional activator in 

the nuclear extracts from HBMEC or rat brains, a double-stranded oligonucleotide 

probe which contains the high affinity binding sequence. for that specific 

transcriptional activator was labeled and subjected to gel shift assays. :Following 

is a l_ist of the oligonucleotides (Promega, Madison, WI) used in this ~~search 
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project. The concensus sequence for each transcription factor is shown :in bold 

face. 

NF-KB: 5' -AGTTGAGGGGACTTTCCCAGGC-3' 

AP-1 (c-jun): 5'-TTCCGGCTGACTCATCAAGCG-3'; 

SP-1:. 5'-ATTCGATCGGGGCGGGGCGAGC~3'; 

CREB: 5' -AGAGATTGCCTGACGTCAGAGAGCTAG-3 '. 

5. Oligonucleotide Labeling 

The oligonucleotides .listed above were end-labeled with T4 

polynucleotide kinase (Promega) in a reaction that contained 1 J.Ll oligonucleotide 

(2 pMole), 1 J.Ll10 X T4 ·kinase buffer, 5 J.Ll (y-32P) ATP (3,000 Ci/mM, 10 

J.LCi/ml, Dupont Nen, Boston, MA), 2 J.Ll water and 1 J.Ll T4 polynucleo.tide kinase 

(10 Units) for 30 minutes at 37°C. The reaction was stopped by adding 1 J.Ll 0.5 

mM EDTA and 89 J.Ll TE buffer"(10 mM Tris-HCl, pH 8.0, 1 mM EDTA). Then 

the labeled DNA was separated from unincorporated (y_32P) ATP by 

chromatography on a Nick column G-50 (Pharmacia). The specific radioactivity 

(50,000 to 100,000 Cerenk<?v cpm/0.5 to 1 ng) ofthe labeled probes were 

measured with. a radioactivity coUnter (Beckman, Schaumburg; II). 

6. Binding Reactions and Electrophoresis 

For each binding reaction, samples of the nuclear extract protein ( 10 J.Lg ) 

were suspended in. ·a final volume of 1 0 J.Ll by adding Buffer E (1 part Buffer C, 4 

parts Buffer D). Ten micrograms of nuclear protein were incubated with "0.~-1.0 



ng radiolabeled oligonucleotide ~50,000-100,000 Cere¥ov cpm) in 20J.tl of 

binding ·reaction that contained 10 mM Hepes, pH 7.9, 10.5% glycerol,: 72 mM 

NaCl, 20 mM KCl, 0.15 ~ MgCh, 1 mM EDTA, 1 mM ~-mercaptoethanol, 
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and 2 Jlg poly(di-dC). All binding reactions were incubated with the non-specific 

competitor poly(di-dC) for 10 minutes before addition of the radiolabeled DNA in 
,. 

order to reduce non-specific binding, especially that of the Ku autoantigen (Klug, 

1997). Some binding reactions were also incubated for·10 minutes with a 50-100 

fold molar excess of unlabeled competitor deoxyribonucleotides before ad~ition 
... ~ 

of the radio labeled DNA probe. After addition of the labeled oligonucleotide, 

binding reactions were incubated for 30 minutes at room temperature. :After 

addition of 3 Jll of xylene-cyanol dye marker in 30o/o glycerol, samples were 

electrophoresed in horizontal 2% Metaphor XR agarose gels (FMC, Rockland, 

ME), or 1.2% Synergel (Diversified Biotech, Boston, MA) mixed with 1.2% 

regular agarose, or 4% (80: 1) non-denaturing polyacrylamide gels in 0.5xTBE 

(4.5 mM Tris, pH 8.0, 4.5 m.M boric acid, 0.5 mM EDTA). Gels were.run at 5 

· Volts/em (measured as the ·distance between the electrodes) at room t~mperature 

until the dye markers approached 1 em from the bottom end of the gels. Gels were 

vacuum dried at 80°C for 2 hours (Metaphor XR agarose gels or poly~crylamide 

· gels) or dried at 65°C for 3 hours (Synergels). Bands corresponding to mobility-

shifted DNA/protein binding cpmplexes were detected by autora~iography. 
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7. Supershift Assays 

In order to identify the protein complexes that bound to the spe·cific 

radiolabeled NF-KB probe (Promega), antibodies against Rel family proteins such 

as PSO, P52, P65 (Rel A) and c-Rel (P49), as well as an antibody broadly reactive · 

with members of the Fos protein family (c-Fos, Fos B, Fra-1 and Fra-2) were 

obtained from Santa Cruz Biotechnology (Santa Cruz, CA). The supershift assays 

were performed by adding 1.0-2.0 J..Ll (1.0-2.0 J..Lg) of antibodies against Rel or Fos 

proteins to 20 f..Ll of binding reaction, and then incubating for 30 minutes ~t room 

temperature before addition of the 32P labeled oligonucleotide probe. 

8. Autoradiography and Data Analysis 

As described above, gels were vacuum dried and bands corre$ponding to 

DNA/protein binding complexes were detected by autoradiography. Relative band 

intensity was determined by scanning autoradiographs with a Schimadzu CS-

· 9000PC dual wavelength flying spot scanning densitometer. For ~e gel shift 

assays using rat brain nuclear extracts, in order to corrt?ct for variability in signal 

strength and exposure time between individual experiments, DNA/protein binding 

complexes were measured in both hemispheres in each rat. For each group of rats, 

DNA/protein binding activities were expressed as the average optical dens,ity ~atio 

of left hemisphere/right hemispherC?. Average density ratios of all groups of rats 
. . 

with different time of reperfusion or .with different treatment were normalized to 

the value of the densicy·ratio of~e left hemisphere over the right hemisphere at 



the zero minute time point of reperfusion. Differences among groups were 

statistically analyzed for their significance at .. p<0.05 using Tukey's test. 

D. Dot blot and Northern Blot Analysis ofiCAM-1 mRNA levels. , 

1. RNA Isolation 

All solutions used in RNA extraction, hybridization and washing were 

made in diethyl pyrocarbonate (DEPC)-treated water in order to protect RNA 

from degradation by nucleases. " 

Total RNA was extracted from HBMEC (pass~ge 3-7, >1x106 c~iislper 
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. dish) using TRizoL Reagent (Life Technologies, Gaithersburg, MD) following the 

manufacturerDs instructions. For Dot Blot analysis, 10 J.Lg of RNA from each 

sample was denatured by heating f~r 15 minutes at 65°C in the presence of 50% 

formamide, 7% formaldehyde and 1 X SSC(saline-sodium citrate) and applied to 

each slot of a Hybri-Dot manifold apparatus (BRL, Gaithesburg, Mti). RNA 

samples were blotted to a nylon membrane (BioRad, Hercules, CA) with gentle 

suction as described by Sambrook et al. (Sambrook, 1989). For Northern Blots 

analysis, 15 J.Lg of total RNA from each· sample were denatured as described 

above. Two microliters formaldehyde dye marker (50% glycerol, 1nlM EDTA, 

pH 8.0, 0.025% bromophenol Blue) were added to each sample and then samples 

were loaded into different lanes of a horizontal, 1.2% agarose, 2.2 mol/L 

formaldehyde gel and subjected to electrophoresis at 3-5 Volts/em in 1 X MOPS 

(20mM MOPS, pH 7.0, 8 mNt; sodium acetate, 1 mM EDTA, pH 8.0). In a 

peripher~llane of the gel, 3-5 J.lg RNA ladder (BRL). prepared the same way as 
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. other RNA samples was loaded. Before blotting, gels were agitated for 30 minutes 

in 500 ml or more DEP~·(OJ% (v/v) diethyl pyrocarbonate) water to ~emove 

formaldehyde, then for 10 minutes in 10 X SSC. RNA was capillary transferred in 

10 X SSC for 16-24 hours to a nylon membrane (Bio-Rad, Hercules, CA) which 

had been pre-soaked at least 15 minutes in 10 X SSC. After capillary transfer, the 

membrane was baked at 80°C for 2 hours in a warm air oven in order to stabilize 

and fix RNA on the membrane. 

2. Probe Labeling 

A DNA probe specific for ICAM-1 mRNA was prepared by Dr. Eugene F. 

Howard (Medical College of Georgia, Augusta, GA) by cloning a 680 bp PCR 

amplified fragment from a human ICAM-1 eDNA (generous gift ofDr. Brain 

Seed, Harvard Medical School) into the plasmid vector pNOTa (5'->3'). The 

primers used for PCR were: 5' -GCGCCCAACCTGATTCTGAC-3' (upper, 

position 990) and 5'-GGAGGCGTGGCTTGTGTGTT-3' (lower, position 1650). 

The probe was excised from the vector by digestion with BamH1. A. eDNA probe 

for human glyceraldehyde-3-phosphate dehydrogenase {GAPDH) mRNA was 

prepared by Pst 1/Xba l double digestion of the plasmid construct pHcGap 

(ATCC # 57091). Both probes were random primer labeled (Oligolabe~ing Kit, 

Pharmacia, Piscataway, NJ) with a,}2P dCTP (ICN, Costa Mesa, CA). The 

labeled probes were purified from unincorporated a-32P dCTP by chromatography· 
. I 

on Nic~ column G-50 (Pharmacia, Piscataway, ,NJ) .. The ·specific radioactivities 

of the labeled probes were measured by a radioactivity c~unter (Beckman,, 
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Schaumburg, IL). For Northern or Dot Blot analysis, the specific activity of eacl:l 

labeled probe was between 50,000 and 100,000 Cerenkov cpm/0.5 to 1.0 ng. 

3. Hybridization and Washing 

Before hybridization of the membranes with the labeled ICAM-1 eDNA 

probe and GAPDH eDNA probe, membranes were hybridized at 42°C for· at least 

30 minutes in 10 ml pre-hybridization sol;ution (50% formamide, 0.2% SDS, 0.1 

M NaP04, pH 6-.5, 5 X Denhardt's solution, 5 X SSC, and 150 J.Lg/ml she~ed 

salmon sperm DNA (Sigma) in a hybridization tube (Biometra, Unit¢d Kingdom) 

in a rotary incubator (VWR Scientific, West Chester, P A). Sheare~ salmon sperm 

DNA was boiled for 10 minutes and chilled on ice for 5 minute before adding to 

the prehybridization solution. After removal of prehybridization solution, 

hybridization solution (50% formamide, 0.2% SDS, 5 X DenhardtDs solution, 5 X 

SSC, 1 O%(w/v) dextran sulfate and 150J.Lg/ml denatured salmon sperm DNA) and 

the purified labeled probe· solution -were added to th~ s~e tube. The probe was 

hybridized to the immobilized RNA at 42°C for 16-24 hours .. Membranes were 

then subjected. to consecutive 20-30 minute washes in 2xSSC, 0.1 %SDS at room 
. ·' 

temperature, 2 X SSC, ~ .O%SDS at 65°C, 0.2xSSC, 1.0%SDS at 65°C and 2 X 

SSPE (saline-·sodium phosphate EDTA) at room temperature. Hybrids were 

detected by autoradiography at -80°C for 1-7 days~ 
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4. Autoradiography and Data Analysis 

After washing the membranes, a piece of Whatman 3MM paper larger 

than the membrane was cut and saturated with the wash solution or DEPC water. 

The membrane was laid on.the Whatman paper with the RNA side up ~d 

wrapped with saranwrap. A piece ofFuji·X-ray film (Promega) was placed over 

the membrane and exposed at -80°C for 1-7 days. With intensifying .screens, the 

relative densities of bands or dots on autoradiographs were determined by 

scanning with a Schimadiu CS-9000PC dual wavelength flying spot s~anning 

densitometer. For Northern B.lots, relative band density for the ICAM-1 mRNA in 

each lane was normalize<;l·by comparison with the band density ofGAPDH 

mRNA in the same lane. Differences among the ICAM-1 mRNA levels in 

individual lanes were tested for their significance using appropriate statistical 

methods (see following results section). 

... 



III. RESULTS 

A. NF -KB is Activated by TNF -a. or Hypoxia/Reoxygenation in HBMEC 

Using a DNA probe contai~ng a c?PY of the high affinity NF-KB binding 

consensus sequence-in the~ cell kappa light chain enhancer (Promega), rela~ve levels of 

activated NF-KB were detected by electrophoretic mobility shift assay (EMSA)(Fig. 2). 

The position of the major retarded DNA/protein complex attributable to NF-KB binding 

activity is indicated by an arrow. Very low levels of activated NF-KB were observed in 

untreated cells (lane 4) and in the cells treated with 20 hours of hypoxia without 

reoxygenation (Hyp, laneS)." However, when cells were subjected to 30 minutes of 

treatment with TNF-a., a high level of activated NF-KB was observed (lane 1). When cells 

were treated with 20 hours of hypoxia followed by 3 0 minutes ·of reoxygenation, a 

relatively high level of activated NF-KB was also observed (Hyp/Reox, lane6). The 

formation of t;he major retarded band was prevented by preincubating the nuclear extracts 

with a 100-fold molar excess. of unlabeled, homologous probe (s, lane 2) but not with a 

100-fold molar excess of a probe containing the AP-1 consensus sequenc,e (Promega)(ns, 

lane 3). This suggested that binding of nuclear proteins from TNF-a. treated HBMEC to 

the labeled probe is NF-KB sequence specific. In addition, one or two faster migrating 

bands were ·observed in nuclear extracts prepared from· both stimulated and untreated 

cells. These faster migrating bands were sometimes partially eliminated by addition of 
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Fig. 2: NF-kB is a,ctivated in HBMEC stimulated by TNF-a or reoxygenation 

following hypoxia. Activated NF-kB was detected by EMSA and the position of the 

major retarded DNA/protein complex attributable to NF-kB bindin~ activity is 

• I 

indicated by an arrow. Cells were treated with TNF- a for 30 minutes {TNF, lanes 

1, 2 and 3), hypoxia for 20 hours (Hyp, lane 5) or hypoxia for 20 hours followed 

by 30 minutes ofreoxygenatiorz (Hyp/Reox, lane 6). NF-kB binding activity in 

untreated cells is shown in lane 4. In two binding reactions, nuclear extracts were 

preincubated with unlabeled homologous probe (s, lane 2) or unlabeled AP-1 

probe (ns, lane 3). 
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excess unlabeled homologou& probe, but never could be eliminated completely. Also, 

they were usually not changed by anti-Rei protein antibodies in supershift assays. The 

EMSAs were repeated numerous times using different extracts preparations with similar 

constant results in the major-retarded bands but with great variations in intensity of the· 

·faster migrating bands. Thus, we assumed that these faster migrating bands represent 
"; . . . ' 

nonsp~cific pinding .or minor complexes between Rei proteins and the DNA probe·. Taken 

together, these results demonstrate that TNF-a and hypoxia/reoxygenatiori but not 

hypoxia alone can induce NF-KBactivation in HBMECs. 

As outlined hi .the introcluction, the mammalian NF -KB/Rel family contains five 
. ~ . . . , ' 

distinct DNA binding proteins, P50, P52, P65, C-Rel.and Rei B. Further studies on their 

structures have shown that all these proteins share a conserved DNA binding domain 

called the Rei homology domain (RHD) an~ this domain also contains a conserved 

nuclear localization sequence (reviewed by Gregor et al., 1996). All NF-~/Rel proteins 

form homo- or heterodimers with the exception that Rei B can Jleterodimeriz~ in vitro 

only with P50 and P52, albeit with different efficiencies (Dobrzanski et al., 1994). The 

dimers bind to related response elements that share the partially palindromic consensus 

sequence GGGRNNYYCC (Grilli et al., 1993). The DNA probe used in the EMSA 

studies contains a copy of the· high affinity NF-KB binding sequence (GGGACTTTCC) 

found in the B cell k light chain enhancer and conforms to the defined Gonsensus 

sequence. Therefore, various homo- or heterodimers of Rei proteins could bind to this 

DNA probe. In order to identify the protein composition·ofthe activated NF-KB 

complexes induced by either TNF -a or hypoxia/reoxygenation, gel supershift assays were 

performed by preincubation of nuclear extracts from TNF -a treated cells ,or 
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hypoxia/reoxygenation treated cells with ant~ bodies against different NF -KB/Rel proteins 

(P65, P50, P52, C-Rel). An antibody which was broadly reactive with members of the 

~os family proteins (C~Fos, Fos-B, Fra-1, Fra 2)(see literature review) wa~ also included 

in this experiment as a negative control. Only the ·antibodies directed against the Rel 

proteins P65 or P50 caused the retarded band to supershift in extracts from cells treated 

with TNF-a (Fig. 3) or hypoxia/reoxygenation (Fig. 4), whereas th~ antibodies. against the 

Rel proteins P52 or C-Rel and the antibo~y agaitist Fos f~ily proteins did not cause the 

band to supershift. The bands caused by anti-P65 and anti-P50 antibodies·w~re different. 

.Both the mobility and density of the NF-KB retarded band were changed dramatically by 
' ' 

anti:P65 antibody, but only slightly changed by anti-P50. These res1:1lts sUggest that the 

activated NF-KB in HBMEC treated with TNF-a or hypoxia/reoxyg·enation was 

composed of P65 and P50 Rel proteins, and that the P65 Rel protein was the predominant 

component of the complex. 

B. NF-KB is Activated by Ischemia/Reperfusion in a Rat Reversible MCAO Model 

EMS As were used to estimate the relative levels of activated NF -KB in both the 

left (L, infarct) and right (R, normal) hemispheres of each individual rat (Fig. 5A). 

· Nuclear extracts from the left or the right hemispheres of the rats with 20 hours of left 

middle cerebral artery occlusion (Longa et al., 1989) without reperfusion were used as 

controls and a constitutive level of activated NF -KB in both hemisphere~ was detected 

(0' Land 0' R, respectively). A low constitutive level of activated NF-KB was also found 

in the samples from all the right brain hemispheres following different periods of 

reperfusion (15' R, 30' R, 60' R, 3d Rand 5d R, respectively). Howeve~, significantly 

L 



Fig. 3: Identification of the protein composition of the activated NF-kB complex 

following TNF-a treatment inlfBME!C. Control cells were untreated (lane 1). In 

lanes 2-7, HBMECwere treatedwith'TNF-a. Nuclear extracts from the treated 

·~ells were incubated with antibodies against Rei or Fos proteins before addition 

oft he labeled probe. 
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Fig. 4: Identification of the protein composition of the activated NF-kB complex 

by reoxygenationfollowing hypoxia. Control cells were untreated (lane 1). In 

lanes 2-8, HBMECs were treated with ·reoxygenationfollowing hypoxia (H/R). 

Nuclear extracts from the treated cells (lanes 2 -7) were incubated with antibodies 

against Rel or Fos proteins before addition of the labeled probe. In one binding 

reaction, the HIR treated nuclear extract was incubated with unlabeled 

homologous probe (lane 8). 
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Fig. 5: EMSA to study NF-kB activities in rat brain nuclear extracts following 

different time points ofreperfusion. L: Left (infarcted) hemisphere; R: Right 

(normal) hemisphere. 
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increased levels of activated NF-KB were observed in the ischemic left hemispheres at 1S 

.minutes (lS' L) and 30 minutes (30' L) following the release of occlusion. No increased 

activated NF-KB was observed in the left hemispheres following 60 minutes, 3 days and S 

days ofreperfusion (60' L, 3d Land Sd L, respectively). NF-KB activation was als.o tested 

in either the left or the right hemispheres ofthe rats followingS hours, 12 hburs and 24 

hours of.reperfllsion (Fig. SB). Only small variations in the level of activated NF ... KB were 

observed between the left and right hemispheres of each rat and among rats following 

different periods of repe~sion. 

EMSA results from Fig. SA and Fig. SB were reproducible, at least; 3 rats for each 
. . 

time point of reperfusion were tested for activated NF -kB in both hemispheres, including 

the rats with 0 minute of reperfusion (without reperfusion). The NF-KB retardation bands 

on the EMSA autoradiographs were then scanned and the optical density data were 

subjected to statistical analysis. Since no significant difference in NF-KB activation was 

found among the right hemispheres at any time point of reperfusion by analysis of the 

variance, the scanned optical densities from the right hemispheres were used as internal 

controls and denominators for each left hemisphere data point. Further analysis of 

variance was performed on the ranked values of the ratios of the.left and right 
\ 

hemispheres at all time points among the groups (Fig. 6). Tukey's test with p<O;OS 

(helped by Ms. Julie Mobley, Deptartment of Biostatistics, Medical College of Georgia) 

indicated that values from the 1S and 30 minutes groups were significantly higher (3- to 

4-fold) than the other groups and no difference was found among other gi-oups. This 

result suggested that there is a transient, 3- to 4-fold increase in the level.of activated NF-

td3 in the ischemic brain hemisphere at early time (1S minutes and 30 minutes) of 



Fig. 6: Activation of NF-kB in the left (infarcted) hemispheres of rats during 

reperfusionfollowing reversible middle cerebral artery occlusion (MCAO). Rats 

were subjected to different periods of reperfusion following 2 hours reversible 

MCAO and EMSAs were performed to detect NF-kB activation in both right and 

left hemispheres. Density results are from scanning NF-kB bands on EMSA 

autoradiographs. n: number of rats utilized for each time point. 
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n = number of rats 

0 min 15 min 30 min 60 min 5 hr 24 hr 48 hr 72 hr 120 hr 
n=4 n= 10 ·n=6 n=4 n=3 . n=3 n=4 n=3 n:3 



63 

reperfusion following acute ischemia in the rat reversible MCAO model. To identify the 

protein composition of the activated NF -KB complex in the reperfused brain hemispheres, 

gel supershift assays were performed by preincubation of the nuclear extracts from the 

left hemispheres following 15 minutes of reperfusion with specific Rel protein antibodies 

(Fig. 7). Anti-c-Fos antibody was used as a negative control. Only antibodies directed 

against the Rel proteins P65 or PSO caused the mobility of the retarded NF -KB bands to 

supershift. The changes in the mobility and density of the NF-KB band which was 

supershifted by anti-P65 antibody appeared greater than the supershift elicit~d by the anti-

P50 antibody. Other antibodies, anti- P52, anti-C-Rel and anti-cFos antibody did not alter 

the mobility of the retarded bands. These observations demonstrate that the activated NF-

KB by early reperfusion of the ischemic brain was composed of P65 and P50 Ref proteins, 

and that the P65 Rel protein was the predominant component of the complex. 

NF-KB is unlikely to be the .. ollly transcriptional activator. involved: in the, 

upregulation of multiple inflammatory genes (Collins et al., 1995). Other. transcription 
. . 

factors may also be involved in the regulated expression of these genes and subsequent 
' . ·. 

tissue injury. In a transient focal MCAO ratstroke model, reperfusion for 4 hours 

following 30-90 minutes ischemia resulted in a 4- to 6-fold increase of ~-1 binding 

activity in the affec.ted hrain:-hemispheres .. (An et al., 1993). Further studies in a similar rat 

stroke model showed that 5 days of reper.fusion following 90 minutes ischemia also 

caused an increase in the binding activities of CREB, SP-1, and NF -KB :in the ischemic 

cerebral cortex (Salminen et al., 1995). To test the possibility that transcription factors 

other than NF -KB may also be activated during reperfusion following acute ischemia in 

our rat MCAO stroke model. AP-1, CREB and SP-1· were examined in this study and 



Fig. 7: Super shift assays of activated NF-kB following 15 minutes of reperfusion 

in the rat reversible MCAO model. Nuclear extracts collected from the left . 

hemisphere (Left) were incubated with antibodies against Rel or fos proteins 

before addition of the labeled probe. Nuclear extracts from the right hemisphere 

(~ight) were used as controL 
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results are shown in Figure 8 (AP-1), Figure 9 (CREB) and FigurelO (SP-1). No 

significantly increased binding activities for these three transcription factors were 

detected in the affected hemispheres at the following time points, 0 min~te, 15 minutes, 

30 minutes, 60 minutes, 5 hours, 24 hours, 48 hours, 3 days and 5 days following 

reperfusion (Tukey's test). 

C. Studies of NF -KB Inhibiting Agents in HBMEC 

65 

The main purpose of this research project is to study whether anti- NF-KB agents 

can reduce reperfusion injury in the rat stroke model. The above studies demonstrate that 

NF-KB is activated by TNF-a or by hypoxia!reoxygenation in HBMEC, or by 

ischemia/reperfusion in the rat stroke model. As reviewed in the introduction, brain 

microvascular endothelial cells play a crucial role in reperfusion tissue injury. This 

suggests that the upregulation of multiple inflammatory response molecules and 

subsequent tissue injury in the brain after ischemic stroke may be mainly mediated by 

activated NF -KB in the brain microvascular endothelial cells. Consequently, agents that 

prevent or reduce NF -KB activation, especially in the endothelial cells that line the brain 

microvasculature should reduce reperfusion injury in the brain. In this research project, 

before the anti- NF-KB agents were tested for their capacity to reduce reperfusion injury 

in the rat model, these agents were pretested for their ablity to inhibit NF-KB activation 

and NF -KB mediated upregulation of endothelial adhesion molecules in HBMEC. 



Fig. 8: Activation of AP-1 in the left (infarcted) hemispheres of rats during 

reperfusionfollowing reversible middle cerebral artery occlusion (MCAO). Rats 

were subjected to different periods of reperfusion following 2 hours reversible 

MCAO and EMSAs were performed to detect AP-1 activation in both right and 

left hemispheres. Density results are from scanning AP-1 bands on EMSA 

autoradiographs. n: number of rats utilized for each time point. 
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Fig. 9: Activation of CREB in the left (infarcted) hemispheres of rats during 

reperfusionfollowing reversible middle cerebral artery occlusion (MCAO). Rats 

were subjected to different periods of reperfusion following 2 hours reversible 

MCA 0 and EMSAs were performed to detect CREB activation in both right and 

left hemispheres. Density results are from scanning CREB bands OlJ EMSA 

autoradiographs. n: number of rats utilized for ~ach time point. 
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Fig. 10: Activation ofSP-1 in the left (infarcted) hemispheres of rats during 

reperfusionfollowing reversible middle cerebral artery occlusion (MCAO). Rats 

were subjected to different periods of reperfusion following 2 hours reversible 

MCAO and EMSAs were performed to detect SP-1 activation in both right and 

_ left hemispheres. Density results are from scanning SP -1 bands on EMSA 

autoradiographs. n: number of rats utilized for each time point. 
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1. N-acetylcysteine (NA C) 

EMSA were performed to test wheth~rNAC coul~ inhibit TNF-a ~nduced NF-KB 

activation in HBMEC (Fig. 11 ). A low level of activated NF -KB was observed in 

untreated cells as the negative co~trol (lane 1). When cells were treated with TNF-a for 

30 minutes, relatively large amount~ of activated NF-KB with.12-fold increase over 

control level were observed (iane 2). This increased NF-KB activation_was prevented by 

preincubating the TNF -a treated cell e~tracts with a 1 00-molar excess of unlabeied 

homologous probe (lane 3) but not with unlabeled AP-1 probe containing the consensus 

sequence of AP-1 (lane 4). Treatment ofHBMEC with 20 mM NAC 30 minutes before 

addition ofTNF-a reduced TNF-a stimulat~d NF-KB activation by 60% (lane 5). This 

result indicated that NAC has the ability to reduce TNF-a induced NF-KB activation in 

HBMEC. 

A similar experiment was. performed to test the ability ofNAC in inhibiting 

hypoxia/reoxygenation induced NF-KB activation in HBMEC (Fig. 12). Nuclear extracts 

from untreated cells (lane 1) were used as the negative control. Again, reqxygenation . 

following hypoxia (lane 3 and lane 4) but not hypoxia alone (lane 2) stimulated NF-KB 

activation in HBMEC. Treatment with NAC 30 minutes before the initiation of 
' . 

reoxygenation·inhibited the increased activation of.NF-KB induced by 

hypoxia/reoxygenation in HBMEC (lane 5). 

These results demonstrated that th_e·antioxidant, N-acetylcysteine'has the capacity 

to inhibit or reduce NF-KB activation stimulated by TNF-a or hypoxia/reoxygenation in 
I 

HBMEC. 



Fig. 11: TNF- a-stimulated activation of NF-kB is inhibited by the antioxidant N-

acetylcysteine (NAC). HBMEC were treated with TNF~a as described and 

activated NF-kB was detected by EMSA. Untreated cells were used as the 

negative control. NAC (20mM) was added to cultures 30 minutes before addition 

ofTNF-a s: homologous cold competitor; ns: cold AP-1 consensus sequence. 
. ' . 
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Fig. 12: Hypoxia/ reo~genation-induced activation ofNF-KB is inhibited by the antioxidant N-

. acetylrysteine (NAC). HBMEC were treated with reo~genation following hypoxia (H./ R) as described and 

activated NF-KB was detected by EMSA. Lane 1: untreated cells (negative control). Lane 2: hypoxia 

without reo~genation. Lane 3 and lane 4: H/R without NAC treatment. Lane 5: NAC (20mM) was 

added to hypoxic culture medium 30 minutes before reo~genation commenced. 
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7.2 

Among the inflammatory response molecules, intercellular adhesion m.olecule-1 

(ICAM-1) plays a central role in mediating the adhesion cascade and the inflammatory 

activation of endothelial cells. In the absence of an inflammatory response, ICAM-1 can 

be detected on only a very few cell types. However, it can be upregulate~ on various 

lineages in vivo and in vitro by pro inflammatory cytokines, such as TNF -a, IFN -y, IL-
' 

1 p, as well as lipo_polysaccharide (LPS) and phorbol myristate acetate (PMA)(Lane et al., 

1989). It has been proven that NF-KB is a key inducer of the upregulation ofiCAM-1 in 

the atherosclerotic lesion (Collins, 1993) and in human umbilical vein endotp.elial cells 

(HUVEC)(Ledebur and Park~, 1995). our· P!~vious 'stu~ies using the HBMEC model also 

showed that ICA~-1 was upregulated during reoxygenation following hypoxia and this 

. . 

upregul~tion ofiCAM-1 mRNA transcripts· was inhibited byNAC (Hess et al., 1994). We 

suppose that ICA~-1 expression depends _o~ protein and mRNA synthesis and is 

regulated in part at the mRNA level,-.and that the induction ofiC~-1 expres~ion is an 
.· . ' ' ' .. . 

important means of regulating the ICAM-1 dependent adhesion cascade-during 

reperfusion injury. Therefore, ICAM-1 was chosen as representative for the multiple 

inflammatory response molecules in this research project. 

In addition to NAC, two other anti- NF-KB agents, a dithiocarbamate derivative 

and a proteasome inhibitor were also tested for their ability to inhibit NF-KB activation 

and upregulation oftheiCAM-1 gene in HBMEC. 

2. pyrrolidine dithiocarbamate (PDTC) 

Among dithiocarbamate derivatives, pyrrolidine. dithiocarhamate (PDTC) was 

chosen for the experiments conducted with HBMEC and diethyl dithioqrrbamate (DDTC) 
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was chosen for the e~periments in rat stroke model. The reason for this has been 

discussed in the literature review. With EMSA, PDTC was examined for ~ts ability to 

inhibit TNF-a induced NF-KB activation in HBMEC (Fig. 13). T~eatment ofHBMEC 

with 20 J.LM PDTC 1 hour before addition of TNF -a to the culture medium blocked 97% 

ofthe TNF-a stimulated NF-KB activation (lane 3; compare to lane 1,TNF-atreatment 

alone). Preincubation of the nuclear extracts with unlabeled, homologous.probe prevented 

the formation of the retarded band (Lane 2 and lane 4) indicating that binding of nuclear 

proteins from TNF-a treated HBMEC to the labeled probe is NF-KB sequen~e specific. 

PDTC was then tested for its ability to inhibit hypoxia/reoxygenation-induced NF-

KB activation in HBMEC (Fig. 14). Nuclear extracts from imtreated (lane 1) or TNF-a. 

treated cells Jlane 2) were used as negative and positive controls, respectively. TNF-a 

induced a 59-fold increase in activated NF~KB~ A significant but smaller increase (12-

fold) of activated NF-KB was induced by 30 ~inutes ofreoxygenation following 20 hours 
' • l. ' 

. . 

of1:lypoxia (HIR) (lane3) comp~ed to the untreated cells. When the cells were treated 

with 20 fJ.M PDTC during hypoxia, ·1 hour before the initiation of reoxygenation, the 

increase of activat~d NF -KB wa~ completely prevented (lane 4). The results shown in 

Figure 13 and 14 suggest that PDTC is capable of inhibiting or reducing:NF-KB 

activation stimulated by TNF-a or hypoxia/reoxygenation in HBMEC. 

Inhibition ofNF-KB activation should prevent the upregulation of genes wh<?se 

trru:tscription is stimulated by NF-KB. To test this prediction, we conducted experiments 

to determine whether PDTC could inhibit upregulated expression ofiCAM-1 in HBMEC 
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Fig. 13: Activation ofNF-kB by TNF-a is reduced by the antioxidant pyrrolidine 

dithiocarbamate(PDTC). HBMEC were treated with TNF-a as described and 

activated NF-kB was detected by EMSA on a 4% (80:1) nondenaturing 

polyacrylamide gel. PDTC (20pM) was added to cultures 30 minutes before 

adding TNF-a 
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Fig. 14: Hypoxia/Reoxygenation(HIR)-induced activation of NF-kB is blocked by 

P DTC. HBMECs were subjected to reoxygenation following hypoxia as described 

and activated NF-kB was detected by EMSA. Untreated cells were used as the 

negative control (lane 1) and TNF-a treated cells were the positive control 

(lane2). PDTC (20J.JM) was added to hypoxic culture medium 30 minutes before 

initiation of reoxygenation. 
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treated with 1NF-a or hypoxia/reoxygenation. ICAM-1 mRNA levels were measured by 

Northern blot analysis in HBMEC (Fig. 15). ICAM-1 mRNA was barely detectable in 

l.intreated cells and was used as the negative control (Lane 1 ). Much higher levels. of both 

the 3.3 kb and 2.4 kb alternatively spliced species ofiCAM-1 mRNA were detected in 

HBMEC treated with 1NF-a for 4 hours (lane 2). The 3.3 kb ICAM-1 mRNA bands in 

the autoradiograph were then scanned and the relative densities were further normalized 

to the densities of the GAPDH bands in each same _lane. This analysis revealed that levels 

ofiCAM-1 mRNA increased approximately-50-fold in cells treated with 1N~-a 

compared to the levels in untreated cells. When HBMEC was subjected to 4 hours of 

reoxygenation following 20 hours of hypoxia, a significant increase oflc'AM-1 mRNA 

level (9-fold)(lane 5) was also dete~ted; alth~ugh less than that induced by 1NF-a. 

Following treatment with PDTC 1 hour before adciition·of1NF~a or the initiation of 

reoxygenation, ICAM-1 mRNA levels were 64% (lane 3) or 79% (lane 4) lower than 

those observed in cells treated with 1NF-a or hY!Joxia/reoxygenation (H/R), respectively. 

3. n-tosyl-phenylalanine-chloromethylketone (TPCK) 

EMSA were used to test the ability of TPCK to inhibit 1NF -a or 

hypoxia/reoxygenation induced NF-KB activation in HBMEC (Fig. 16). Nuclear extracts 

from untreated cells were used as the negative control (lane 1 ). When HBMEC were 

treated for 30 minutes with 1NF-a, large amounts of activated NF-KB were observed 

(lane 4). Compared to the levels of activated NF-KB in untreated cells, increased levels 

(10-fold) of activated NF-KB were also observed in hypoxia/reoxygenation (H/R) treated 



Fig. 15. Northern blot analysis of intercellular adhesion molecule-] (!CAM-I) 

mRNA levels. Lanes include untreated cells (lane 1), TNF-a treatment for 4 

hours (Lane 2), treatment with 20 pM PDTC 1 hour before addition ofTNF-a 

(lane_3), treatmentwith20 pMfDTC 1 hour before initiation o.(reoxygenation 

(lane 4), and 20 hours of hypoxia followed by 4 hours of reoxj;genation (lane 5). · 

!CAM-I is the 3. 3- and 2. 4-kb transcript, and glyceraldehyde phosphate 

·dehydrogenase (GAPDH) is the 1. 7-kb transcript._ 
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Fig.16: TNF-a-.or hypoxialreoxygenation (HIR)-induced Activation ofNF-kB is 

reduced by the proteasome inhibitor n-tosyl-phenylalaine-chloromethylketone 

(I'PCK). HBMEC were treated with TNF-a or HIR and activated NF-kB was 

detected by EMSA. Untreated cells were used as the negative control (lane 1). 

TPCK (50 JiM) was·added to hypoxic culture medium 30 minutes before 

reoxygenation commenced (lane 3) or to cell cultures 30 minutes before addition 

ofTNF-a (lane 5). 
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cells (Lane 2), but at lower levels comparing to those induced by TNF -a (52-fold). When 

the cells were treated with 25 J.LM TPCK 30 minutes before the addition ofTNF-a (lane 

5) or initiation of the reoxygenation (lane 3), the increased.levels of activated NF-KB 

were reduced 91% and 75%, respectively. These results demonstrate that the proteasome 

inhibitor, TPCK is capable of reducing TNF-a or hypoxia/reoxygenation induced NF-KB. 

activation in HBMEC. 

TPCK was then tested for its ability to inhibit the upregulated expression of 

ICAM-1 induced by TNF-a or hypoxia/reoxygenation in HBME~. ICAM-1 J;DRNA 

levels were measured by Dotblot analysis in HBMEC (Fig. 17). Bars in the figure were 

plotted with scarining results of the optical densities from individual dots on the 

. autoradiograph. ICAM-1 mRNA levels from untreated cells were used as the negative 

control. There was an increase in the levels ofupregulated ICAM-1 mRNA in HBMEC 

treat~d for 4 hours with TNF-a (23-fold) or 4 hours ofreoxygenation following 20 hours 

of hypoxia (6.5-fold). However, when HBMEC were treated with 25 J.LM TPCK 30 

minutes before addition ofTNF-a or initiation ofreoxygenation, the upregulated ICAM-1 

gene expression induced by TNF -a or hypoxia/reoxygenation was reduced 96% or 70% 

respectively. 

Collectively, all three potent anti- NF-KB agents tested can effectively inhibit or 

reduce both the activation ofNF-KB and the upregulation ofiCAM-1 gene exp~ession 

induced by TNF -a or reoxygenation following severe hypoxia in HBMEC. In addition, 

agents were tested for their effects on cell viability by the method of the trypan blue 



Fig. 17: Dot blot analysis of/CAM-1 mRNA levels. Bars represent the relative 

optical densities of the dots on the autoradiograph Untreated cells were used as 

controls. Cells were treated for 4 hours with TN F-a or for 20 hours of hypoxia 

followed by 4 hours of reoxygenation. TPCK was added to the culture mediums at 

25 pM 30 minutes prior to addition ofTNF-a and initiation ofreoxygenation. 
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exclusion test and no apparent cytotoxicity ofNAC, PDTC or TPCK for HBMEC was 

detected under the experimental conditions used in this study. These results suggest that 

activated NF-KB participates in the induced expression of the ICAM-1 gene, and it also 

could be the key mediator of upregulated expression of many other inflammatory 

response molecules during reperfusion. These agents could potentially prevent NF-KB 

activation and its mediated reperfusion injury in the rat stroke model. However, at 

present, it is not possible to t~st TPCK in the rat stroke model due to its lethal toxicity to 

small animals when used in relative high doses (Hallet al., 1980). In addition? as outlined 

in the introduction, it is necessary to use a dithiocarbamate derivative DDTC in the rat 

stroke model instead of PDTC. Thus, only antioxidants NAC and DDTC were further 

studied in the rat stroke model. 

D. Studies of NF -KB Inhibiting Agents in a Rat Reversible MCAO Model. 

1. N-acetylcysteine (NAC) and NF-KB Activation 

Two groups of rats were used to study the effects ofNAC on the activation of 

NF-KB during reperfusion after acute ischemia in the rat reversible MCAO model. One 

group of rats was treated with NAC at a dose of 150 mg/kg intraperitoneally one hour 

prior to the initiation of reperfusion. Another group of rats was treated with 0.9% saline at 

the same time. Following 15 minutes of reperfusioh, both groups of rats were sacrificed 

and nuclear extracts were prepared immediately from either the left or right hemispheres 

of each rat brain. EMS As were performed to detect the relative levels of activated NF -KB 

in the nuclear extracts of each hemisphere. Figure 18 is representative of multiple gel 

shift assays which were used to compare the relative levels of activated NF-KB in both 



Fig.18: EMSA to study the effect ofNAC on NF-kB activation at 15 minutes of 

reperfusionfollowing reversible MCAO in rats. Left: Infarcted hemisphere; 

Right: Normal hemisphere. 
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hemispheres between the two groups. In control rats treated with saline there was a 

significant increase ofactivated NF-KB in the left (infarct) hemisphere following 15 

minutes of reperfusion (Lane 2). However, when the rats were treated with NAC instead 

of saline, the increase in activated NF -KB following 15 minutes of reperfusion was not 

observed in the left hemisphere (lane 4). There was not much ~ifference in levels of 

activated NF-KB in the right hemispheres between NAC- and saline-treated rats (lane 3 

and lane I, respectively). Final statistical results from all rats in two treatment groups 

were obtained by analysis of the scanned densities ofNF-KB bands on autoraC;liographs 

(Fig. 19). Using the Kolmogorov-Simimov nonparametric two-sample test (performed by 

Ms. Julie Mobley, Deptartment of Biostatistics, Medical College of Georgia), there was a 

significant difference between the two groups at p<0.05. Thus, we conclude that the 

increase of activated NF -KB during early reperfusion after acute ischemia can be 

effectively inhibited by treatment with the antioxidant NAC before the initiation of 

reperfusion in the rat reversible MCAO stroke model. 

2. NAC and Infarct Volume 

Two groups of rats were used in this study. One group of rats was treated with · 

NAC at a dose of 150 mg/kg intraperitoneally 1 hour prior to the initiation of reperfusion 

and again 24 hours later in an attempt to maintain maximum serum drug levels. The 

control rats were treated with 0.9% saline instead ofNAC. Following 46 hol.rrs of 

reperfusion, brain infarcts were visualized by TTC staining (Fig. 20) and infarct volume 

was measured by an image analysis system (NIH Image Software). Results are shown in 

Table 2. Pretreatment with NAC led to a significant reduction in infarct volume with 



Fig. 19: E.ffe~t ofN-acetylcysteine (NAC) on activated NF-kB·levels at 15 minutes 

ofreperfusionfollowing reversible MCAO in rats. Rats were treated once with 

NAC (150mg/kg) intraperitoneally 1 hour prior to the release of occlusion (right 

bar), or with saline placebo instead ofNAC at the same time (left bar). EMSA · 

were performed to detect NF-kB activation following 15 minutes of reperfusion in 

both hemispheres. Density results are from scanning NF-kB bands on EMSA 

autoradiographs. n: number of rats utilized for each trentment. 
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Fig. 20: TTC staining ofbrain sections from ihe NAC pretreatment or saline 

pretreatment groups after 46 hours ofreperfusion. Each brain was cut into 2 mm 

thick coronal blocks for a total of 6 blocks and immersed in 2% TTC at 3 f1 C for 

30 minutes. An arrow shows one of the infarcted regions. R: Right Hemisphere; 

L: Left Hemisphere. 
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Table 2: Pre-treatment with NAC led to a significant reduction in cerebral 

infarct volume in rats. Using the reversible MCAO model, ten rats were treated 

with NAC (150mg/kg) 1 hour prior to the release of occlusion and again at 24 

hours later. Eight control rats received saline at the same time points. At 48 

hours following the beginning of occlusion, rats were sacrificed and cerebral 

infarct volume were visualized by triphenyltetrazolium chloride (I'TC) staining 

and quantified by an image analysis system (NIH software). 



INFARCT VOLUME. 
(

0/o ·of THE ENTIRE IPSILATERAL HEMISPHERE) 

NAC Pre-treatment 
18.1±2.l%(SD) 

n=lO 

Saline Pre-treatmeut 
35.5±2.8%(SD) 

n=8 

Overall 49% Reduction in NAC Pre-treatment Group 
n: number of rats utilized for each treatment group, p<O.Ol, t test 
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p<O.Ol. For rats in t4e NAc;:: pretreatment group, the infarct volume was 18.1±2.1% (SD) 

as a percentage of the entire ipsilateral hemisph~re. ~or the saline pretreatment group, the 

infarct volume was 35.5±2.8% (SD) as a percentag~ of the entire ipsilateral h~misphere. 

This difference ·~epresents a 49% reduction in infarct volume w~th NAC pretr~atment. 

NF-KB was activated within the first hotir (1~ and 30 minutes) -ofr~perfusion 

after acute ischemic stroke in the rat-model~ Experiments were conducted to test the effect 

ofNAC on reducing reperfusion injury (infarct volume) when the first of the two doses 

was given after the NF -KB activation perio.d,· one hour afte~ the initiation of reperfusion. 

As in the last experiment, the second dose was also given 24 hours later. We predicted 

that ifNF-KB activation played a crucial role in mediating reperfusion injury, then 

treatment with NAC after the time ofNF-KB activation would not reduce reperfusion 

injury in the rat stroke model. However, in comparison to the saline post-treatment group, 

there was still a30% reduction in infarct vol~e with the NAC post-treatment:group. The 

infarct volumes in two groups are shown in Table 3. For the saline post-treatment group, 

the infarct volume was 34.8±3.8% (SD) and for NAC post-treatment group, infarct 

volume was 24.6±3.8% (SD). Although the difference in infarct volume was less than 

that observed with NAC pretreatment, the observed reduction of infarct volume .with 

NAC post-treatment was still significant at p<0.05. 

3. Diethyl Dithiocarbamate (DDTC) and NF-KB activation 

Two groups of rats were used to study the effects ofDDTC on the activation of 

NF-KB during reperfusion after_ acute ischemia. One group of rats w:as treated with 



Table 3: Post-treatment with NAC led to a significant reduction in cerebral 

infarct volume in rats. Using the reversible MCAO model, nine rats were 

treated with NAC (150mg/kg) 1 hour after the release of occlusion and again at 

24 hours later. Five control rats received saline at the same time points. ·At 48 

hours following the beginning of occlusion, rats were sacrificed and cerebral 

infarct volume were visualized by triphenyltetrazolium chloride (ITC) staining 

and quantified by an image analysis system (NIH software). 



INFARCT VOLUME 
(

0/o of THE E~TIRE IPSILATERAL HEMISPHERE) 

NAC Post-treatment 
. 24.6±3.8°/o(SD) 

n~9 

Saline Post-treatment 
34.8±3.8%(SD) 

n=5 
------------------------------------------------------------------------

Overall30°/o Reduction in NAC Post-treatment Group 
n: number of rats utilized for each treatment group,.p<0.05, t test 
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DDTC at a dose of 150 mg/kg intraperitoneally one hour prior to the initiation of 

reperfusion. Another group of rats was treated with 0.9% saline at the same time. 

Following 15 minutes ofreperfusion, nucleru; extracts were prepared from either the left 

or the right brain hemispheres. The relative levels of activated NF -KB in each hemisphere 

were then detected by EMSA. The NF-KB bands on the autoradiographs were scanned 

·and results were subjected to statistical analysis. Using the Kolmogorov-Simim~v 

nonparametric two-sample test, we found that.there was a significant difference between 

the two treatment groups at p<0.05.When rats were treated once with DDTC 1 hour prior 
. . 

to reperfusion, the increase in activated NF-KB at 15 minutes was not detected (Fig. 21 ). 

Thus, treatment with DDTC before initiation of reperfusion can effectively inhibit the 

increase of activated NF -KB during early reperfusion after acute ischemia in the rat 

model. 

4. DDTC and Infarct Volume 

The procedure used in t~s study was the same ft.S that utilized to study the effect 

ofNAC on infarct volume in the rat model. Two groups of rats were used in this study. 

One group of rats was treated with DDTC at a dose of 150 mg/kg intraperitoneally 1 hour 

prior to the initiation of reperfusion and again 24 hours later in an attempt to maintain 

maximum serum drug levels. The control rats were treated with 0.9% saline at the same 

time that DDTC was administered. Following 46 hours of reperfusion, the brain infarct 

volume of each rat was measured by TTC staining. We predicted that by virtue its ability 

to inhibit NF -KB activation, pretreatment with DDTC would reduce the reperfusion injury 

in the rat stroke model. Unexpectedly, treatment ofDDTC prior to the initiation of 



Fig. 21: Effe~t of diethyl dithiocarbamate(DDTC) on activated NF-kB levels at 15 

minutes ofreperfusionfollowing rev~rsible MCAO in rats. Rats were treated 

once with DDTC (i5 Omg/kg) intraperitoneally 1 hour prior to the release of 

occlusion (right bar), or with saline placebo instead ofDDTC at the same time 

(left bar). EMSA were performed to detect NF-kB activation following ! 5 minutes 

of reperfusion in both hemispheres. Density results are from scanning NF-kB 

bands on EMSA autoradiographs. n: number of rats utilized for each treatment 

group. 
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reperfusiort did not reduce cerebral infarct volume (Table 4). For the rats in DDTC 

pretreatment group, the infarct volume as a percentage of the entire ipsilateral hemisphere 
. . 

volume was 36.25±3.4% (SD). For the saline pretreatment ·group, the infarct volume as a 

percentage ofentire ipsilateral hemisphere volume was 35.5±1.2% (SD). There was no · 

significant difference between DDTC and saline pretreatment group. 



Table 4: Pre-treatment with DDTC had no effect on reduction of cerebral infarct 

volume in rats. Using the reversibfe MCAO model, five rats were treated with DDTC 

(150mg/kg) 1 hour prior to the release of occlusion and again 24 hours later. Three 

control rats received saline at the same time points. At 48 hours following :the 

beginning of occlusion, rats were sacrificed and cerebral infarct volume were 

visualized by triphenyltetrazolium chloride (TTC) staining and quantified by an image 

analysis system (NIH software). 



· .· .INFARCT VOLUME 
(o/o of THE ENTIRE IPSILATERAL HEMISPHERE} 

DDTC Pre-treatment 
_36.25+ 3.4 °/o(SD) 

n=5 

Saline Pre-treatment 
35.5+ 1.2 °/o(SD) 

n·3 
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-------------------------------------------------------------------~-------- ----
No Significant Difference between DDTC 

and Saline Pre-treatment Groups 
n: number of rats utilized for each treatment group, t test 



IV. DISCUSSION 

In this -study we have demonstrated that a NF -KB transcription factor 

complex was rapidly activated by reoxygenation following hypoxia, but not by 

hypoxia alone in HBMEC. This activated NF-KB complex was composed ofP65 

and PSO Rel proteins and bound to a high affihlty NF -KB binding site found in the 

- ( ' 

B cell kappa light chain enhancer. The specificity of this result was confirmed by 

_the observation that the proinflammatory cytokine TNF -a, a potent activator _of 

NF-KB·, also induced the binding of the P65/P50 Rel protein compleX: to the same 

'· . 
DNA sequence. In addition, the increase of activated NF -KB induced by TNF -a 

or hypoxia/reoxygenation was inhibited by the antioxidants NAC, PDTC, or the 

proteasome inhibitor TPCK.· These agents have been reported to be potent 

inhibitors ofNF-KB activation. Both the antioxidants NAC and PDTC inhibit NF-

KB activation by scavenging oxygen free radicals and blocking the oxidation of 

GSH to GSSG (Udupi and Rice-evans, 1992, Schreck et al., 1992). The 

intracellular accumulation of oxygen free radicals ~d oxidized glutathione·may 

trigger a signal cascade culminating in NF-KB activation (Droge et al., 1994). 

TPCK inhibits NF-KB activation by blocking'proteasome degradation of the 

inducible phosphorylated form of the IkB inhibitory protein associated withNF:-

KB (Traenckner et al., 1994). 
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Among the inflammatory response molecules, ICAM-1 plays a central role 

in mediating the adh~sion cascade and the inflammatory activation of endothelial 

cells. In the absence of an ~nflammatory response, ICAM-1_can be detected ocly 

on a very few cell typ~s, however, it can be upregulated on various lineages in 

vivo and in vitro by proinflammatory cytokines, such as TNF-a, IFN-y, IL-1p, as 

well as by LPS and PMA (Lane et al., 1989). It has been reported that NF -KB is a 

key inducer of the upregulation ofiCAM-1 in the atherosclerotic lesion (Collins, 

1993) and in human umbilical vei~ endothelial cells (HUVEC)(Ledebur and 

Parks, 1995). From our previous studies, cytoplasmic levels of human ICA!y1-1 

mRNA were significantly increased at four hours after reoxygenation commenced 

in HBMEC and this upregulated·expressi_on ofiCAM-1 gene-·w~s inhibited by 

NAC (Hess et al., _1994).-We believe that ICAM-1 expres~i,on depen~s on protein 
.. 

and mRNA synthesis and is at least regulated in part at the mRNA level, and that 

the induction ofiCAM•1 expression is an important means ofr~gulating the 

ICAM-1 dependent adhesion cascade during reperfusion 'injury. In this study, we 

chose ICAM-1 as representative·ofthe.multiple··inflapnnatory molecules 

upregulated during reperfusion_injury. We demonstrated that treatment of 

HBMEC with TNF-a for four hours upregulated the-expression of the ICAM-1 

gene. Furthermore, like NAC, the antioxidant PDTC and· the proteasome inhibitor 

TPCK also inhibited the upregulated expression ofiCAM-1 gene induced by 

-hypoxia/reoxygenation or TNF-a. These data support the conclusion that NF-KB 

is activated in HBMEC by hypoxia/reoxygenation and participates in the 

upregulatio.n of ICAM-1 gene expression. 
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In addition to the activation ofNF -KB induced by hypoxia/reoxygenation 

in HBMEC, we also found evidence for the activation ofNF-KB shortly after the 

beginning of reperfusion in the rat reversible MCAO model. This rapidly 

activated NF-KB transcription factor complex in rat brains was detected at 15 and 

30 minutes and returned to the basal levels by 1 hour following reperfusion. 

Supershift studies for the activated NF -KB complex showed that it was composed 

ofP65 and PSO Rel proteins. This result is consistent with the observations in 

HBMEC treated with TNF -a or hypoxia/reoxygenation. These results als.o 

correlate well with observations in other systems. A rapidly and strongly activated 

P65-P50 heterodimeric NF-KB complex was detected in HeLa cells during 

. reoxygenation following hypoxia, but not hypoxia alone (R~pec and Baeuerle, 

. 1995). In a rat left main coronary artery transient occlusion model, NF-KB was 

found to be activated in the heart as early as at 15-30 minutes and again at 3 and 6 

hours after the onset of reperfusion (Freeman et al., 1996). 

In our studies in the rat MCAO model, electrophoretic mobility shift 

assays used to detect NF -KB activation were performed on nuclear extracts from 

whole brain tissue homogenates. Thus, we do not know the cell types in which 

NF -KB is activated during reperfusion. However, based on our findings in 

HBMEC, we hypothesize that this early activation.ofNF-KB is occurring in the 

microvascular endothelial cells that line the microvasculature in the brain and is 

regulated by the levels of intracellular oxygen free radicals. There is evi4ence that 

reoxygenated endothelial cells are potent generators of ROS during reperfusion 

(Zwier et al., 1988, Lum et al., 1992). Of course, the possibility that NF -KB is 
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activated in other cell types such as astrocytes, neuroglia and neurons carinot be 

ruled out. 

The idea of early activation ofNF-KB in the rat brain endothelium during 

reperfusion is also compatible with the notion that NF -KB acts as an early inducer 

of the transcriptional expression of multiple inflammatory response genes during 

reperfusion. In fl:ddition to our findings that ICAM-1 transcription was 

upregulated by hypoxia/reoxygenation and that this upregulation was prevented 

by potent NF -KB inhibitors in HBMEC, evidence fro~ other investigators has 

shown that the upregulated protein expression ofiCAM-1 ~d E-selectin on the 

cerebral microvascular endothelium was detectable within 24 hours of reperfusion 

and preceded the influx ofneutrophils in a rat MCAO model (Matsuo et al.,' 1994, 

Wang and Feuerstein, 1995). 

A potent therapeutic strategy p~oposed hy many inyestigators to preyent or 

reduce reperfusiori injury is to t~eat \Vith "agents that bloc)( the upregulation of 
• • I ,- • I 

inflammatory genes and consequently interfere· ~ith the adhesion of'i~ukoc~es to 

the brain microvascular endothelium an~-, prevent or reduce subsequent tissue 

injury. Several studies have demons~ated that blocking the activity of individual 
' ·' :~ . . ,' . . ' 

integrins (Clark'et al., 19~I:a, 199lb) or.endoth~lial cell ICAM-1 (Zhang et al., 

1995) with antibodies reduced ischemic tissue injury and infarct size in animal 

models of transient focal cerebral ischemia followed by reperfusion. However, in 

.addition to-the upregulated integrins and ICAM-1, many other inflammatory . 

genes are also upregulated during ischemia/reperfusion, and it is not practical to 

apply multiple antibodies simultaneously. Blocking NF-KB activation, which is 



thought to be one of the common pathways in upregulation of multiple 

inflammatory genes, may be a better approach to treat reperfusion injury. 
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To test this strategy, agents which had been shown to be potent inhibitors 

ofNF-KB activation and upregulation ofiCAM-lin HBMEC were tested for their 

ability to inhibit the early activation ofNF-KB and reduce reperfusion injury in 

the rat reversible MCAO model. In this study, PDTC was replaced by another 

dithiocarbamate derivative DDTC because they share the same properties of 

. dithiocarbamate derivatives, but DDTC is more suitable for animal experiments. 

As predicted, we demonstrated that both NAC and DDTC when given to rats 

before the initiation of rep~rfusion inhibited the early-activation ofNF-KB in the 

reperfused rat brains after acute ischemia. Another potent NF-KB-inhibitor·, 

TPCK, which was tested in the HBMEC ~as not tested i~ the rat model due to its 

lethal toxicity to small anima1s :when used in a relatively high dose·s (Hall et al., 

1980). Unlike antioxidants, proteasome inhibitors target NF-KB activation.directly 

by blocking IKB degr~dation and the release of the active N.F-KB. They may be 

potential alternatives or adjuncts to the use of antioxidants_in the prevention of 

NF-KB mediated reperfusi~n injury. Hopefully, new generations ofproteasome 

inhibitors with less toxicity may be developed and tested for their ability to reduce 

reperfusion injury in the future. 

To study the ability of NAC to reduce reperfusion injury, it was first 

·administered to rats prior to the beginning ofreperfusion. As we predicted,·the 

infarct volume in the affected hemispheres was reduced 49% as compared to the 

saline-treated rats, perhaps suggesting that NAC reduces reperfusion tissue injury 
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by inhibiting NF -KB activation. However, when we administered NAC after the 

time period of the expected burst ofNF-KB activation, there was a lower but still 

significant, approximately 30% reduction in the infarct volume indicating that the 

protective effect ofNAC was retained. This observation indicates that NAC 

protects tissue from reperfusion injury by mechanisms in addition to those 

mediated by inhibition of the early activation ofNF -KB. Another possibility is 

that there are other bursts ofNF-KB activation during reperfusion which we did 

not detect. In the study by Salminen et al. (1995) ofNF-KB activation in~ rat · 

MCAO stroke model, NF-KB was found to be activated in ischemic hemispheres 

at 5 days following reperfusion. However, the rat stroke model used in their study 

was much different in surgical procedure compared to ours, and they did not 

examine the early time points within 1 hour of the onset of reperfusion as we did. 

Also, in a model of global ischemia, NF-KB activation was found at 6, 12, 24, 48 

and 72 hours following reperfusion (Clemens et al., 1997). Thus, further studies 

on the time·course ofNF-KB activation in different focal and global cerebral 

ischemic stroke models are needed. 

NA~ is a highly permeable free radical scavenger with few toxic· effects. 

'It acts as an antioxidant due to its: sulfhydryl group (Udupi and Rice-evans·, 1992). 

It is also a GSH precursor, replenishing the intracellular cysteine required to 

produce GSH and blocking the oxidation of GSH to GS~H·. In addition to its 

ability to inhibit NF-KB mediated upregulation of multiple inflammatory response 

molecules, NAC has many other important actions, including dilating coronary 

vessels as well as preventing further platelet aggregation in the ·treatment of 
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reperfusion injury following acute myocardial infarction (Stewart, 1992). 

Therefore, NAC may act by reducing reperfusion tissue damage with the 

inhibition ofNF-KB being a secondary phenomenon. 

Ischemia/reperfusion is a complex process that involves multiple intra-

and extracellular regulatory mechanisms, including signal transduction, 

neurotransmission and free radical generation, as well as cell adhesion and 

inflammatory responses. It is not clear whether the relevant signal transduction 

pathways in endothelial cells (reviewed by Collins, 1993) utilize a common 

mechanism involving the generation of oxidant stress (e.g., ROS), or whether 

these intracellular. pathways are indepen~en~ ~d proceed via other mechanisms, 

such as kinases. The nature or extent of the ·endothelial response and activation 

may· depend upon the type of signal transduction. pathway.· A~so, th~ NF-KB. sites 

present in the genes for leukocyte-enda,thelial cell adhesion molecules probably 

act in concert with surrounding-cis elements to bind additional transcription 

factors and nucleate formation o~ a trai_lscriptional initiation complex (Neish et al., · 

1992). This raises the possibility that a second, and possibly additional 

environmental signals might have to be present for the endothelial cell to induce 

expression of the leukocyte adhesion molecule genes, as well as other relevant 

target genes. The requirement for a second environmental signal, mediated by 

members of one or more large transcription factor families, would ·dramatically . 

. increase the diversity and potential specificity of endothelial response during 

ischemia/reperfusion. Although in our experimental ~ystem, we did not observe 

the upregulation of AP-1, SP-1 and CREB in the rat brains following different 
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periods of reperfusion, we still cannot rule out the possibility of the involvement 

of other gene regulatory proteins in this process. For example, proinflammatory 
- . 

cytokine-induced interleukin-8 gene expression depends on the cellular ratio of 

CCAAT/enhancer-binding proteins and NF-KB ($tein and Baldwin, 1993). The 

ICAM-1 gene was upregulated by H202 via its AP-1/ETS sites b~t not NF~KB 

sites in human umbilical vein endothelial cells·, and this upregulation was blocked. 

by NAC (Roebuck et al., 1995). Thus, it is possible that the general antioxidant 

NAC when administered to the rats undergoing ischemia/reperfusion may have an 

effect on these gene regulatory proteins, in addition to the inhibitory effect. on NF-

KB activation, resulting in the unexpected out9omes in this study. Furthermore, 

the regulation of the expression of leukocyte-endothelial cell adhesion molecules 

may occur by mechanisms other than the transcriptional control processes, 

. regulation at the levels of mRNA processing and turnover of these molecules may 

also play an important role in determining the ·phase and pattern of expression of 

inflammatory response mediators. 

The role ofNF-KBIRel family proteins in acute ischemic stroke and 

reperfusion injury still remains largely unexplored. Some investigators have found 

that the cerebral microvascular endothelium is not the only place for NF-KB 

activation. Terai et al. (1996) found NF-KB staining in astrocytes of infarcted 

human brain 8 to 46 hours after death in patients with several days of brain 

infarction. In a rat global ischemic stroke, Clemens et ·al. (1997) found that there 

was transient NF-KB staining within 24 hours in CAl hippocampal neurons as 

well as all other hippocampal regions and several other forebrain regions which 
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were not vulnerable to transient forebrain ische.mia. Also in the same study, they 

found that at 72 hours following global cerebral ischemia, activated NF-KB 

disappeared in all brain areas except in the vulnerable CAl hippocampal neurons 

that were degenerating (Clemens et al., 1.997). These findings suggest that the 

transient increase in NF -KB prior to degeneration could have a protective role. 

NF-KB is known to stimulate the production ofTNF-a (Shakov et al., 1990). 

Alt~ough TNF-a is well known for its ability to. induce apoptosis in various cells, 

including hunian neurons in yitro (Tally et al., 1995), it has also been rep?rted to 

be neuroprotective to primary hippocampal neurons in cultur~ (Barger et al., 

1995). Similar results were also reported-from the studies of the role ofNF~KB 

activation in some degenerative diseases. Blockage ofNF-KB activation by 

aspirin or sodium salicylate could protect neurons against excitotoxic amino acid, 
. ' . . . ' 

glutamate-mediated neuronal death (Grilli et al., 1996).· While these data suggest 

that NF-KB activation is detrimental, several studies suggest that NF-KB 

~ctivation blocks apoptosis in response to. variou~ insults (Beg and Baltimore, 

1996, Wang et al., 1996, Liu et aL, 1996) and can be neuroprotective (Goodman 

and Mattson, 1996). The mechanism involved in the protective role ofNF-KB 

activation was thoug~t to·be mediated through the stimulation ofsuperoxide 

dismutase .and some anti apoptotic· proteins such as the B-cell 

leukemia/lymphoma-2 (bcl-2) gene product (reviewed by Chan, 1996, MacManus 

and Linnik, 1997). Thus, NF -KB activation could be both protective and 

detrimental, depending on the environment in which it is expressed and the nature 

of the inducer. Transcriptional regulation remains relatively unexplored in the 
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context of ischemic neuronal death, and more studies. will be necessary to fully 

understand the basic mechanisms involved in the multiple gene expressions that 

are induced by cerebral ischemia/reperfusion. 

Unexpectedly, in the present study we al~o found that DDTC which 

blocked NF -KB activation at 15 minutes following reperfusion did not reduce 

infarct volume in the affected. hemispheres when given prior to the initiation of 

reperfusion. This result also confirmed the complicated roles ofNF..;KB activation 

involved in the ischemia/reperfusion injury. The conflicting results following 

NAC and DDTC pretreatment suggest that these two agents may have very 

different action mechanisms in addition to their anti- NF-KB activation effect. 

There are two major possibilities: 

1. DDTC is not only an a11tioxidant; it is also a metal-chelating agent. In 

addition to its ability to block the Fenton reaction by chelating metal ions (Fe3
+, 

Cu +) to inhibit ROS-induced NF -KB activation, it may also suppress the activation 

of metal ion-dependent superoxide dismutase (SOD). There are two specific, 

SODs that have been studied extensively, one is CuZn-SOD which is a cytosolic 

enzyme that requires both copper and zinc ions as, co factors, another is manganese 

(Mn-SOD) which is a mitochondrial enzyme that requires Mn2
+. Both exist.in 

human brain cells as endogenous antioxidants and have been shown to reduce 

brain injury induced by ischemia and reperfusion (reviewed by Chan et al., 1995, 

·Chan, 1996). Thus, it is possible that the beneficial effect of DDTC in inhibiting 

NF-KB activation during reperfusion may be overcome by the reduction of SOD 

activity in the brain which results in reperfusion injury .. 
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2. Dithiocarbamate derivatives act more effectively than NAC in 

inhibiting NF-KB activation in various cell cultures (Schreck et al., 1992). In this 

study, we have shown that 20 J.LM PDTC could inhibit NF-KB activation by TNF

a or hypoxia/reoxygenation. To achieve the same effect, 20 mM NAC was 

r~quired. However, in our rat model experiments, both DDTC and NAC were 

used at a dose of about 150 mg/kg in order to achieve the inhibitory effect on NF

KB activation. It has been reported that dithiocarbamate derivatives, especially 

DDTC may cause severe cytotoxicity when used in relatively.higher doses 

(millimolar)(Shreck et al., 1992). On the other hand, an interesting study has 

shown that NAC at lower concentrations. ( <1 mM) caused generation of oxidative 

stress, but NAC at higher concentrations acted as an antioxidant without apparent 

cytotoxicity (Morse et al., 1995). Thus, another possibility to explain· the 

conflicting results in this study when used in the same dosage for NAC and 

DDTC pretreatment is that DDTC may cause severe toxicity to !leuronal cells as 

well as other cells in the brain and res;ult in the unrecoverable cell death and 

infarct volume. 

Both dithiocarbamate derivatives and NAC have been used as antioxidants 

to prevent apoptosis in lymphocytes (Hockenbery et al., 1993), neurons (Kane et 

al., 1993) and vascular endo$-elia cells (Abello et al., 1994). However, some 

studies have also shown that the anti -apoptotic effect of dithiocarbamate , 

· derivatives and NAC seem to be cell-specific. Tsai et al. (1996) showed that both 

PDTC and NAC could induce apoptosis in rat and human aortic smooth muscle 

cells but not in human aortic endothelial cells. This indicates that antioxidants 



when used to treat ischemia/reperfusion injury may have effects other than · 

inhibition ofNF-KB activation. 

Based on the findings that NF-KB activation may play a mostly 

detrimental role in mediating the upregulation of multiple inflammatory genes 
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that participate in endothelial activation, leukocyte adhesion and consequent 

reperfusion tissue injury, anti- NF-KB is still a promising approach that needs to 

be tested to treat reperfusion injury. In order to eliminate as many side effects as 

possible in anti- NF-KB therapy, more direct and specific NF-KB_ inhibitors must 

be discovered and·studied. An novel method that has become available and has 

attracted m~re and more attention is the use ofNF..;~ trru;1scription factor decoys 

(TFD). A TFD is a double-stranded DNA. oligomer whose sequence contains 

binding sites for specific transcription factors. When inserted into cells by' 

transfection, TFDs compete with gene promoters for the binding of the induced or 

activated transcription factors and consequ~ntly suppress the:levels of target gene 

expression. NF-KB-TFD has been shown to inhibit the NF-KB-dependent 

activation of the human immunodeficiency virus (HIV) enhancer (Bielinska et al., · 

1990) and to reduce reperf).lsion injury following myocardial infarction in a nit 

transient coronary artery -occlusion model (Morishita et al., 1996)~ Perhaps future 

studies on the effects ofNF -KB-TFDs to treat reperfusion injury after acute 

cerebral ischemic stroke will help us to understand the exact role ofNF-~ 

activation in the brain reperfusion injury. 



V.SUMMARY 

In this study we demonstrated that a NF -KB transcription factor complex 

composed of P65 and P50 Rel proteins was rapidly activated by reoxygenation 

following hypoxia, but not by hypoxia alone in the human brain microvascular 

endothelial cell (HBMEC) model. We also demonstrated that the same NF-KB 

complex was activated transiently at early time points (15 minutes and 30 

minutes) of reperfusion following acute focal ischemic stroke in the rat reversible 

middle cerebral artery occlusion (MCAO) model. This indicates that NF -KB 

activation in HBMEC may play a crucial role in mediating reperfusion tissue 

injury after acute ischemic stroke. 

Antioxidants such as NAC and dithiocarbamate derivatives (PDTC, 

DDTC), as well as proteasome inhibitors such as TPCK are potential NF -KB 

inhibitors. In this study, we demonstrated that NAC and dithiocarb~ate 

derivatives inhibited NF -KB activation in either the HBMEC model following 

hypoxia/reoxygenation or the rat model following ischemia/reperfusion. 

Furthermore, by' virtue of their ability to inhibit NF-KB activation, they prevented 

. the upregulation ofiCAM-1 gene expression which is known to be mediated by 

NF-KB in the HBMEC (see Hess et al., 1994 forNAC effect on ICAM-1 gene 

expression). The proteasome inhibitor TPCK was also able to inhibit NF -KB 
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activation and ICAM-1 upregulation in the 'HBMEC model, however it was not 

possible to study its effects in the rat stroke model. This suggests that antioxidants 

and proteasome inhibitors can be used as potential inhibitors ofNF-KB ac.tivation 

and NF -KB mediated upregulation of inflammatory genes induced by reperfusion 

following acute ischemic str~ke. 

In this study, the antioxidants NAC and dithiocarbamate derivatives were 

tested for their abHity to reduce reperfusion injuty in the rat stroke model. · NAC 

when administered to rats prior to the transient activation ofNF-KB reduced the 
~ - . ·.· ~;. 

.. ·, 

infarct volume by 49% in the affected-brain hemispheres. However, when NAC 

was administered to the rats afte:r the transient activation ofNF -KB, it still reduced 

infarct volume although at a lower level (30% reduction). Furthermore, one of the 

dithiocarban1ate derivatives_DDTC when admiriister~d to rats···prior to the transient 

activation ofNF -KB had. no effe.ct on reducing the infarct volume in the affected 

brain h~mispheres. These results suggest that antioxidants when used to treat 

ischemia/reperfusion injury may have broad effects in addition to inhibition of 

NF-KB activation. Anti- NF-KB therapy may be necessary but not sufficient to 

treat reperfusion brain injury following acute ischemic stroke. Further studies 

using more specific NF-KB inhibitors are necessary to determine the exact role of 

NF-KB activation in reperfusion injury. 
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