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·Chapter 1 

INTRODUCTION 

1 

Stroke accounts for about one of every 15 deaths in the United States. It is the third 

leading cause of death behind heart disease and cancer in . the . United States and the 

second most common cause of death worldwide, according to the National Center for 

Health Statistics (1,2). Stroke is also the leadin~ cause of serious disability in the United 

States; four million people are coping with the debilitating c9D.sequences of surviving a 

stroke which adds to the sigruficant public financial burden (3). Based on the 

Framingham Heart Study 500,000 people suffer a new or recurrent stroke each year, of 

whom one third die over the next year, one-third re~ain permanently disabled and the 

remaining one-third make a reasonable recovery (1 ,4). 

·Stroke is a sudden loss of brain function resulting from a disruption in the supply of 

blood and oxygen to the central nervous system (CNS) giving rise to hypoxic-ischemic 

conditions within the tissue. Acute stroke can be classified either as: 

1. Ischemic stroke involves an interruption in blood supply to the CNS secondary to 

a vaso-occlusive phenomenon, accounting for 80% of the stroke cases. On basis 

of its etiology it can be further arbitrarily classified to extra-cranial or intracranial 

thrombosis and embolism (5). 
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2. Hemorrhagic stroke involves an interference in blood supply secondary to 

vascular disruption, accounting for 20% of the cases, which can be further · 

classified to intracranial hemorrhage and subarachnoid hemorrhage (5). 

A progressing stroke or a stroke in evolution is an extremely. complex event whose 

etiopathogen~sis is poorly understood. Its multifactorial etiology makes it difficult to 

predict and treat by means of clinical, imaging and laboratory data currently available in 

·clinical practice. The hemodynamic changes in the cerebral miliezi and the biochemical 

mechanisms that hasten the progression of neurological injury are crucial to understand in 

order to reduce neurological morbidity and to design clinically effective interventions. 

In cerebral ischemia there is an ischemic gradient which can be divided into the core, 

which is the central ischemic zone and the penumbra, which is the area peripheral to the 

core. In the penumbra, functional impairment occurs in the neurons and the glia, with the 

neurons being more susceptible to ischemic injury· due their dependence on oxidative 

metabolism (5). A better understanding of the pathologic mechanisms in ischemic injury 

would help limit the neurological injury in the penumbra through therapeutic 

intervention. The major pathogenic mechanisms include energy failure and 

excitotoxicity, loss of protein translation in the susceptible neurons, apoptotic 

mechanisms, inflammation and lastly, injury mediated by oxidative stress through the 

generation of reactive oxygen species (ROS) (6). Many of the above mentioned 

mechanisms are influenced by the generation ofROS. It has been directly demonstrated 

in numerous studies that ROS are involved in oxidative damage through peroxidation of 

lipids, proteins and nucleic acids in ischemic tissues (7). In addition, ROS also function 

as signaling molecules in cellular ischemia and reperfusion. 



3 

.In this dissertation we tried to elucidate the role of ROS in exacerbation of neurological 

injury in acute ischemic stroke. In order to gain a better understanding of the 

pathophysiological mechanisms underlying oxidative stress, we studied iron induced 

oxidative stress, as iron. generates ROS through the Fenton reaction. We believe that 

ROS exacerbate ischemic injury, hence we wanted to demonstrate the neuroprotective 

ability of various antioxidants. In the end, we present a model of neuronal behavior in 

vitro that may have possible implications in post-injury remodeling and repair. 

Chapter 1 will review the literature in the field of antioxidants and ROS in stroke. In 

addition, the prevailing theories on the role of iron-induced oxidative stress and the 

various antioxidant agerits used in stroke will be critically reviewed. 

Oxidative Stress and Reactive Oxygen Species 

ROS and free radicals are produced during the normal metabolic activities of the cell, but 

under normal circumstances they are quenched by antioxidants (glutathione, ascorbate) 

and by ROS scavenging enzymes such as superoxide dismutase (SOD), catalase_ and 

glutathione peroxidase. During situations of elevated oxidative stress, such as ischemia 

and reperfusion injury, endogenous antioxidants are overwhehned and the free radicals 

exert their deleterious effects including DNA damage and lipid peroxidation (8) and 

interference with mitochondrial integrity and function (9). It has been suggested -that 

astrocytic and neuronal mitochondria are vulnerable to oxidative stress (1 0), and that this 

is closely correlated with iron availability (11). Several ROS such as superoxide (02 ), 

perhydroxyl (H02) hydrogen peroxide (lh02), and hydroxyl (OH) radicals are formed 

during the initial reduction of oxygen in the brain. OK radicals are potent oxidants 
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whereas Oz- radicals are comparatively less potent but have a longer half-life and are 

capable of generating Oir radicals through the Haber-Weiss reaction: 0 2- + H20 2 ~ •OH 

+ Oir + Oz. This reaction i~ particularly important in the presence of iron. Iron 

mediated generation of the Oir radicals is known as the Fenton reaction (8). Another 

mechanism of OH- production is through Oz- and nitric oxide (NO), which is constantly_ 

produced in the brain by NO synthase (NOS) (12). 

Pro-oxidant role oflron 

Iron is an essential nutritional element for all life forms; it plays critical roles in electron 

transport and respiration, cell proliferation and differentiation, and the regulation of gene 

expression. In spite of being essential for cellular viability, free iron is toxic when 

present at high concentrations in or around cells. It is clear that cellular oxidant damage 

is potentiated by iron by engaging in redox reactions (13,14,15). Ferrous (Fe2l and, to a 

lesser extent, ferric (Fe3l ions catalyze free radical generating reactions that may be 

responsible for injury (16). 

Iron is the most abundant metal in the brain. The _highest c;oncentrations are in the basal 

ganglia (17,18) but iron staining has also been seen in the cerebral cortices. The chief 

storage sites of iron, oligodendrocytes, are found in close association with blood vessels 

where they may play a role in transport of iron across the blood brain barrier (BBB). 

During a transient or a permanent reduction in cerebral blood flow (stroke) there is 

impaired delivery of oxygen to the tissue. This leads to energy failure and cell death 

during which cytoplas~ic iron is released. Some of this iron is protein bound, however, 

a series of enzymatic processes and proteolysis liberate the iron. Free iron is particularly 
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dangerous and can be taken up by the surrounding cells in peri-infarctive region. Ionic 

iron catalyzes the generation of ROS via the Fenton reaction and may exacerbate the 

damage caused by the ischemia. There is some indirect evidence that supports this 

hypothesis. Davalos et al. reported that patients with high serum ferritin levels have a 

worse prognosis and a poorer neurological outcome during the early acute phase of an 

ischemic stroke (19}. However, the cascade of events that is responsible for this is not 

known. 

As mentioned earlier, free iron released by the brain tissue under hypoxic conditions, is 

capable of exerting its neurotoxic effects via the generation OH" radicals. Hence, one of 

the modalities of intervention being actively researched is tl],e amelioration of ischemic 

damage through the administration of antioxidants and ROS scavengers (such as 

deferoxarnine, Tempo!, etc.). Also, the upregulation of endogenous antioxidant enzymes 

and the genetic modulation of the levels of endogenous antioxidants through viral vectors 

are being studied. 

Anti-oxidant Strategies to Ameliorate Oxidative Stress 

Several groups, including ours, have pursued the approach of administering drugs and 

compounds with known antioxidant potential at various time points before and after 

induction of experimental ischemia. 

1) Deferoxarnine 

Since free iron is implicated in the pathology of ischemic stroke, the therapeutic potential 

of deferoxamine, an iron chelator/antioxidant, has been extensively researched. Studies 
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have shown that deferoxamine treatment pre- and post-induction of ischemia reduces 

brain injury in experimental animals (20). Deferoxamine protects by inhibiting iron

dependent free radical generation, scavenging free radicals, inhibiting cell cycle transition 

and activating HIF-la. gene expression (16). HIF-la. induces the upregulation of various 

genes involved in ·energy metabolism, angiogenesis, and 11europrotection in response to 

ischemia (21). One of the genes regulated by HIF-la. is heme oxygenase-! (H0-1), a 

heme degrading enzyme that generates ferrous iron, carbon monoxide, biliverdin and 

bilirubin. The neuroprotective role of H0-1 has been supported by mouse transgenic 

models as well (22). This indirect evidence lends further credence to the pivotal role of 

iron mediated oxidative stress in exacerbating ischemic brain iJ;J.jury. 

2) Tempol (SOD mimetic) 

Another drug of recent interest is the nitroxide, Tempol. Temppl is a superoxide 

dismutase mimetic that can oxidize Fe2+ to Fe3+, ·thus preventing the redox cycling of iron 

and illhibiting the production of free radicals (23). This is shown in the reactions below. 

2W + 20z-~ HzOz + Oz 

Fe2
+ + HzOz ~ Fe3

+ + •OH +OR" 

Tempol reduces OR" radical formation by preventing the Fenton reaction and is of 

therapeutic benefit as it freely crosses the blood brain barrier. We have investigated the 

ability of Tempol to reduce cerebral injury under various settings of experimental 

ischemia. 

3) Illhibition ofNADPH Oxidase System 
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In recent years there has been a great deal of interest in the NADPH oxidase system as a 

major source of Oz- and its importance in ischemic brain injury (24,27)_ The NADPH 

oxidase system, a group of 5 subunits comprising of membrane (gp91 PHOX and p22 

PHOX) and cytosolic (p47 PHOX, p67 PHOX and p40 PHOX) components, is present 

within various cell types_ For activation and Oz- production, the translocation of the 

cytosolic subunits to the membrane is necessary (25). Apocynin, a methoxy-substituted 

catechol from the medicinal herb Picoria kurroa was used to inhibit NADPH oxidase 

acivity. It has been shown to impede the assembly of the p47phox and p67phox subunit 

within the membrane NADPH oxidase complex (26). The NADPH. oxidases in the 

cardiovascular system, are membrane associated enzymes that catalyze the !-electron 

reduction of oxygen using NADH or NADPH as the electron donor (25). Walder et al. 

have reported reduced ischemic injury in mice lacking a functional NADPH oxidase (27). 

Stimulation of NADPH oxidase by inflammatory mediators induces peroxynitrite (a 

product during the reaction of ROS within the cells) formation in the rat microglia (28). 

Green et al. have reported that increased ROS generation during ischemia-reperfusion · 

may be through the induction of gp91 PHOX subunit ofNADPH oxidase (29). Hence, it 

is believed that ROS generated by the enzyme plays an important role in the exacerbation 

of ischemic injury (27). 

4) Transgenic/Knockout Models to protect against Oxidative Injury 

Another popular strategy to study the role of oxidative stress in stroke is the use of 

transgenic/knockout models to manipulate the levels of endogenous antioxidant enzymes. 



8 

Over the past years, several studies have been carried out with transgenic mice which 

overexpress the copper-zinc sensitive form of SOD (SOD-1). Using various 

experimental designs, such as permanent occlusion or ischemia-reperfusion, it has been 

shown that the protective role of SOD-1 is dependent on the duration of ischemia, 

suggesting that increased ischemic severity resulting from prolonged ischemia limits the 

protective role of SOD-1 against neuronal injury (30). Several other genes have been 

manipulated using transgenic techniques, some of the more important ·ones from the 

oxidative stress standpoint being bcl-2, bFGF and glutathione peroxidase. Over 

expression of these genes seems to exert a neuroprotective effect in stroke. 

In other studies, knockout models have been used where the mice contain a null mutation 

for a specific gene. Obliterating partial (heterozygous) or complete (homozygous) 

function of the gene product allows us to better understand the significance of that 

specific gene in the molecular and cellular mechanisms of cerebrovascular diseases. 

Extensive research has been done using the knockout models for the. NOS isoforms. It 

has been shown that ischemic injury is reduced in the neuronal NOS (nNOS) knockout 

mice, implying that NO radicals produced during ischemia contribute significantly to the 

ensuing neurological damage (31). Similar studies using endothelial NOS (eNOS) 

knockout models have.elucidated the neuroprotective role of eNOS in cerebral ischemic 

injury (32). SOD-1 homozygous knockout mice have significantly exacerbated infarct 

damage following transient focal cerebral ischemia. Infarct" size as well as apoptosis was 

increased in-glutathione peroxidase-! (Gpx-1) -/-mice as compared to wild type controls 

in response to ischemialreperfusion injury (33). Recently, Sempei et a/. conducted 

experimental stroke studies in double mutant anti~xidant'transgenic mice. They evaluated 
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outcomes m nNOS-deficient (nNOS-/-) mice that were over expressing SOD-1 

(hSODl+/-) in addition to nNOS-/- mice and hSOD1+/- mice. hSODl+/- mice had 

significantly larger reduction in infarct volumes as compared to nNOS-/- mice. Although 

the double mutant mice had smaller infarct volumes as compared to nNOS-/-, injury was 

not improved relative to hSODl +/- mice (34). Thus, the evidence gathered by using 

these transgenic and knockout techniques exemplifies the intricate etiopathological role 

of oxidative stress in stroke. 

5) Selective Estrogen Receptor Modulators CSERMs): Role as a novel Anti-oxidant 

There is an abundance of evidence to suggest that estrogen exerts a neuroprotective effect 

in in vitro and animal models of experimental stroke (38,39). However, the mechanism 

of its neuroprotective action is not clearly understood. A review of the literature reveals 

several possible. mechanisms that have been proposed to explain neuroprotection by 

estrogen and SERMs. These include 1) a genomic mechanism involving classical nuclear 

estrogen receptor mediation and activation of gene expression, 2) a nongenomic 

mechanism that is mediated by nonclassical membrane estrogen receptors which activate 

cell_ signaling pathways, and 3) a free radical' scavenging mechanism ( 40) that does not 

involve estrogen receptor mediation. 

Although estrogen exhibits neuroprotection, its therapeutic use is associated with 

increased risk of thromboemob<;>lism, breast and endometrial cancer (41,42). Hence, 

SERMs were developed, which provide the beneficial effect of estrogen without its 

undesired effects. Tarnoxifen belongs to the selective estrogen receptor modulator 

(SERM) group of drugs. Studies have shown that post-stroke treatment of estrogen at 
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pharmacological doses significantly reduces ischemic injury in female rats (35). Similar 

observations with mouse cortical neuronal cultures were made, where pharmacological 

doses of estrogen exerted an anti-oxidant effect in various paradigms of cellular injury 

(36). Today, commercially available SERMs such as tamoxifen and raloxifene have been 

Food and Drug Administration (FDA) approved for treatment of breast cancer and 

prevention of osteoporosis. Rossberg et al. have reported the efficacy of 

LY3533381.HC1, a SERM in conferring neuroprotection from focal cerebral ischemia in 

the caudoputamen in female rats (37). We wanted to investigate the neuroprotective 

ability of Tamoxifen in cerebral ischemia at clinical doses being used today for treatment 

of breast cancer. 

Axonal F asciculations: 'A new model for studv o[post-injurv neuronal repair mechanisms 

In recent years, several reports about the generation of new neurons in the adult brain has 

caused considerable excitement in the field of neuroscience research. It is believed that 

generation of neurons takes place in the subventricular zone lining the lateral ventricles 

and sub granular zone in the dentate gyrus ( 43). Additional progenitors reside in the brain 

parenchyma ( 44). An exciting question from the clinical standpoint is whether the miw 

neurons can migrate to the site of injury and replace the dead neurons possibly in the 

scenario of stroke injury. Arvidsson et al. have showed that stroke caused by middle 

cerebral artery occlusion (MCAO) in adult rats leads to a marked increase in cell 

proliferation in the subventricular zone and stroke caused new neurons migrate into the 

severely damaged area of the striatum. Thus, stroke induces differentiation of new 

neurons into the phenotype of most of the neurons destroyed by the ischemic lesion ( 45). 
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Hence, we believe that it is essential to gain a better understanding of neuronal behaviour 

and cell-cell interactions in the brain. Several laboratories have reported the importance 

of the cell adhesion molecules (CAMs), especially the neural cell adhesion molecule 

(NCAM) in this process of cell-cell interactions (47,48,49). NCAM, a· member of the 

immunoglobulin superfamily, has been studied for its role in mediating homophilic as 

well as heterophilic cell-cell interactions (46). Hence, we believe that further elucidating 

the role of poly sialic acid, PSA-NCAM may provide greater insight in axonal guidance 

and lead to therapeutic strategies in stroke, especially since PSA-NCAM is induced after 

ischemia and the temporal expression is different after transient MCAO in rat~ (50). 

Thesis Objective 

The goal of this dissertation was to investigate the role of oxidative stress in acute 

ischemic stroke and mechanisms of neuronal behavior. This objective was achieved by 

testing the following hypotheses: 

1) Iron acts. as a pro-oxidant stressor in acute ischemic stroke and the oxidative 

. stress imposed by iron can be reduced by Tempo!. (Chapter 2). 

2) Since we believe that oxidative stress is a significant contributing factor to the 

ischemic injury, we wanted to investigate the neuroprotective effect of various 

antioxid;mts. In our experiments, we used agents that inhibit/scavenge ROS 

generation at various steps in the process. Hence, we hypothesize that 

apocynin and deferroxamine will . exert a neuroprotective effect in acute 

ischemic stroke (Chapter 3). 
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3) In addition to usmg the classical antioxidants, we also investigated the 

therapeutic efficacy of noyel agents such a~ tamoxifen, which could 

potentially . act through multiple mechanisms. Hence, hypothesizing that 

tamoxifen at clinically relevant doses will reduce ischemic injury in acute 

ischemic stroke (Chapter 4). 

4) Lastly, we studied a novel model of neuronal behavior. We have tried to 

elucidate the mechanisms underlying neuronal interactions with each other 

such as axons to fasciculate. We believe that further investigation of these 

mechanisms could play !!J1 important role in post-injury repair in the CNS. 

(Chapter 5). 
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Chapter2 

NEUROPROTECTION BY TEMPOL IN A MODEL OF IRON INDUCED 

OXIDATIVE STRESS IN ACUTE ISCHEMIC STROKE. 

ABSTRACT 

14 

Previous studies suggest that iron exacerbates infarct size in ischemic stroke. Our aim 

was to elucidate the effect of iron overload on infarct size after middle cerebral artery 

occlusion (MCAO) and to evaluate the efficacy of tempo! as a neuroprotective agent. 

Rats were administered iron and tempo! before MCAO, control rats received saline. Iron 

increased infarct size as compared to control values and pretreatment with tempo! 

inhibited the action of iron. We hypothesized that reactive oxygen species (ROS) were 

responsible for the iron induced damage. We measured ROS generated by exogenous 

iron in brain tissue and peripheral vasculature. There was no significant increase in ROS 

production in the brain of iron treated rats. However, ROS generation in the carotid 

arteries was significantly increased compared to controls. We propose that ROS, 

generated in the cerebral vasculature after disruption of the blood brain barrier, contribute 

to oxidative stress during an ischemic episode. This study delineates the critical role of 

iron i'nduced oxidative stress in ischemic stroke and the role of the vascular ROS in 

exacerbating the injury. 
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INTRODUCTION 

Stroke is a significant clinical problem and the leading cause of serious disability in the 

United States responsible for half of all the patients hospitalized for acute neurological 

disease (1). It is the third most common cause of death in the western population (2). In 

·the USA alone, four million survivors are coping with its debilitating consequences (3), 

making stroke a significant public financial burden. The pathophysiological mechanisms 

involved in cerebral ischemia are multifactorial, complex and poorly understood. Many 

of these, such as excitotoxic injury, loss of membrane depolarization and inflammation, 

are influenced by the generation of reactive oxygen species (ROS). ROS through lipid 

peroxidation and membrane damage exacerbate ischemic injury in stroke ( 4). 

Iron is an essential nutritional element responsible for energy production and the normal 

function of proteins and mitochondrial enzymes. Although iron piays a critical role in 

cell viability, free iron is toxic when present at high concentration in and around cells (5). 

In the presence of oxygen, when the iron is unbound, it generates hydroxyl radicals 

through the Fenton and Haber-Weiss reactions (6). Thus, free iron released by the brain 

under hypoxic· conditions is capable of exerting its neurotoxic effects via the generation 

of hydroxyl radicals. This is particularly relevant since the brain has higher 

concentrations of iron than other organs (5). Experimental and clinical data indicate an 

important role of iron in brain injury. Iron depletion or chelation reduces brain edema and 

metabolic failure in ischemia!reperfusion stroke models and inhibtion of iron dependent 

lipid peroxidation attenuates neilronal necrosis (7). Hence, one of the modalities of 

intervention being actively researched is the reduction of ischemic damage through the 

administration of antioxidants and ROS scavengers (such as deferoxamine, tempo!, etc.) 
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(8). Tempo!, a superoxide dismutase (SOD) mimetic, is highly cell permeable and 

crosses the blood brain barrier (BBB) (9). Hence, we investigated the ability of tempo! to 

reduce iron induced cerebral ischemic injury. In addition, we investigated the role of 

ROS produced by the vasculature in iron induced ischemic injury. This is supported by 

indirect evidence that ROS scavenging by nitric oxide donors exerts a neuroprotective 

influence in stroke (10) ·and ROS impairs pial arteriolar dilatation in response to 

hypoxic/ischemic stress ( 11 ). Hence, we also wanted to elucidate the role of ROS in the 

vasculature and the importance of the integrity of the BBB in the ischemic injury 

following stroke. We tested the hypothesis that ROS generated in the cerebral 

vasculature after disruption of the blood brain barrier (BBB) adds to the oxidative stress 

produced during an hypoxic-ischemic episode. 



MATERIALS AND METHODS 

Animals: 

17 

Male, Sprague-Dawley rats (250-325 g) were purchased from Harlan (Indianapolis, IN). 

Rats were housed two per cage and were allowed access to food and water ad libitum. 

Rats were maintained on a 12hr light-dark cycle. Four separate groups were used for the 

middle cerebral artery occlusion (MCAO) experiments and 3 groups of animals were 

used for the experiments involving the measurement of ROS. These studies complied 

with the protocols for animal use outlined by the American Physiological Society and 

were approved by the institutional Animal Care and Use Committee. 

Iron Treatment Protocol: 

Iron was administered in the _form of iron dextran (American Regent Lab, Inc. NY). Rats 

in the iron treated groups received a single injection of iron dextran i.p. at a dose of 0.5 

g/kg body weight. This dose has previously been shown to induce iron overload (12). 

Control animals were given an equivalent volume of 0.9% saline. Both, iron and control 

treatment were carried out 24hrs prior to the induction of MCAO (see below). Tempo! 

(Sigma Chemical Co., Missouri) was administered to the rats in their drinking water at a 

concentration of 1 mmoVL (13, 14) for 3 days prior to the MCAO. 

Middle Cerebral Artery Occlusion (MCAO): 

Rats were anesthetized with sodium pentobarbital (50mg/kg lP). The body temperature 

was maintained at 37°C during anesthesia. The MCAO was· carried out according to the 

technique of Zea Longa et al. (15). The common carotid artery was exposed by a midline 

incision and the branches of the external carotid artery were cauterized. A 3-0 

monofilament thread with a rounded tip was introduced into the external carotid artery in 

a retrograde fashion. This was advanced cranially into the internal carotid artery over a 

distance of exactly 19mm, measured from the bifurcation of the common carotid artery. 

This model reduces the cerebral blood flow to about 10% of control values in the 

ischemic core area. The thread was left in place and the rat allowed to recover. Post 

occlusion (24 hours), the rats were anesthetized and decapitated and the brains carefully 

removed. The area of the infarction was quantified using 2,3,5-triphenyltetrazolium 



18 

(TTC) staining. The brains were sectioned coronally at 2mm intervals from the frontal 

pole. The brain slices were incubated for 20mins at 37°C in a 2% solution of TTC and 

fixed by immersion in 2% paraformaldehyde solution. The infarct volume was analyzed 

using a computerized image analysis system (NIH Image). The percentage of hemisphere 

suffering infarction was assessed using the formula of Swanson et a/. (16), taking 

cerebral edema into account. 

Measurement ofROS: 

ROS production was measured using lucigenin chemiluminescence in the brain and 

carotid arteries. Two treatment protocols were used for the brain tissue. For one set of 

experiments, rats were pretreated with iron dextran (500 mglkg i.p.) 24hrs prior to 

experimentation, while the control animals received 0.9% saline. In other studies with the 

brain tissue and carotid arteries (endothelium intact), the tissues were treated with iron 

(III) citrate (0.1, 1 and 5!lM) (FeC) (Sigma Chemical Co., Missouri) as compared to 

untreated controls at the time of the assay. At the time of the assay, the animals were 

anesthetized and decapitated, brains were carefully removed and sectioned into 2mm 

slices from the frontal pole and used f()r the assay. Similarly, the carotid vessels were 

harvested and cut into 3-4mm rings. All the harvested tissues were placed in 

physiological salt solution (PSS) composed of (mmol!L) NaCl 130, KCl 4.7, KH2P04 

1.18, MgS04-7H20 1.17, NaHC03 14.9, dextrose 5.5, EDTA 0.26, and CaCh 1.6. 

Lucigenin Assay: 

ROS production was measured by lucigenin assay. Details of this assay have been 

published previously (17). In previous studies, 5 11mol/L lucigenin has been shown to 

correlate well with electron spin resonance as a quantitative measure of ROS production 

(18). The tissues were placed in PSS and allowed to equilibrate for 20 minutes. 

Scintillation vials that contained PSS with 5 11mol!L lucigenin were placed in the 

scintillation counter (Beckman LS6000IC) and after dark adaptation, background counts 

were recorded. Then, the tissue was added to the vial. Scintillation counts were recorded 

every minute for 20_ minutes, and counts between 15-20 minute intervals were averaged. 
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The tissues were dried in an oven for 24hrs, and counts were expressed as counts above 

background per milligram of dried tissue. 

Statistics: 

Results were analyzed with the Student's t-test (Bonferoni correction was applied when 

multiple analyses were performed.). A p value <0.005 was deemed to be statistically 

significant. 



20 

RESULTS 

Iron treated rats received a single injection of iron dextran (0.5 gfkg body weight i.p.) 24 

· hours prior to MCAO and infarct size was assessed 24 hours later. They had significantly 

larger infarcts as compared to the untreated control rats that were given an equivalent 

volume of 0.9% saline. (*p<0.05) (Fig. 1 and 2). Results are expressed as % of 

hemisphere infarcted (mean± SEM). The infarct sizes were 43.2±9.84% in the iron 

treated ·rats as compared to 21.9±14.81% in untreated controls. However, pre-treatment 

~ith lmmol/L tempol in drinking water for 3 days prior to MCAO in the iron treated 

group significantly reduced the infarct size almost comparable to the control levels 

(#p<0.05). The infarct sizes in the tempol+iron treated group were 17.39±8.26%. 

Tempol administration to the control animals (18.9±12%) did not significantly change the 

infarct size in comparison to the untreated controls (21.9±14.81 %). 

Our results prompted us to investigate a ROS-dependent mechanism for iron induced 

damage. Fig. 3 shows the ROS measurements in the brain using the lucigenin assay. The 

lucigenin assay was used for the brain ROS measurements, as explained in the materials 

and methods section. Two treatment protocols were used for the brain tissue. For one set 

of experiments, rats were pretreated with iron dextran (500 mgfkg i.p.) 24hrs prior to 

experimentation, while the control animals received 0.9% saline. In other studies with the 

brain tissue and carotid arteries (endothelium intact), the tissues were treated with iron 

(III) citrate (0.1, 1 and 5f.1M) (FeC) as compared to untreated controls at the time of the 

assay. ROS production in the iron treated rats did not increase with respect to the 

untreated control rats. This suggested to us that with the BBB intact the exogenous iron 

may not significantly exacerbate oxidative stress as the ROS measurements were carried 



out in naive· rats. However, the low dose iron treatment of the carotid vessels was able to 

significantly increase the ROS production as shown in Fig. 4. Results are shown as mean 

± SEM. The ROS production in the iron treated carotid vessels is 17801±3414 cpm/mg 

of tissue·vs: 3494±365 cpm/mg in the untreated controls (*p<O.Ol). In addition, we also 

assessed ROS generation to varying doses response relationship of increasing dose of 

FeC on ROS generation as shown in Fig. 5. 
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DISCUSSION 

Hypoxia-ischemia involves complex interactions between multiple factors such as 

glutamate excitotoxicity, loss of membrane potential and generation of ROS that 

contribute to neuronal loss and ischemic injury (19). However, without data concerning 

the neurotoxicity of iron in vivo it has been difficult to delineate the contribution of iron 

mediated oxidative stress in hypoxic-ischemic brain injury. Our study investigating the 

effect of iron on ischemic infarct size is important since it demonstrates the deleterious 

role. of iron during hypoxia-ischemia ( 5). This iron can then participate in the generation 

of free radicals. Palmer et a/. have reported that, regardless of the source, there is an 

increase in the amount of iron available to promote oxidant stress in the neonatal rat brain 

following hypoxia-ischemia (20). Clinical studies by Davalos et a/. suggest a strong 

relationship between elevated iron stores and a poorer prognosis during the early phase of 

acute ischemic stroke (7). This idea is consistent with our finding that administration of 

iron significantly exacerbates infarct size as compared to control values after MCAO 

(Fig.l ). As mentioned earlier, we believe that the exacerbation in ischemic damage may 

be due to the intraneuronal release of iron from cells in the ischemic core. This iron is 

subsequently taken up by surrounding cells propagating the infarct. Other studies using 

immunohistochemistry have shown that there is release of iron stores from dying cells 

which is taken up by the neighboring glial cells between day 4-7 after insult (21). 

However, we believe that this mechanism is of relevance in the early acute phase of 

stroke injury (first 24 hrs) and responsible for the larger infarcts. The free iron that is 

taken up by the cells is redox active and responsible for the generation of hydroxyl 

radicals through the Haber-Weiss reaction. Since pre-treatment with tempo! was able to 
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abrogate the iron induced elevation in infarct size (Fig 1), we propose that iron mediated 

oxidative stress is a major factor in elevating infarct size. Tempo! is a cell permeable 

SOD mimetic. In addition, tempo! oxidizes the Fe2+ ions thus preventing the Fenton 

reaction and the generation of the hydroxyl radicals. Rak et al. have reported the 

neuroprotective efficacy of intravenous administration of tempo! in the rat model of 

transient ischemic stroke. However, we are the first to show that tempo! can reverse the 

ischemic damage exacerbated by iron in the permanent middle cerebral artery occlusion 

model in the rat. 

In our present study, although we administered iron-dextran 24hrs prior to the induction 

of stroke we were still able to see a pronounced effect on the infarct size. Hence, we 

speculate that the deleterious effect of iron largely manifests itself after the disruption of 

the BBB after the stroke. The mechanisms of brain iron transport have not been clearly 

elucidated and abnormally high levels of iron have been demonstrated in some regions of 

the brain in various neurodegenerative diseases including Hallervorden-Spatz syndrome, 

Parkinson's disease and Alzheimer's disease. Under normal physiological conditions, 

brain cell~ obtain iron from transferrin (Tf). Most iron cfe2l after crossing the BBB, is 

oxidized to Fe3
+ by th~ ferroxidase activity of ceruloplasmin, which then binds to Tf and 

is then acquired by the brain cells (22). Therefore, the transferrin pathway is the major 

mechanism for iron transport across the BBB (23). However, in case of stroke, free 

plasma iron could leak across the damaged BBB. Here the iron would be directly taken 

up by cells in a Tf.independent manner. (23). This excessive intracellular accumulation of 

iron induces oxidative stress and formation of ROS, triggering a pathological cascade of 

events eventually culminating in neuronal death and subsequent propagation of the 
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infarct. This is supported by our findings that in vivo as well as in vitro exposure to low 

concentrations of iron with the intact BBB failed to induce significant oxidant stress (Fig. 

3). 

Even though the neuronal source ofROS is extremely important, we believe that the role 

of the ROS generated in the cerebral vasculature is just as important. Pluta et al. have 

shown the beneficial effects of restoring the cerebral circulation were enhanced by the 

administration of nitric oxide which would scavenge the ROS (24). In our experimental 

model, we believe that the circulating iron can induce significant oxidant stress in the 

cerebral vascualture. This was evident from the fact that the iron treated carotid arteries 

had significantly higher ROS production. as compared to untreated control values and this 

effect was dose-dependent (Fig.4 and 5). The integrity of the BBB prevents the ROS 

from exerting their deleterious effects on neurons. However with the disruption of the 

BBB during an ischemic stroke, ROS produced in the cerebral microvasculature can gain 

access to the brain cells and significantly exacerbate ischemic damage. We believe that 

the cerebral vasculature has a far more important role in maintaining the physiological 

homeostasis of cerebral function especially during pathological states. Hence, the 

cerebral vasculature should be looked upon as more than just conduit vessels for blood 

flow to the brain and the brain as a good buffer for ROS (25). 

Perspective: 

Iron has been implicated in the pathogenesis of various diseases such as Alzheimer's 

disease, Parkinson's disease and stroke among many others. In addition to these, it is now 

known that approximately 10% of the American population carry the gene for 
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hemochromatosis and 1% actually suffer from iron overload (26). The increased 

absorption and deposition of iron in the various organs of the body characterize this 

disease. In addition to the findings reported by Davalos et al. (7) magnetic resonance 

imaging (MRI) studies of children with severe ischemic anoxic brain injury have shown 

extensive areas of iron deposition in the basal ganglia and periventricular white matter 

(27). Also, some studies using the iron chelator, deferroxarnine have shown it to be 

effecacious in reducing ischemic damage (28). Thus, iron is intimately involved in 

exacerbation of ischemic injury following hypoxia-ischemia. Our results support this 

idea, and we have shown the importance of the contribution of the iron induced ROS 

generation in the vasculature. 

Hence, understanding the role of iron induced oxidative injury in stroke with a particular 

emphasis on elucidating the role of neuronal and vascular ROS may have significant 

therapeutic implications. 
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FIGURE LEGENDS 

Fig.l. Iron treatment. significantly increased the i.ilfarct volume as compared to the . ' . 

untreated controls and pretreatment with tempo! reversed the increase in infarct volume 

due to iron. *p<O.OS vs. controls and #p<O.OS vs. iron treated group by Student's t-test. 

Values are expressed as mean± SEM. (n=7-8 per group) 

Fig.2. Representative 2mm brain sections from the control, iron treated and iron+ tempo! 

treated groups of animals. The sections are stained with 1TC, which stains live, viable 

tissue pink and the infarcted tissue white. Note the larger infarcts in the iron treated group 

as compared to the controls and the dramatic reduction in infarct size in the iron+tempol 

as compared to the iron treated group. 

Fig.3. ROS measurements in the brain with a) in vivo iron treatment (n=S) with iron 

dextran SOOmg!kg body wt. i.p. 24hrs .. prior to the assay and b) in vitro iron treatment 

(n=4) with lf.IM FeC as compared to the untreated controls. Neither forms of iron 

treatment caused a significant increase in ROS production in the brain as compared to the 

untreated control values. Results are shown as counts per million/mg of tissue 

(mean±SEM). 

Fig.4. ROS measurements in the carotid vessels with lf.!M FeC. The iron treated group 

showed significantly increased ROS production as compared to the untreated controls. 

Results are expressed as counts per million(mg of tissue (mean±SEM). (n=6, *p<O.OS). 



27 

Fig.5. ROS generation in response to varying doses of F eC. ROS generation increased 

over a range ofO (3494±365 cprnlmg)(n=6), O.lf.LM (5106± 298 cpm/mg)(n=4) and 1f.LM 

(17801± 3414 cpm/mg)(n=6) FeC. At 5f.LM FeC (n=4), ROS levels were not different 

from the 1 iJM dose. Results are expressed· as counts per million/mg of tissue 

(mean±SEM). (# p<0.05 vs. controls and* p<0.05 vs. 0.1!JM FeC) 
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Chapter 3 

A COMPARATIVE STUDY OF THE NEUROPROTECTIVE EFFICACY OF 

APOCYNIN AND DEFERROXAMINE IN ACUTE ISCHEMIC STROKE 

ABSTRACT 

33 

During ischemia there is a significant increase in the free radical production by the cells, 

this has been implicated in the pathogenesis of various cardiovascular diseases including 

hypertension and stroke. Stroke is one of the leading cm;nplications seen in hypertensive 

patients and hypertensive rats have larger infarcts than those in the normotensive rats. 

Iron is known to generate OH' radicals by catalyzing the Fenton reaction and the enzyme· 

NADPH oxidase plays an important role in 02- generation. We studied the 

neuroprotective efficacy of inhibiting these processes by using deferroxamine (lOOmg/kg 

i.p. 1 hour before and after) and apocynin (2mmol!L in drinking water for 5 days) prior to 

induction of ischemia. Apocynin and deferoxamine treatment reduced the infarct size in 

spontaneously hypertensive rats (SHRs) (p<O.OS) compared to untreated SHRs. This 

effect was independent of changes in blood pressure. There was no significant difference 

in infarct sizes between the apocynin and deferoxamine treated Wistar-Kyoto rats 

(WKYs) and untreated WKYs. Hence, we believe that the extent ofneuroprotection seen 

in the hypertensive rats, in the presence of elevated blood pressures, is a function of 

elevated ROS generation. 
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Cerebral hypoxia-ischemia is the third leading cau.se of death worldwide and the leading 

cause of disability in developed countries (1). Although the pathophysiology of stroke is 

not fully understood, several reports have implicated reactive oxygen species (ROS) in its 

pathogenesis. Under normal conditions, cells produce low levels of superoxide anions 

(Oz "), hydroxyl radicals (OH), nitric oxide and hydrogen peroxide (H202) and other free 

radicals which are scavenged by endogenous antioxidants such as superoxide dismutase 

(SOD), glutathione peroxidase and catalase {2). The oxidative damage induced by ROS 

is due to an imbalance between the pro-oxidant and antioxidant mechanisms in the cell. 

This plays an important role in the pathogenesis of cardiovascular diseases such as 

hypertension and stroke (3,4). 

Various enzyme systems can produce ROS. In addition, ROS can be produced by 

biochemical reactions such as the Fenton reaction within the cells. In recent years there 

has been a great deal of interest in the NADPH oxidase system as a major source of 0 2-

and its importance in ischemic brain injury (5,6). The NADPH oxidase system, a group 

of 5 subunits comprising of membrane (gp91 PHOX and p22 PHOX) and cytosolic (p47 

PHOX, p67 PHOX and p40 PHOX) components, is present within various cell types. 

For activation and 0 2- production, the translocation of the cytosolic subunits to the 

membrane is necessary {7). Another important mechanism for the generation of ROS, 

primarily OR, is the Fenton reaction. When excess 0 2- is produced, it is metabolized to 

H20 2 which is converted to highly reactive OR in the presence of ferrous ions through 
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the Fenton reaction. Several groups including ours, have shown that elevated iron can 

exacerbate infarct size in acute ischemic stroke (Chapter 1, 4). We wanted to do a 

comparative study of the neuroprotective efficacy of inhibiting NADPH oxidase activity 

and decreasing 0 2- production, to chelating iron and inhibiting OH- generation in acute 

ischemic stroke. Hence, we hypothesized that both apocynin and deferroxamine (DFO) 

would reduce ischemic injury following acute ischemic stroke. 

All procedures used were ·in accordance with gufdelines by the committee on animal use 

for research and education (CAURE) at the Medical College of Georgia. SHRs (225-

275g) were utilized for the study because it is well established clinically that hypertensive 

patients are at a greater risk for stroke (8). Age and weight matched WKYs served as 

controls. Apocynin, a methoxy-substituted catechol from the medicinal herb Picoria 

kurroa was used to inhibit NADPH oxidase acivity. It has been shown to impede the 

assembly of the p47phox and p67phox subunit within the membrane NADPH oxidase 

complex (9). Male SHR and WKY rats (Harlan, IN) were treated with 2mmol!L 

apocynin (Aldrich, Wl) in drinking water for 5 days, prior to induction of ischemia. 

Control rats received vehicle. Systolic blood pressure was measured by tail-cuff 

procedure (pneumatic transducer). To elucidate the role of iron mediated oxidative stress 

in stroke, via the generation of OK, we used deferroxamine (DFO), an iron chelator 

which inhibits lipid peroxidation and production of Off. SHR and WKY rats were 

administered DFO (Sigma, MO) at a dose of lOOmg!kg i.p. 1 hour before and after the 

induction of cerebral ischemia. DFO was injected i.p. in 500!!1 of distilled water. 

Control rats were injected i.p. with 500!!1 of distilled water. 
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Animals were subjected to surgical induction of is_chemia via permanent middle cerebral 

artery occlusion (MCAO) as described previously (10). Rats were anesthetized with 

sodium pentobarbital (50mg/kg IP). The body temperature was maintained at 37°C 

during anesthesia. After exposing the common carotid artery,. the branches of the external 

carotid artery were cauterized. A 3-0 monofilament thread with a rounded tip was 

introduced into the external carotid artery. This was advanced cranially into the internal 

carotid artery over a distance of exactly 19mm, measured from the bifurcation of the 

common carotid artery. The thread was left in place and the rats allowed to recover. Post 

occlusion (24 hours), the rats were anesthetized and decapitated and the brains carefully 

removed. The area of the infarction was identified using 2% solution of 2,3,5-

triphenyltetrazolium (TIC) and the infarct size was analyzed using a computerized image 

analysis system (Nlli Image). The percentage of hemisphere suffering infarction was 

assessed using the forinula of Swanson et al. (11 ), taking cerebral edema into account. 

Results were analyzed with the Student's t-test (Bonferoni correction was applied when 

multiple analyses were performed.). A p value ~ 0.05 was deemed to be statistically 

significant. 

Apocynin treated SHRs (30.58±11.25% n=4) showed significant reduction in infarct size 

(p<0.05) compared to untreated SHRs (66.51±3.19% n=5). There was no significant 

difference in infarct sizes between the apocynin treated WK.Ys (12.58±4.56% n=4) and 

untreated WK.Ys (14.18±2.30% n=6) (Fig.· lA). Thus, apocynin treatment in SHRs 

reduces infarct size but not in the WK.Ys. In the DFO experiments, SHR-DFO group 

(35.14±12.12% n=6) showed significant reduction in infarct size (p=;0.05) as compared to 

SHR control nits (70.3±2.52% n=4). Infarct sizes from the WKY-DFO (25.16±2.29% 
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n=4) did not significantly differ from the WKY control rats (18.33±5.54% n=8) (Fig. 

2A). Thus, DFO via chelation of iron and inhibition of OK generation reduces infarct 

size in SHRs but not in WK.Y s. 

As mentioned earlier, stroke is one of the leading complications of hypertension (8). 

Increasing evidence suggests that endothelial dysfunction through the generation of ROS 

occurs in hypertension (3). In our experiments, we wanted to elucidate the role of 

oxidative stress and the neuroprotective role of apocynin and deferroxamine in stroke, 

independent of a change in blood pressure. Hence, all SHRs used for our studies had 

significantly elevated blood pressures prior to the induction of ischemia. Clinical 

evidence suggests that elevated body iron stores may contribute to progressing ischemic 

injury (12). Results from our laboratory have demonstrated that administration of 

exogenous iron exacerbates infarct size in acute ischemic stroke (Chapter 1). DFO, in 

addition to chelating iron, inhibits iron dependent free radical generation and scavenges 

02- and OH- radicals produced and hence could serve as a potential agent for 

neuroprotection in stroke (4). Several groups including Soloniuk eta/. have shown that 

pre-and posttreatment with DFO reduces ischemic brain injury in normotensive rats. 

(13,14). However, our results using the hypertensive rat model have shown that DFO 

exerts a neuroprotective effect in the SHRs, however no effect was observed in the 

normotensive WKY s. This led us to believe that the neuroprotective ability of 

desferroxarnine is a function of the increased oxidant stress such as in hypertension (3). 

In addition, ischemia and hypoxia lead to changes in the integrity and permeability of the 

blood-brain barrier which may be an effect of the endothelial dysfunction (15). Some 

epidemiological studies have shown that increased iron stores are associated with 
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increased cardiovascular events. Duffy et al. have reported that iron chelation with DFO 

improves endothelial function in patients with coronary artery disease (16). Hence, we 

believe that the ischemic injury seen in stroke is an effect of the vascular dysfunction 

partly mediated by the increased production ofROS. Our studies have shown increased 

iron staining in the cerebral vasculature upon exogenous i.p. injection of iron dextran. 

This iron and the ROS generated thereof, would be free to exert neuronal injury when the 

BBB is disrupted in conditions such as stroke. 

In order to elucidate the contribution of sources of ROS we studied the role of NADPH 

oxidase enzyme in stroke. The NADPH oxidases in the cardiovascular system, are 

membrane associated enzymes that catalyze the !-electron reduction of oxygen using 

NADH or NADPH as the electron donor (7). Walder et al. have reported reduced 

ischemic injury in mice lacking a functional NADPH oxidase (6). Stimulation of 

NADPH oxidase by inflammatory mediators induces peroxynitrite formation in .the rat 

microglia (17). Green et a/. have reported that increased ROS generation during 

ischemia-reperfusion may be through the induction of gp91 PHOX subunit of NADPH 

oxidase (18). Hence, it is believed that ROS generated by the enzyme plays an important 

role in the exacerbation of ischemic injury (6). Dominiczak et al. have demonstrated that 

increased 0 2- generation by NADPH oxidase may be involved in hypertension (19). We 

have shown that a low dose of the reversible NAD(P)H oxidase inhibitor, apocynin 

(2mmol/L), exerts a neuroprotective effect in ischemic stroke independent of its blood 

pressure reducing effect (Fig.lA). We believe that increased 0 2- generation by NADPH 

oxidase in the hypertensive model contributes to the increased ischemic damage. This 

could be mediated by impaired endothelial function by the ROS. Hence, in our studies 
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we noticed a significant reduction in infarct size, by inhibiting 0 2- generation with low 

dose apocynin. Although apocynin at higher doses has been shown to reduce blood 

pressure, the inhibition of NADPH oxidase and 0 2- generation by using· apocynin 

(2mmol!L in drinking water) was not enough to effect a reduction in the blood pressure 

(Table 1). In addition, the BP levels in the untreated SHrs and WK.Ys was not different 

from the BPs in the apocynin and deferoxarnine treated SHRs and WK.Ys respectively. 

Hence, we believe that the neurprotective effect of apocynin is independent of its high 

blood. pressure lowering effect. Moreover, low dose apocynin did not exert a protective 

effect in the WK.Y rats. We speculate that this is attributed to the reduced production of 

ROSin the WK.Ys as opposed to the SHR rats. Hence, in the hypertensive model there is 

increased 0 2- generation by NADPH oxidase in the vascular tissue as well as other cell 

types. During ischemia, the increased ROS are released by the ischemic vasculature 

damaging the neuronal and other cells in the vicinity (4). We do not rule out the 

possibility of a significant contribution from microglial sources ofNADPH oxidase (20). 

In addition, under overwhelming oxidant stress, the dying cells release their intracellular 

stores of iron. Iron which is released can be taken up by the surrounding viable cells. 

This iron exerts its damaging effect through generating OH- by catalyzing the Fenton 

reaction (4). We believe this is a mechanism of ischemic injury that contributes to the 

propagation of the infarct. 

This supports the concept of the neurovascular unit being important in the 

pathophysiology of a stroke in evolution, whereby the pathology and extent of the 

ischemic injury is determined by the impairment of vascular and neuronal function. 

Vascular and neuronal dysfunction are co-dependent with the former exacerbating the 



40 

latter. Hence, we believe that our study demonstrates an integrated mechanism of 

ischemic injury in stroke mediated by 0 2• and OK radicals and its amelioration by 

deferroxamine and apocynin in the hypertensive rat model. 

Figure Legends 

Fig 1: Percent of hemisphere infarcted in various treatment groups of SHR and WKY rats 

(A) Apocynin treated SHRs (30.58±11.25%) showed significant reduction in infarct size 

(p<0.05) compared to control SHRs (66.51±3.19%). There was no significant difference 

in infarct sizes between the apocynin treated WK.Ys (12.58±4.56%) and control WK.Ys 

(14.18±2.30%). (B) DFO exerts a similar neuroprotective effect in the SHR rats. SHR

DFO group (35.14±12.12%) showed significant reduction in infarct size (p=0.05) as 

compared to SHR controls (70.3±2.52%). Infarct sizes from the WKY-DFO 

(25.16±2.29%) did not significantly differ from the WKY controls (18.33±5.54%). *p::;; 

0.05 vs. SHR controls by Student's t-test. Values are expressed as mean± SEM. (n=4-6 

per group) 

Fig. 2: Representative 2mm brain sections from the control, apocyinin and DFO treated 

SHR rats. The sections are stained with TIC, which stains live, viable tissue pink and the 

infarcted tissue white. Note the larger infarcts in the SHR controls as compared to the 

apocynin- and DFO-treated group. 
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Table 1 

SHR WKY 

Apocynin trt. 199±2rnmHg 156±4rnmHg 

Deferroxamine trt i67±3 rnmHg 147±1 rnmHg 

Blood Pressure measurements m the SHR. and WKY rats subJected to MCAO. 
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Chapter4 

TAMOXIFEN, A SELECTIVE ESTROGEN RECEPTOR MODULATOR, 

REDUCES ISCHEMIC DAMAGE CAUSED BY MIDDLE CEREBRAL ARTERY 

OCCLUSION IN THE OVARIECTOMIZED FEMALE RAT 

ABSTRACT 

Previous work has demonstrated that physiological concentrations of 17~-estradiol can 

protect the female rat brain against middle cerebral artery occlusion (MCAO)-induced 

ischemic damage. The present study examined whether therapeutic doses of the clinically 

relevant selective estrogen receptor modulator (SERM), tamoxifen, can similarly protect 

the female rat brain against ischemic stroke damage. Adult female rats were bilaterally 

ovariectomized and implanted subcutaneously with either a placebo or tamoxifen time

release pellet (0.1, 0.8, or 2.4 mg/kg/day). One week later, the animals underwent 

permanent MCAO to assess the protective ability ofthe different tamoxifen doses on 

brain infarct size. As expected, MCAO produced a large infarct (-53%) of the affected 

cerebral hemisphere in placebo (control) animals. The 0.1 mg/kg/day dose oftamoxifen 

did not exhibit any significant protective effects, however; the 0.8 and 2.4 mg/kg/day 
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doses oftamoxifen, which are in the therapeutic range, dramatically reduced infarct of 

the affected cerebral hemisphere ( -70% reduction) as compared to the controls. The 

reduction of infarct size was primarily due to protection of two major structures, the 

cerebral cortex and striatum. Laser Doppler analysis further revealed that tamoxifen had 

no significant effect on cerebral blood flow either before or after MCAO, suggesting that 

tamoxifen protection is independent of cerebral blood flow changes. Further studies 

showed that tamoxifen pellets implanted at the time ofMCAO did not reduce infarct size, 

suggesting that pretreatment with tamoxifen is necessary to observe a protective effect. 

These studies suggest that clinically important SERMs may have an additional 

unrecognized beneficial effect of protection of the female brain. 
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INTRODUCTION 

Within the last few years, there has been a growing interest in the actions and functions 

of 17~-estradiol in the brain, particularly on whether it is neuroprotective in such 

neurodegenerative conditions as stroke, Alzheimer's disease and Parkinson's disease [1, 

for review]. With respect to ischemic stroke damage, the first studies to implicate 17~

estradiol as being potentially neuroprotective were studies which showed that intact adult 

female rats and gerbils sustain lower mortality and less neuronal damage as compared to 

age-matched males following middle cerebral artery occlusion (MCAO) [2,3]. That this 

gender-based protection observed in females was due to ovarian estrogen was suggested 

by studies in which ovariectomy eliminated the protective effect observed in females 

following cerebral ischemia [2], and by work showing that exogenous administration of 

estradiol dramatically reduces infarct volume following MCAO in ovariectomized female 

rats [4-8], middle-aged female rats [9], and reproductively senescent female rats [10]. 

While there is a considerable body ofliterature on estrogen·bejng neuroprotective, 

considerably less is known concerning the actions and effects of selective estrogen 

receptor modulators (SERMs) in the brain. SERMs are steroidal or non-steroidal 

compounds that can exhibit either estrogen-like agonistic '?r estrogen-antagonistic effects, 

depending upon the tissue it is acting upon. Of the SERMs available today, tamoxifen is 

perhaps the best known and is Food and Drug Administration (FDA) approved for the 

treatment/prevention of breast cancer. Although an ideal SERM has yet to be developed, 

theoretically it would exhibit antagonist activity in the breast and uterus, and agonistic 

activity in the cardiovascular system, bone, and brain. Since SERMs are clinically 
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important compounds that are widely prescribed, it is important to understand their 

potential effects upon the brain. Toward this end, the purpose of the present study was to 

examine whether the SERM, tamoxifen, can protect the female rat brain against stroke. 

The results of the study reveal that doses oftamoxifen that are equivalent to the 

therapeutic range used in humans, yields a dramatic protection of the brain in adult . 

ovariectomized female animals with MCAO-induced' stroke, an effect that was found to 

·be independent of cerebral blood flow changes and to require.pretreatrnent. 
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MATERIALS AND METHODS 

Drugs and Animal Preparation 

Sixty-day old, Holtzman Sprague-Dawley,. female rats (Harlan, 1N) were used for the 

, study. The animals were individually housed in a climate-controlled vivarium with free 

access to food and water. The animals were bilaterally ovariectomized under ether 

anesthesia as described previously [11]. At the time of ovariectomy, animals were 

implanted with time-release pellets containing placebo or. tarnoxifen (hmovative 

Research of America, Sarasota, FL ), which steadily release approximately 0.1, 0. 8 or 2.4 

mg/kg/day oftarnoxifen- the 0.8 and 2.4 mg/kg/day doses are equivalent to the 

therapeutic range used in humans, with the 0.1 mglkg/day dose being below the 

therapeutic range [12-15]. Additionally, in some experiments as indicated in the figure 

legends and text, the placebo and tarnoxifen pellets were not implanted at ovariectomy, 

but were instead implanted at the time of the MCAO procedure so as to determine 

whether pretreatment was necessary to observ.e a protective effect. All surgical 

. procedures described in this section and below were conducted in accordance with the 

guidelines for use and care for laboratory animals and were approved by the Medical 

College of Georgia Institutional Committee for the Care and Use of Animals in Research 

and Education. 

Cerebral Ischemia Model 

One week after ovariectomy and implantation of the placebo or tarnoxifen pellets, the 

animals were subjected to permanent middle cerebral artery occlusion (MCAO) to 
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produce cerebral ischemia. Briefly, animals were anesthetized with sodium pentobarbital 

(50 mg!kg, intraperitoneal injection [i.p.]) and the body temperature was monitored using 

a rectal probe and maintained at 37°C throughout the surgery. MCAO was performed as 

described previously by Zea Longa et a!. using the intraluminal suture occlusion model 

[ 16]. The common carotid artery was exposed by a midline incision and the branches of 

the external carotid artery were cauterized. A 3-0 monofilament thread with a rounded tip 

was introduced into the external carotid artery in a retrograde fashion. The common 

carotid artery and the internal carotid artery were temporarily occluded and the suture 

was advanced cranially into the internal carotid artery over a distance of exactly 19 mm, 

measured from the bifurcation of the common carotid artery, until resistance was felt. 

The suture was left in place and the clamp from the common carotid artery was removed. 

The external wound was then closed and the· animal was allowed to recover. Infarct size 

was determined 24 hours later as described below. 

Assessment of Ischemic Infarct 

Twenty-four hours post"occlusion, the animals were injected with sodium pentobarbital 

(20.0mg!kg i.p.) and then decapitated. The brains were carefully removed and sectioned 

coronally at 2 mm intervals from the frontal pole. The brain slices were initially placed in 

0.9% saline and subsequently in a petri dish in 2,3,5- Triphenyltetrazolium chloride 

(TTC) (2% by w/v in 0.9% saline). TTC stains the viable brain tissue red whereas the 

infarcted area fails to take up the stain and remains white. The brain slices were incubated 

for 20 minutes at 37°C in TTC and fixed by immersion in 2% paraformaldehyde solution. 

The volume of infarct was calculated by integrating the area of injury on the sections of 



each brain. Total, cortical and striatal infarct volumes were quantified using a 

computerized image analysis system and infarct size was expressed as percent 

hemisphere or region infarcted (NlH Image Analysis software, Version 1.62). 

Neurological and Cerebral Blood Flow Assessment 
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Neurological Assessment: To confirm that the MCAO procedure resulted in successful 

occlusion of cerebral blood flow, the animals were examined 24 hours after MCAO for 

neurological defects that are characteristic of stroke (i.e. gait disturbances, circling, 

extension deficits of the left forelimb, and walking to the right). Animals with successful 

occlusion of the MCAO showed significant gait disturbances, with circling motion and 

walking to the right. In addition, they also showed significant extension deficit in the 

forelimb of the left side. Animals that did not show the above-mentioned neurological 

signs were deemed to not have a reliable occlusion and were excluded from the study. 

Cerebral Blood Flow Assessment: To further confirm that MCAO effectively occludes 

cerebral blood flow (CBF) and that tamoxifen protection was not due to effects upon 

CBF, Laser Doppler analysis was used to measure CBF in placebo and tamoxifen-treated 

· animals before and after MCAO. To measure CBF, a Laser Doppler probe was positioned 

over the cranium at 1.0 mm posterior to bregma and 4.0 =·lateral to the sagittal suture 

over the left parietal cortex, an area affected by cerebral ischemia. Baseline 

measurements were obtained every 5 minutes for 30 minutes prior to and after vascular 

occlusion. 
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Statistical Analysis 

The data are expressed as the Mean ± SE. The n value for each group is indicated in each 

figure legend. The differences between experimental groups were analyzed using one

way analysis of variance, and comparison between treatment means were made using the 

Tukey multiple comparison test or Dunn's test as indicated in the figure legends. A p 

value of< 0.05 was deemed as statistically significant. 

RESULTS 
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Figure 1 shows representative brain sections from a placebo (control) and tamoxifen

treated ovariectomized rat, which shows qualitatively the dramatic reduction in infarct 

size induced by the low therapeutic dose of tamoxifen (0.8 mg/kg/day). Figure 2, shows 

quantitative analysis of the results of different doses oftamoxifen upon total infarct size. 

As shown in Figure 2, control animals and animals receiving the 0.1 mg!kg/day dose of 

tamoxifen had an infarct size that was approximately 53% and 46% of the cerebral 

hemisphere, respectively (not significantly different). In contrast, animals treated with the 

0.8 and 2:4 mg/kg/day doses oftamoxifen animals, which represents a low and high 

therapeutic dose oftamoxifen, had an infarct size that was approximately 15-16% of the 

cerebral hemisphere, which equates to an approximate 70-72% reduction in infarct size 

by the 0.8 and 2.4 mg/kg/day doses oftamoxifen (p < 0.05 vs. control) (Figure 2). The 

reduction in infarct size was due primarily to a dramatic reduction in ischemic damage in 

the cerebral cortex and striatum by the 0.8 and 2.4 mg/kg/day doses oftamoxifen (cortex: 

approximately 55-60% reduction vs. control; striatum: approximately 42-48% reduction 

vs. control) (p < 0.05 vs. control) (Figure 3). Laser Doppler analysis further revealed 

that, as expected, MCAO resulted in a dramatic and significant decrease in cerebral blood 

flow in the ovariectomized control and tamoxifen-treated rats, and the doses of tamoxifen 

that we found to be neuroprotective (0.8 and 2.4 mg/kg/day) did not affect cerebral blood 

flow (Figure 4). As shown in Figures 5 and 6, administration oftamoxifen (0.8 

mg/kg/day) at the time ofMCAO had no significant effect on total infarct volume 

(Figure 5) or regional infarct volume in the striatum or cortex (Figure 6), which suggests 

that pretreatment is necessary to observe the protective effect of tamoxifen. 
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DISCUSSION 

The present study demonstrates for the first time that therapeutic doses of tamoxifen 

significantly reduce infarct size in the female rat brain that has undergone MCAO

induced cerebral ischemia. This raises the intriguing possibility that therapeutic doses of 

tamoxifen may also have beneficial effects upon the brain in humans. It should be 

mentioned that the protective effect of tamoxifen in our study was observed in 

ovariectomized animals, i.e. in the absence of estrogen. We chose to use the 

ovariectomized rat model because its estrogen deplete state is similar to the situation that 

occurs at menopause in women, where estrogen levels are approximately 1% of those 

observed in normal young cycling women [17]. Our finding that tamoxifen is protective 

in ovariectomized animals is important as it suggests that tamoxifen (and possibly other 

SERMs) may be neuroprotective at post-menopause in women, when estrogen is depleted 

and the risk for stroke is significantly increased [18, 19]. Although there is generally little 

indication to prescribe tamoxifen to males, it is interesting to note that it may be 

protective in males as well, as Kimelberg et al. have recently reported that tamoxifen is 

protective in intact male rats in an ischemic-reperfusion model of cerebral ischemia, 

albeit at a relatively high dose (5 mg/kg) [20]. 

The neuroprotective effect of therapeutic doses ofiamoxifen in our study was.observed in 

both the striatum and cerebral cortex, which is similar to the regional protective effect 

afforded by estradiol [7,21,22]. In support of this possibility, tamoxifen has recently 

been shown by several investigators to protect the striatum against 1-methyl-4-

phenylpyridine (MPP+)-induced toxicity, which is a well-established model for 

Parkinson's disease ·(23,24). Our finding that tamoxifen has estrogen-iike neuroprotective 
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effects in the brain adds to a growing literature demonstrating estrogen-like effects of 

tamoxifen in the regulation of glucose transporters and IGF -1 expression in the primate 

cerebral cortex [25], glutamate receptor levels in the rat cerebral cortex [26,27], and brain 

metabolism in humans [28]. The SERM, raloxifene and its derivatives have also been 

recently reported to have similar estrogen-like effects on similar end-points in the brain 

[26,27,29-31 ]. Collectively, these studies demonstrate that SERMs can exert estrogen

like actions in the brain in a variety of species. 

While further study is needed to determine the precise mechanism underlying tamoxifen

mediated neuroprotection, the results of the current study suggest that its protective 

effects on the brain are independent of changes in cerebral blood flow. Laser Doppler 

analysis, while demonstrating that the MCAO was successful, did not show any effect of 

the therapeutic doses oftamoxifen upon cerebral blood flow either pre- or post-occlusion. 

The lack of effect of tamoxifen upon cerebral blood flow is reminiscent of the situation 

observed for estradiol, which also exerts neuroprotection in a cerebral blood flow

independent manner [ 4, 7,9,21,22]. 

A review of the literature reveals several possible mechanisms that have been proposed to 

explain neuroprotection by estrogen and SERMs [1, for review]. These include 1) a 

genomic mechanism involving classical nuclear estrogen receptor mediation and 

activation of gene expression, 2) a nongenomic mechanism that is mediated by 

nonclassical membrane estrogen receptors which activate cell signaling pathways, and 3) 

an antioxidant mechanism that does riot involve estrogen receptor mediation. In possible 

support of a genomic mechanism, our study showed that pretreatment was necessary to 

observe the protective effect oftamoxifen, as administration at the time ofMCAO did not 
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affect infarct volume as measured 24 h after MCAO. Interestingly, recent work by our 

laboratory using gene chip analysis has demonstrated that tamoxifen regulates a number 

of genes in the cerebral cortex that have been implicated in neurotropism, 

neuroprotection and neurogenesis, which could mediate a beneficial protective effect of 

tamoxifen (Dhandapani K, Wade M, De Sevilla L and Brann DW, unpublished 

observation). 

It should be mentioned that expression of estrogen receptor-a and estrogen receptor-~ 

has been reported in the cerebral cortex of animals, but their expression in the striatum 

has been reported to be low or nonexistent [32,33]. Nevertheless, estrogen receptor 

knockout mouse studies have implicated a role for estrogen receptor-~ in mediating 

estrogen protection of both the striatum and cortex [21], and administration of an 

estrogen receptor antagonist has been shown to exacerbate ischemic injury in the brain of 

female animals [34], findings which collectively suggests a role for the estrogen receptor 

in protection from ischemic damage [21]. Obviously, further work is needed to 

determine whether the tamoxifen effects observed in our study require the presence of the 

estrogen receptor, and whether its protective effects in the striatum are mediated by 

classical estrogen-receptors, nonclassical membrane receptors, or by an indirect pathway. 

With regards to alternative protective pathways, it should be mentioned that tamoxifen is 

reportedly a potent antioxidant, and can regulate glutamate and nitric oxide signaling, 

effects which could also underlie its protective actions in the brain [35-38]. Given the 

significant protective effect exerted by tamoxifen in our study, further work is clearly 

needed to determine the precise mechanisms underlying its potent neuroprotective 

actions. 
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In conclusion, the present study demonstrates for the first time that therapeutic doses of 

tamoxifen are strongly protective of the female rat brain undergoing cerebral ischemia. 

Tamoxifen-induced neuroprotection was observed in the cerebral cortex and striatum, 

and was found to be independent of cerebral blood flow changes. Pretreatment was 

required to observe the protective effect, which suggests that a genomic mechanism may 

have a role in the protective action of tamoxifen. This work thus demonstrates that 

tamoxifen dramatically protects the female brain from stroke damage in the rat, and raises 

the exciting possibility that a similar protective effect may be possible in humans. 
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FIGURE LEGENDS 

Figure 1. Representative brain sections from a placebo (control) and tamoxifen-treated 

(0.8 mg/kg/day) ovariectomized adult rat that had undergone permanent MCAO. The 

brain sections are stained with TIC, which stains live tissue pink, whereas dead, infarcted 

tissue does not take up the stain and appears white in color. Note the large infarct in the 

control animal, and the dramatic reduction of infarct size observed in the tamoxifen

treated animal. 

Figure 2. Quantitative analysis of total infarct size in placebo (control) and tamoxifen

treated (0.1, 0.8, 2.4 mg/kg/day) ovariectomized adult animals that had undergone 

permanent MCAO 24h earlier. N =5-7 per group. One-way ANOV A followed by 

Tukey's multiple comparison test was usedJor analysis of the data. P < 0.05 versus the 

placebo group. 

Figure 3. Quantitative analysis of striatum and cerebral cortex infarct size in placebo 

(control) and tamoxifen-treated (0.1, 0.8, 2.4 mglkg/day) ovariectomized adult animals 

that had undergone permanent MCAO 24h earlier. N = 5-7 per group. One-way ANOV A 

followed by Dunn's test was used for the analysis of the data. P < 0.05 versus the placebo 

group. 

Figure 4. Representative laser doppler cerebral blood flow measurements demonstrating 

that MCAO dramatically reduces regional cerebral blood flow and that tamoxifen (0.8 
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and 2.4 mglk:g/day) does not affect cerebral blood flow in ovariectomized adult rats. The 

data is expressed as arbitrary units. N = 2-4 animals per group. 

Figure 5. Effect oftamoxifen (0.8 mglk:g/day) treatment at the time ofMCAO upon total 

infarct size in ovariectomized adult animals. N = 4-7 per group. One-way ANOV A 

revealed no significant difference between tamoxifen-treated and the placebo group. 

Figure 6. Effect oftamoxifen (0.8 mglk:g/day) treatment at the time ofMCAO upon 

striatum and cerebral cortex infarct size in ovariectomized adult animals that had 

undergone permanent MCAO 24h earlier. N = 4-7 per group. One-way ANOV A revealed 

no significant difference between tamoxifen-treated and the placebo group. 
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Chapter 5 

CHARACTERIZATION OF AXONAL FASCICULATIONS AND THE ROLE OF 

PSA-NCAM IN A RAT PRIMARY CORTICAL NEURONAL CULTURE 

MODEL. 

ABSTRACT 

Axonal fasciculation is a mechanism deployed by the growing axons to reach their target 

site during the development of the nervous system. We have characterized the presence 

of the fasciculations in rat primary cortical neuronal culture system. This process of 

axon-axon interactions are known ·to be mediated by various cell adhesion molecules 

(CAMs), including neuronal CAM (NCAM). Several groups have studied NCAM and its 

polysialylated form, PSA-NCAM for its important role in the fasciculating process. We 

also provide evidence to show that PSA-NCAM plays a permissive role in mediating 

axonal fasciculations in our cultures. We show the specific time dependence of the 

axonal interaction seen in our culture model. In addition, we have characterized the 

fasciculations seen in our culture system using electron microscopy and immunostaining 

procedures. Our experiments showed that neuraminidase causes defasciculation whereas, 

the enzyme inhibitor along with the neuraminidase rescues the fasciculations from its 

detrimental effect. This is an useful in vitro model to study the molecular mechanisms 
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involved in the regulation of axonal fasciculations and to further investigate the 

permissive nature of the regulation of axonal fasciculations by PSA-NCAM. 
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INTRODUCTION 

During the development of the nervous system, growing axons deploy several 

mechanisms to reach their target sites. This phenomenon of axonal guidance is 

influenced by cues from the target site, structures en route and more importantly by 

interaction of the axons with each other. These interactions between the axons can be 

attractive ( eg. axonal fasciculation) or repulsive ( eg. defasciculation) in nature. Earlier 

studies on the grasshopper nervous system have shown that growing axons successively 

fasciculate and defasciculate as they traverse their trajectory to reach their target site (1). 

The vertebrate nervous system being as complex as it is, would rely heavily on such 

axonal interactions for the trafficking of the axons to their appropriate target sites. 

Several laboratories have reported the importance of the cell adhesion molecules 

(CAMs), especially the neural cell adhesion molecule (NCAM) in this process of cell-cell 

interactions (2,3,4). NCAM, a member of the immunoglobulin superfamily, has been 

studied for its role in mediating hemophilic as well as heterophilic cell-cell interactions 

· (5). Alternative splicing of a single copy of the NCAM gene yields a variety ofisoforms. 

In addition, further variability is generated at the post-translational level (5). An 

interesting feature of NCAM is its high degree of polysialylation, the polysialylated 

isoforms of NCAM constitute 30% of a.-2-8-linked sialic acid residues (5,6) (PSA

NCAM). Several studies have reported the non-permissive role ofPSA-NCAM for cell

cell interactions (7). In contrast, recent reports have demonstrated a positive role ofPSA

NCAM in promoting axonal fasciculations (8,9). 

Hence, the molecular mechanism whereby PSA on NCAM modulates cell-cell 

interactions remains to be elucidated. To this end, several, groups have investigated this 
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question using different paradigms such. as sensory and motor neurons innervating the 

chick hind limb (10,11), chick retinal explants (12), and NCAM knock out mice (8) 

among others. We investigate for the first time the role ofPSA-NCAM in a serum free, 

rat primary cortical neuronal culture model. Significant amount of work has been done in 

the peripheral nervous system to facilitate our understanding of the role of PSA in 

development. However, the developing vertebrate central nervous system is the most 

abundant source of PSA (13). Accordingly, the rat cortical neuronal model plays an 

important role in elucidating the mechanisms underlying axonal fasciculations. Hence, 

we hypothesized that the PSA-NCAM plays a permissive role in promoting the 

fasciculation process between axons, facilitating neuronal migration. 

Using this system, we have characterized the axonal fascicles usmg 

immunohistochemistry among other techniques. In our experiments, we find a selective 

participation of axons in the fasciculating process in culture. In addition, our results have 

led us to believe that the fasciculating process is time dependent in which the axons 

fasciculate only during a narrow window of time. To determine the role ofPSA-NCAM 

in the process we examine here the . effect of differing treatments to perturb the 

fasciculations. We find that disruption ofPSA by the addition of sialidase brings about 

defasciculation. Our results strongly support the hypothesis that PSA-NCAM play a pro

aggregatory role in the fascicrilatory process and the fasciculations are highly selective 

for axons and time dependent in the serum free, rat primary cortical neuronal culture 

system. 
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MATERIALS AND METHODS 

Rat Primary Cortical Neuronal Culture under Serum Free Conditions 

All procedures were carried out in accordance with guidelines by the committee on 

animal use for research and education (CAURE) at the Medical College of Georgia. 

E15-E18 day emryos were obtained after cesarean section of pregnant Sprague-Dawley 

rats. Embryonic brains were removed and dissected under the microscope in cold Hank's 

Balanced Salt Solution (HBSS). After dissecting the fronto-parietal cortices of the 

embryos, they were put in HBSS kept on ice. Once the dissections were completed, 

under sterile conditions HBSS was replaced with 5 ml of Initial Plating Medium (!PM) 

with 10% fetal bovine serum (FBS). Tissue was dissociated 8-10 using a sterile pipette. ' 

Following which the tissue was sequentially filtered through a 145f.l and a 75f.l filter. 

Cells were then counted using the. trypan blue assay, and were plated in poly-D-lysine 

coated 4-well and 24-well plates. Cells were plated with a plating density of 600, 000 to 

650,000/well. The cells were plated in lPM with 10% .FBS for the first 5 hours after 

which the culture medium was changed to lPM only. After 72 hours, the medium was 

replaced by culture medium containing cytosine arabinoside (1 f.LM). Cytosine 

arabinoside at this particular concentration is used to keep the astrocytic proliferation to 

the minimum without being detrimental to the neuronal population. Culture Medium 

consists of Neurobasal™ Medium and B27 serum free supplement (GIBCO, NY), 

Penicillin-Streptomycin liquid (IX) (GIBCO,NY) and L-glutarnine 0.5mM (Sigma, MO). 
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The Initial Plating Medium consists of the Culture medium mentioned above and 251J.M 

L-glutamic acid (Sigma, MO). 

Drug Treatments 

For experiments to investigate the role of PSA in the development of the fasciculations, 

cells were treated with Neuraminidase solution from Vibrio cholerae (Sigma, MO) which 

disrupts the al~8 linkages, at concentrations of lOmM and 20mM. In addition, cells 

were also treated with addition of lSOIJ.M of 2-deoxy-2,3-dehydro-N-acety!neuraminic 

acid (Ca!Biochem, CA), which is an inhibitor of neuraminidase activity. Treatments 

were carried out beginning on day 3, 5 and 7 of culture. 

Electron Microscopy (EM) 

Transmission EM: Cells were fixed with 2% paraformaldehyde/2% gluteraldehyde 

fixative for 30 minutes, followed by 2 washes with distilled phosphate buffered solution 

(PBS) with Ca2+. and M~+ in a 24. well dish. Cells were post-fixed in 2% osmium 

tetroxide in O.lM PBS for 30 minutes at room temperature. Cells were then dehydrated 

in graded ethanol series and infiltrated with Epon 812 for several hours and then 

polymerized for 24 hours. The embedded tissue was taken out from the 24-well culture 

plate by destroying the surrounding plastic. All embedded samples were viewed and 

oriented under light microscope before sectioning. The thick sections were stained with 

toluidine blue and were viewed in a Zeiss Axiospot 2 plus. Ultrathin sections were 

stained with uranyl acatate and lead citrate. All sections thus prepared were examined 

with JEOL Electron Microscope at 80 KV. 
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Scanning EM: Cells were grown on poly-D-lysine coated 4-well plates. Before 

processing the cells for scanning EM, the discs were removed with the cells attached. It 

is important to not let the cells dry in the process. The discs were were placed in EM Fix 

. for 1 hour in the refrigerator. EM Fix is composed of 2% gluteraldehyde, 2% 

paraformaldehyde mixture in O.lM cacodylate buffer, pH 7.2. After which the cell were 

rinsed with EM Buffer wash.2-3 times at 10 minute intervals. EM Buffer wash consists 

of 0.2M cacodylate buffer, pH 7.2 + 7% sucrose mixed half and half. Following which 

cells were dehydrated in a graded series of ethanol (ETOH) to 100%. Discs were critical 

point dried using a Tousimis Samdri-790 critical point dryer. Discs were mounted on 

aluminum, SEM mount stubs, using double sticky tabs then grounded using Aquadag 

Colloidal Graphite. Discs were sputter coated with gold-paladium for 2 minutes at 10 

milliamperes using a Technics Hummer I Sputter Coater. Finally, cells were scanned and 

photographed using a Philips XL-30 FEG Scanning Electron Microscope. 

Immunocytochemistry 

For the detection of Microtubule Associating Protein-2 (MAP-2), Neuron-Specific 

Nuclear Protein (NeuN), Glial Fibrillary Acidic Protein (GF AP), Neurofilament protein 

(NF-66) and NCAM, cultured neurons were washed with 1X Hank's Balanced salt 

Solution (HBSS) and then fixed in 4% paraformaldehyde for 20 minutes at room 

temperature. The neurons were then permeabalized by treating with 0.5% Triton X-100 

for 5 minutes. Neurons were then bloc~~~ in blocking solution (Normal goat Serum 5%, 

Bovine Serum Albumin 1% in PBS) for 30 minutes, to block the non-specific binding 

sites. Subsequently, the cells were incubated with the desired primary antibody [GF AP-



73 

polyclonal (DAKO Corp.) and monoclonal (Sigma, MO), MAP2- monoclonal (Sigma, 

MO), NeuN- monoclonal (Chemicon) and NCAM (ED PharMingen, CA)] for 90 minutes 

and after extensive washing with PBS, cells were incubated with species specific . -

secondary antibody [Anti-mouse and Anti-rabbit] (Sigma. MO) for another 90 minutes. 

After the staining was completed, the ne1,1rons were covered with glass cover slips using 

Immunomount (Promega, WI) and imaged using a confocal microscope. 

Conj'ocalAficroscopy 

Confocal imaging was performed on a Zeiss Axioplan-2 mot upright microscope 

equipped with a Zeiss 510 NLO scan head (Carl Zeiss Microlmaging. Inc., Thornwood, 

NY). The LSM 510 software (version 3.0 SP3, Carl Zeiss, Heidelberg, Germany) was 

used to capture the images. 
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RESULTS 

Characterization of the Serum Free Rat Primary Cortical Neuronal Culture 

After the tissue was harvested and plated as explained in the Methods section, the 

cultures were characterized by immmunostaining using various markers on day 5 (Day In 

Vitro, DIV). This served the dual purpose· of establishing the relative purity of our 

neuronal cultures and to test our ability to consistently produce similar results under 

similar conditions. As shown in Fig.lA, double staining was done using GFAP (an 

astrocytic marker) and NeuN (a neuronal specific marker). Our cultures showed -92% 

purity for neurons with minimal astrocytic contamination (n=4). To further characterize 

our model, double staining was also done using GFAP and MAP-2 (a marker specific for 

neuronal cell bodies and proximal dendrites) as shown in Fig. !B. The GFAP and MAP-2 

staining confirmed the overwhelming abundance of neurons as compared to astrocytes m 

different experiments (n=4). 

Appearance, Time Course and Disappearance of the Axonal Fasciculations 

As mentioned above, the dissociated ·neuronal cultures obtained from the rat fronto

parietal cortices are composed one major cell type, the neuron. On 5 DIV, the neurons 

cultured on poly-D-lysine exhibit thick band like processes in the culture, as shown in 

Fig. 2A. We hypothesize that these band like processes are an aggregation of axons from 

various neurons, that come together to form axonal fasciculations. Upon tracking the 

same axonal fascicle, we observe that they persist in culture through 9 DIV of the culture 

(Fig.2B-2D). However, on 9 DIV their intensity is diminished and appear less robust as 
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compared to day 6-8 (Fig.2B-2D). By the end of 10 DIV, the culture is completely void 

of any fasciculating processes and we believe that spontaneous defasciculation has taken 

place. We have repeatedly observed a similar time course of appearance and 

disappearance of the axonal fasciculations in all our experiments (n=15) that led us to 

believe that axonal fasciculations demonstrated by rat cortical neurons in vitro is a 

programmed phenomenon most likely mediated by the timed expression of important 

molecules such as PSA-NCAM among others. Several groups have studied the role of 

various molecules in the fasciculating and defasciculating process, however we are the 

first to report the time course of axonal fasciculations in rat primary cortical neurons in 

culture. 

Age Depe11de11ce a11d Physical Chacteristics of A-Y:o11al Fasciculatio11s 

We report two novel observations: The development of the axonal fasciculations is an 

age dependent phenomenon. Neuronal cujtures obtained.fi:om rat embryos younger than 

E16 (n=4) and older than E18 (n=4) failed to demonstrate any fasciculations i11 vitro over 

a course of 10 days. Only neurons obtained from rat embryos E16-E18 demonstrated the 

ability to fasciculate through 5 -10 DIV as shown in Fig. 2A-2D. Secondly, we observed 

that the size and thickness of the bundles was tightly regulated. All bundles were 

uniform in their wavy appearance and did not exceed 50!-IM in diameter with the axonal 

processes entering and exiting the fascicle randomly, at various points. 
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Electron Microscopy Studies of the Axonal Fasciculations 

In order to characterize the fascicles seen in our culture model, transmission as well as 

scanning electron microscopy studies were performed. The low magnification 

transmission electron microscopy (TEM) confirmed the presence of the fasciculations 

throughout the extent of the field (Fig. 3A). As seen in Fig. 3A, the fasciculations do not 

get thicker than a diameter of I Of.!, suggesting that it is a controlled process rather than 

random aggregations of axons. The high magnification TEM in Fig. 3B displays the 

individual axons participating in the fascicle. As expected the fascicle does not 

incorporate a large number of cell bodies of any type. The consistent appearance of the 

constituent neuronal axons in the fascicle reduces the possibility of the presence of 

astrocytic processes. 

Scanning electron microscopy (SEM) was done primarily to confirm the findings from 

TEM. The SEMs in Figs. 3C and 3D are low and high-resolution images of the same 

field. As seen in Figs. 3Cand 3D, the fascicles are relatively acellular with the 

participating axons having a uniform diameter. Fig. 3D reveals an interesting feature of 

the fascicle, in that the axonal processes enter and exit the fascicle randomly, along its 

length, however the component axons do not display a branching pattern. 

Imm111wstailli11g of the Axo11al Fasciculatio11s 

In the mammalian nervous system, intermediate filament proteins. serve as cell-specific 

markers in differentiated cell types (14). Just as GFAP is specific for astrocytes, 

neurofilament (NF) proteins are specific for neurons and their processes. Of the many 

distinct subunits of mammalian neurofilaments such as NF-L, NF-M, NF-H, is a 66 kDa 

protein termed NF-66 (15,16,17,18,19). In the rat nervous system, NF-66 is localized in 
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neurons and neuronal processes in both embryonic and postnatal brain (20). In addition, 

NF-66 is also detected in the mouse and human fetal brains. Comparison of the mouse, 

rat and human NF-66 indicated >90% homology in protein sequence and 85% homology 

in coding nucleotide sequence (21 ). Previously published results from our laboratory 

have shown that NF-66 immunoreactivity is seen in numerous wavy processes organized 

into densely populated fascicles (14). 

Double Labeling of NF-66 and MAP-2 

As seen by confocal microscopy, MAP-2 staining (green) was evident in the neuronal cell 

bodies and proximal processes (Fig.4Aii) and NF-66 staining (red) was selectively seen 

in the axonal fasciculus and other axonal processes (Fig.4Ai). Absence of any overlap 

between the NF-66 and MAP-2 staining (inferred by the absence of yellow) during the 

double labeling (Fig.4Aiii), demonstrated that the fasciculus does not contain any cell 

bodies or dendritic processes and ahnost exclusively composed of an aggregation of 

axons. 

Double Labeling ofNF-66 and GFAP 

In Fig. 4B, double labeling with NF-66 and GFAP is shown. As mentioned previously, 

NF-66 selectively stains for the axonal fasciculus (shown by arrow in Figs. 4Bi and 4Biii) 

and other axonal processes (red) and GF AP specifically stains for astrocytes (green). It is 

evident from Fig. 4Biii, that there is no astrocytic participation in the axonal fasciculation 

due to the lack of any overlap between NF-66 and GF AP staining. 

Double Labeling of NF-66 and NCAM 

NCAM is a protein that plays an integral role in the fasciculating process (Cremer et al., 

1997). In the present study, we speculated that if the wavy thick bundles are axonal 
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fasciculations then they would co-localize for NF-66 as well as NCAM on double 

staining. Figs. 4Ci and 4Cii show NF-66 and NCAM staining respectively. In Fig. 4Ciii, 

the axonal fasciculations stain for both NF -66 and NCAM as evidenced by the significant 

overlap and co-localization of both the stains (seen as yellow in the image). This not 

only confirms the presence of axonal fasciculations in our culture model but also suggests 

the important pro-aggregatory role ofNCAM in forming fasciculations. 

Evidence for PSA-NCAM in promoting Axonal Fascicnlations 

Treatment of Neuronal Cultures on 5 DIV 

As mentioned previously, the axonal fasciculations first appear on 5 DIV. In our 

experiments, we treated the cultures on 5 DIV with various treatments and followed them 

over the next 48 hours. Addition of lOmU of neuraminidase on 5 DIV did not alter the 

normal progression of the fasciculating process (Fig. 5A-C). Neuraminidase is· an 

enzyme specific for destroying the sialic acid residues (22,23). However, addition of 

20mU neuraminidase on day 5 of the culture, caused complete disruption of the axonal 

fasciculations, which were conspicuous by their absence within the next 24 hours as seen 

in Figs. 5G-I. The axonal fasciculations were rescued from the disruptive effect of 

20mU Neuraminidase by addition of 150J.LM of2-deoxy-2,3-dehydro-N-acetylneuraminic 

acid, which is a sialidase inhibitor (24) (Figs. 51-L). Addition of 150J.LM sialidase 

inhibitor by itself, did not alter the fasciculations in the 1 OmU Neuraminidase treatment 

group (Figs. 5D-F). These results strongly suggest that the presence ofPSA facilitates the 

fasciculation of axons as cleavage of the sialic acid residues by sialidase leads to 

defasciculation within 24 hours. 
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Treatment of Neuronal Cultures on 7DIV 

Similar treatments were carried out on the cultures on 7 DN, ie. 48 hours after the 

appearance of fasciculations. As seen with treatment on 5 DN, lOmU Neuraminidase 

did not change the normal progression of the fasciculations (Figs. 6A-C). In contrast to 

our findings with treatment of cultures on 5 DN with 20rnU Neuraminidase, similar 

treatment on day 7 did not disrupt the fasciculations as shown in Figs. 6G-I. Addition of 

150J.LM sialidase inhibitor did not alter the fasciculations in both the lOrnU and 20rnU 

Neuraminidase treatment groups. (Figs. 6D-F and Figs. 6J-L). Based on these results, we 

believe that the vulnerability of the fascicles is decreased on day 7 as compared to 5 DN. 

In addition to the above experiments, studies with the treatment of cultures with 1 OmU 

and 20mU Neuraminidase and 150J.LM sialidase inhibitor were also carried out prior to 

the appearance of fasciculations on 4 DN. Consistent with our findings, addition of 

20rnM neuraminidase inhibited the development of the fasciculations (data not shown). 

Effect of Substrate a11d Semm 

The appearance of fasciculations is not substrate dependent. We have examined serum 

free cultures grown in plates pre-coated with poly-D-lysine (PDL) and poly-L-

omithine/Larninin (BD Biosciences, CA). We found significant similarities in the 

behavior of the fasciculations (data ~ot shown). Coating with either Larninin or 

Fibrnectin only, without PDL is not conducive to the growth of neurons under serum free 
• 

conditions. 
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Fasciculations are also observed in cortical neuronal cultures in the presence of serum. In 

general, the presence of serum promotes healthier growth and development of neurons in 

terms of cell number and process formation. Nevertheless, we observed fascicle 

formation in serum containing culture on or around 5 DN. The physical characteristics 

of the fascicles in the serum containing cultures are very similar to that in serum free 

conditions (data not shown). 
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DISCUSSION 

Several groups have investigated the role of PSA-NCAM in axonal fasciculations using 

different models (10,11,25). However, wear~ the first to demonstrat~ that PSA-NCAM 

promotes axonal fasciculations using a rat primary cortical neuronal culture model. 

Recently, Bagnard et a/., have reported that the semaphorin protein, Sema3A (expressed 

in the thalamocortical pathway) increased the rate of homotypic fasciculations between 

the cortical and thalamic neurons (26). This, to our knowledge, is the only other report 

besides ours, to study axonal fasciculations using an in vitro model of rat primary cortical 

p.eurons. We believe this in vitro model serves as an excellent tool to investigate the 

interactions between axonal surface molecules and environmental cues that may be 

important for the establishment of precise neuronal connections in the developing 

nervous system. 

Our studies have led us to believe that the ability of the axons to fasciculate is a process 

that occurs only during a narrow window of the developmental time frame. Neuronal 

cultures obtained from rat embryos younger than El6 (n=4) and older than El8 (n=4) 

failed to demonstrate any fasciculations in vitro over a course of 10 days. Only neurons 

obtained from rat embryos El6-El8 demonstrated the ability to fasciculate through day 

5-day 10 in culture, as shown in our results. In addition to the age of the embryos, we 

also note in our results that neurons from El6-El8 rat embryos, consistently start 

fasciculating on day 5 in culture and the fasciculations disappear by day 11 in culture. 

This timed appearance and disappearance of fasciculations suggests that this process is 

mediated by tightly regulated expression of certain axonal surface molecules and 
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environmental cues in time. This is jn agreement with findings from in vivo studies as 

reported by several investigators. 

One of the limitations of light and confocal microscopy was that it did not allow us to 

definitively resolve individual axons within the participating fasciculus (27). This kind 

of information is essential to determine the exact nature of the interaction of the axons 

with one another within the fasciculus and also to closely observe the entry and· exit of 

the participating axons. As shown in the Fig. 3, evidence from both TEM and SEM 

confirm the presence of axonal fasciculations in our culture model. We do recognize that 

our EM data is limited in terms of mechanistic explanation. For eg. EM evidence of 

PSA-NCAM on the surface of axons would strongly support our case. However, our 

purpose for the EM studies was to characterize the fasciculations seen in our culture 

model. 

In order to elucidate the role of PSA-NCAM in our culture model, we resorted to 

immunostaining as shown in Fig. 4. We demonstrated the expression ofNCAM by the 

axonal fasciculations by co-localizing NF-66 and NCAM staining on the fasciculus as 

shown in Fig.4C. NF-66 is an .exc~llent 1narker of neurofilament protein and thereby 

helpful in characterizing axonal fasciculations. NF-66 is found in both fetal and adult 

neurons and strongly expressed as early as embryonic day 10 in the mouse brain (28) and 

high levels ofNF-66 have also been detected in the fetal rat brain beginning at E-15 (14). 

In addition, NF-66 expression in the human fetal brain was detected by 

immunohistochemistry in the neurons from second trimester, from 10 to 24 gestational 

weeks (14). NCAM, expressed on axons was found to be essential for branching of 

axons and essentially plays a role during development and regeneration (29,30). 
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Although NCAM's intri~sic property is to serve as an adhesion promoting molecule, PSA 

serves to regulate NCAM' s overall activity (31 ). Hence, we believe in our culture model, 

NCAM plays an adhesive role in facilitating axon-axon interactions. Although we did 

not directly stain the fasciculations for PSA, we chose to assess the functional importance 

ofPSA. 

We have indirectly demonstrated the permissive role of PSA in the process by showing 

that the addition of neuraminidase disrupts the fascicles and that the addition of the 

sialidase inhibitor rescues it from the deleterious effect of the enzyme as shown in Figs. 5 

and 6. This finding is further strengthened by the dose dependent nature of the effect as 

20mU of the enzyme had a more pronounced effect as compared to the lower dose of 

neuraminidase in the cultures. 

Although there is a significant amount of literature which suggests that large amounts of 

PSA on NCAM can decrease cell adhesivity (32,7,5) recently there has been evidence for 

a positive role for PSA-NCAM in the regulation of axon growth and fasciculation (8,9). 

In addition, it has been reported that removal of PSA by enzymatic cleavage by 

Endoneuraminidase-N leads to defasciculation in two scenarios: outgrowth of fibers from 

E7 chick spinal cord explants on collagen in vitro (33) and extension of chick retinal 

ganglion cell axons (34, 13). We believe that the axonal fasciculations in our model is yet 

another novel example of the permissive role ofPSA-NCAM. 

Although we have emphasized on the importance ofPSA-NCAM in axonal fasciculations 

seen in our culture model, we do acknowledge that other surface molecules could play an 

important role as well. A largely conserved gene family, the semaphorins codes for 

various secreted and transmembrane semaphorin proteins. Several of these secreted and 
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transmembrane semaphorins have been shown to function as repellants in vivo as well as . . . 

in vitro (35,36) to regulate axonal fasiculations. A cell adhesion molecule of interest is 

the Drosophila orthologue of NCAM, fasciculin II. Overexpression of fasciculin II on 

motor axons of Drosophila result_s in hyperfasciculation (37). It has been reported that 

two other neuronal adhesion molecules TAG-1 and F3, both expressed by cerebellar 

granule cells act in concert to modulate neurite outgrowth and fasciculation (3 8). Hence, 

potentially some of these molecules could play an important role in the axon-_axon 

interactions in our culture model and deserve to be the subject of future studies. 

In conclusion, we believe that our rat primary cortical neuronal culture model serves as 

an excellent tool to investigate the molecular mechanisms involved in the process of 

axonal fasciculation and growth in development. Our findings have revealed more novel 

properties of axonal fasciculations such as age dependence, physical characteristics and 

susceptibility to PSA cleavage. As mentioned above, we believe our culture system 

serves as an important model to further investigate the permissive role of PSA-NCAM in 

axonal fasciculations. 
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FIGURE LEGENDS 

Figure 1: Irnmunostaining of the neuronal cultures. A) Double staining for GF AP and 

NeuN. The cultures showed -92% purity for neurons. B) Double staining for GF AP and 

MAP-2 also confirmed the abundance of neurons in the culture. Representative images 

were obtained by confocal microscopy and light light microscopy respectively. 

Figure 2: Axonal fasciculations over time in culture. A) 5 DIV: Fascicles are 

completely formed by 5 DIV as shown in the figure. B) 6 DIV: Axons continue to 

aggregate and the fascicles are more robust in appearance. C) 8 DIV: Fascicles persist in 

the culture as the culture assumes a confluency. D) 9 DIV: On day 9 in vitro the number 

and the length of the fascicles are diminished and they appear less robust as compared to 

day 6-8. Representative images were obtained using light microscopy. 

Figure 3: Electron .Microscopy (EM) studies of axonal fasciculations. A) Low 

magnification transmission EM shows the axonal fasciculation spanning the length of the 

field. The thickness of the fascicle rarely exceeds 50~-tm in diameter. B) High 

magnification transmission EM illustrates the individual axons participating in the 

process of fascicle formation. In addition, the fascicle seems to be devoid of a large 

number of cell bodies, hence comprising chiefly of processes. C) Scanning EM (low 

magnification) and D) Scanning EM (high magnification) similarly illustrate the relative 

acellular nature and the uniform diameter of the fascicle. 
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Figure 4: Immunostaining of axonal fasciculations for cytoskeletal proteins. A) 

Antibody against NF-66 (red), a neurofilament protein, stains the fascicle and other 

axonal processes, whereas MAP-2 (green) staining was seen in the neuronal cell bodies 

.and p;oximal processes. The absence of any overlap in .NF-66 and MAP-2 staining 

shows that the fascicles are primarily comprised of axonal, but not dendritic processes. 

B) NF-66 (red) and GF AP (green) double staining shows that there is no astrocytic 

participation in the axonal fasciculus as there is no owdap between NF-66 and GF AP 

staining. C) Double staining for NF-66 and NCAM. NCAM plays an important role in 

the fascciculating process, seen as green stainnig. The axonal fasciculations stain for 

both NF-66 and NCAM as seen by significant co-localization and overlap of both stains 

(seen as yellow in the image). 

Figure 5: Effect of neuraminidase (ND) and sialidase inhibitor (SI) on axonal 

fasciculations. Treatments were administered on 5 DIV and progressively followed for 

next 48 hours. 5A-C) shows the fasciculations prior to addition of lOmU ND (A) through 

24 and 48 hours (B and C) after its addition. As shown, .lOmU ND did not alter the 

normal progression of the fasciculating process. Hence, the addition of 150uM SI did not 

show any effect (5D-F). Figs. 50-I represent the addition of 20mU ND on 5 DIV. 5G 

show normal development of the fasciculus, however within 24 and 48 hours after the 

addition of 20mU ND, complete disruption of the axonal fasciculus is noted. However, 

the disruptive effect of20mU ND was ameliorated by the 150uM SI as shown in 5J-L. 
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Figure 6: Effect of :Neuraminidase (ND) and sialidase inhibitor (SI) on axonal 

fasciculations. Cortical cultures were treated at 7 DIV with ND or SI and observed for 

48 hours. 6A-C) shows the fasciculatioris prior to addition of lOmU ND (A) through 24 

and 48 hours (Band C) after its addition. As shown, lOmU ND did not alter the normal 

progression of the f~~iculating process. Figs. 60-I repres"ent the addition of 20mU ND 
' . . '· 

on 7 DIV. In contrast to Figs. 50-I, the addition of 20mU ND did not alter the time 

coarse of the fasciculations, demonstrating increased resistance to disruption at 7 DIV 

and the addition of 150uM SI as shown in 6J-L did not show any significant difference. 
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Chapter 6 

DISCUSSION AND SUMMARY 
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As shown by our experiments, our findings support the role of oxidative stress in 

exacerbating ischemic damage in acute ischemic stroke. Studies have shown that free 

radicals and related ROS mediate much of the damage that occurs after transient brain 

ischemia and in the penumbral region of infarcts caused by permanent ischemia (1 ). 

Clinical studies have detected the increased malondialdehyde levels in the red blood cells 

of patients with acute ischemic stroke compared with matched controls. In addition, 

superoxide dismutase and glutathione peroxidase activities, which serve as endogenous 

antioxidants, are significantly reduced in post-stroke patients as compared to control 

patients (2). Hence, there seems to be a significant correlation of oxidative stress with 

infarct size, initial stroke severity, and poor short-term prognosis. In addtion, the blood

brain barrier (BBB) plays an important role in maintaining homeostasis in the cerebral 

environmment. The BBB composed of brain microvessel endothelial cells acts as a 

barrier to noxious chemicals. The function ofBBB is two-fold: (1) to protect the brain 

from blood-borne substances that may damage the fragile extracellular environment of 

the neuronal parenchyma and (2) to ensure supply of nutrients (3). Hypoxic-ischemic 

injury leads to changes in th~ integrity of the BBB after stroke and· traUIIla. Endothelial 
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dysfunction results in early permeability increases during cerebral ischemia, resulting in 

the extravasation of plasma components and edema formation (4). 

Our study investigating the effect of iron on ischemic infarct size is important since it 

demonstrates liberation of substantial amounts of iron during hypoxia-ischemia (5). This 

iron can then participate in the generation of free radicals. Palmer et al. have reported 

that, regardless of the source, there is an increase in the amount of iron available to 

promote oxidant stress in the neonatal rat brain following hypoxia-ischemia (6). Clinical 

studies by Davalos et al. suggest a strong relationship between elevated iron stores and a 

poorer prognosis during the early ·phase of acute ischemic stroke (7). This idea is 

consistent with our finding that administration of iron significantly exacerbates infarct 

size as compared to control values after MCAO. As mentioned earlier, we believe that 

the exacerbation in ischemic damage may be due to the intraneuronal release of iron from · 

cells in the ischemic core. This iron is subsequently taken up by surrounding cells 

propagating the infarct. Other studies have shown using immunohistochemistry that 

there is release of iron stores from dying cells which is taken up by the neighboring glial 

cells between day 4-7-after insult (S). However, we believe that this mechanism is of 

relevance in the early acute phase of stroke injury (first 24 hrs) and respo~ible for the 

larger infarcts in the first place. The free iron that is taken up by the cells is redox active . . 

and responsible for the generation of hydroxyl radicals through the Haber-Weiss reaction. 

Hence, we propose that iron mediated oxidative stress is a major factor in elevating the 

infarct size as pre-treatrnent·with tempo! was able to abrogate the iron induced elevation 
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in infarct size. Tempo! is a cell permeable SOD mimetic. In addition, tempo! oxidizes the 

Fe2
+ ions thus preventing the Fenton reaction and the generation of the hydroxyl radicals. 

Rak et al. have reported the neuroprotective efficacy of intravenous administration of 

tempo! in the rat model of transient ischemic stroke (9). In our present study, although 
' 

we administered iron-dextran 24hrs prior to the induction of stroke we were still able to 

see a pronounced effect on the infarct size. Hence, we speculate that the deleterious 

effect of iron largely manifests itself after the disruption of the BBB after the stroke. The 

mechanisms of brain iron transport have not been clearly elucidated and abnormally high 

levels of iron have been demonstrated in some regions of the .brain in various 

neurodegenerative diseases including Hallervorden-Spatz syndrome, Parkinson's disease 

and Alzheimer's disease. Under normal physiological conditions, brain cells obtain iron 

from transferrin (Tf). Most iron (Fe2l after crossing the BBB, is oxidized to Fe3
+ by the 

ferroxidase activity of ceruloplasmin, which then binds to Tf and is then acquired by the 

brain cells (10). Therefore,. the transferrin pathway is the major mechanism for iron 

transport across the BBB (11). However, in case of stroke, free plasma iron could leak 

across the damaged BBB. Here the iron would be directly taken up by cells in a Tf 

independent mauner (11). This excessive intracellular accumulation of iron induces 

oxidative stress· and formation ·of ROS, triggering a pathological cascade of events 

eventually culminating in neuronal death and subsequent 'propagation of the infarct. 

Even though the neuronal source of ROS is extremely important, we believe that the role 

of the ROS generated in the cerebral vasculature is just as important. Pluta et al. have 

shown that the beneficial effects of restoring the cerebral circulation were enhanced by 

the administration of nitric oxide which would scavenge the ROS (12). In our 
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experimental model, we believe tbat tbe circulating iron can induce significant oxidant 

stress in tbe cerebral vascualture. This was evident from tbe fact tbat tbe iron treated 

carotid arteries had significantly higher ROS production as compared to untreated <;antral 

values and tbis effect was dose-dependent. The integrity of the BBB prevents tbe ROS 

from exerting their deleterious effects. However witb tbe disruption of tbe BBB during 

·an ischemic stroke, ROS produced in tbe cerebral microvasculature can gain access to tbe 

brain cells and significantly exacerbate' ischemic damage. We believe tbat tbe cerebral 

vasculature has a far more important role in maintaining the.physiological homeostasis of 

cerebral function especially during pathological states. Hence, the cerebral vasculature 

should be looked upon as more than just conduit vessels for blood flow to the brain (13). 

In order to further elucidate tbe role of oxidative stress, we also carried out studies witb 

apocynin, an inhibitor of NADPH oxidase enzyme complex. The NADPH oxidase . . 

system, a group of 5 subunits comprising of membrane (gp91 PHOX and p22 PHOX) 

and cytosolic (p47 PHOX, p67 PHOX and p40 PHOX) components, is present within 

various cell types. For activation and Oz. production, tbe translocation of the cytoscilic 

subunits to the membrane is necessary (14). Apocynin, a methoxy-substituted catechol 

from tbe medicinal herb Picoria kurroa was used to inhibit NADPH oxidase acivity. It 

has been shown to impede tbe assembly of the p47phox and p67phox subunit within tbe 

membrane NADPH oxidase complex (15):· Hence, apocynin at tbe concentration used 

would inhibit 0 2- ·production, unlike tempo! which scavenges tbe Oz- produced. 

Stimulation of NADPH oxidase by inflanunatory mediators induces peroxynitrite 

formation in tbe rat microglia (17). Green et al. have reported tbat increased ROS 

generation during ischemia-reperfusion may be through tbe induction of gp91 PHOX 
~ 
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subunit of NADPH oxidase (19). Hence, it is believed that ROS generated by the 

enzyme plays an important role in the exacerbation of ischemic injury (16). Walder et al. 

have reported reduced ischemic injury in mice lacking a functional NADPH oxidase. 

During ischemia, the increased ROS are released by the ischemic vasculature damaging 

the neuronal and other cells in the vicinity. We do not rule out the possibility of a 

significant contribution from. microglial sources of NADPH oxidase (18). In addition, 

under overwhelming oxidant stress, the dying cells release their intracellular stor~s of 

iron. Iron which is released can be taken up by the surrounding viable cells. This iron 

exerts its damaging effect through generating OK by catalyzing the Fenton reaction. We 

believe this is the mechanism of ischemic injury and the propagation of the infarct. 

This theory js re-enforced with our experiments using deferoxamine (DFO) as a 

neuroprotective agent in stroke. Several studies have been done to investigate the ability 

of DFO to reduce ischemic injury using various animal models in the stroke injury 

paradigm (20,21). DFO may exert its effect in many different ways. DFO reduces the 

generation of fre~ radicals by inhibiting the Fenton reaction via the chelation of iron. In 

addition to this obvious mechanism, alternative mechanisms may be that, DFO exerts its 

rteuroprotective effect in the vasculature by decreasing endothelial free radical without 

crossing the BBB. Although the efficacy ofDFO in penetrating the intact BBB remains 

questionable (22,23), during hypoxic-ischemic injury there ·is an abrupt and a massive 

breakdown of the BBB which may facilitate the penetration ofDFO in the CNS. Some 

other significant actions of DFO that may contribute to its action are its ability to inhibit 

prostacyclin and 12-lipoxygenase activity and an increase in prostaglandin synthesis. 
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During cellular ischemia, mammalian cells demonstrate several adaptive responses. One 

of the responses is the regUlated and the specific alteration ln gene expression imposed by 

hypoxia induced transcriptional activation. An important gene product expressed is 

hypoxia inducible factor-! (HIF-1). HIF-1, which is composed ofa a.-subunit and a P

subunit is actively expressed under DFO stimulation (24,25). There is significant basal 

expression ofHIF-lP under normoxic conditions, however levels of.HIF~la. are low due 

to rapid degradation. During hypoxic conditions, HIF-la. is stabilized and it 

heterodimerizes with HIF-1 p to form HIF-1 which after translocating to the nucleus binds 

to the hypoxia response element (HRE) upstream of a multitude of genes. One of the 

established HIF-1 regulated genes is the heme oxygenase-! (H0-1). It is a heme 

degrading e~~e, which also acts as a potent antioxidant (26,27). A protective role for 

H0-1 is supported by mouse studies, transgenic mice overexpressing H0-1 are more 

resistant to ischemia induced cell loss (28). Other HIF-1 induced genes that play a role in 

neuroprotection during ischemia include, tyrosine hydroxylase, VEGF (angiogenesis), 

glycolytic enzymes and glucose transporter (facilitate switch from aerobic to anaerobic 

metabolism) (5). 

In the present dissertation we also studied the role of atypical antioxidants such as 

estrogen analogs. As mentioned previously, estrogen has been shown to protect neurons 

both in vitro and in vivo (29,30). Studies suggest that these compounds suppress lipid 

peroxidation in brain homogenates. Studies have shown that post-stroke treatment of 

estrogen at pharmacological ·doses significantly reduces ischemic injury in female rats 

(31 ). Similar observations with mouse cortical neuronal cultures were made, where 

pharmacological doses of estrogen exerted an anti-oxidant effect in various paradigms of 
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cellular injury (32). Today, commercially available SERMs such as tamoxifen and 

raloxifene have been FDA approved for treatment of breast cancer and prevention of 

osteoporosis. Rossberg et al. have reported that LY353338l.HC1, a SERM confers 

neuroprotection from focal cerebral ischemia in the caudoputamen in female rats (33). 

We wanted to investigate the neuroprotective ability of tamoxifen in cerebral ischemia at 

clinical doses being used today for treatment of breast cancer. In our experiments we_ 

used ovariectomized ariimals, i.e. in the absence of estrogen to study the protective effect 

oftamoxifen. We chose to use the ovariectomized rat model because its estrogen deplete 

state is similar to the situation that occurs at menopause in women, where estrogen levels 

are approximately 1% of those observed ~n normal young cycling women (34). Our 

finding that tamoxifen is protective in ovariectomized animals is important as it suggests 

that tamoxifen (and possibly other SERMs) may be neuroprotective at post-menopause in 

women, when estrogen is depleted and the risk for stroke is significantly increased 

(35,36). Although there.is generally little indication to prescribe tamoxifen to males, it is 

interesting to note that it may be protective in males as well, as Kimelberg et al. have 

recently reported that tamoxifen is protective in intact male. rats in an ischemic

reperfusion model of cerebral ischemia, albeit at a relatively high dose (5 mg/kg) (37). 

The neuroprotective effect of therapeutic doses oftamoxifen in our study was observed in 

both the striatum and cerebral cortex, which is similar to the regional protective effect 

afforded by estradiol (38,39,40). While further study is needed to determine tlie precise 

. mechanism underlying tamoxifen-mediated neuroprotection, the results of the current 

study suggests that its protective effects on the brain are. independent of changes in 

cerebral blood flow. Laser Doppler analysis, while demonstrating that the MCAO was 
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successful, did not show any effect of the therapeutic doses of tamoxifen upon cerebral 

blood flow either pre- or post-occlusion. In addition, our studies have shown that pre

treatment with tamoxifen was essential for neuroprotection. Although the mechanism of 

its neuroprotective action is not clear, we believe that similar to estrogen, it involves 

receptor mediated genomic mechanisms as well as· receptor independent antioxidant 

mechanisms. 

As mentioned earlier, significant excitement has been generated by report~ about 

persistent neurogenesis occurring in the adult brains in humans (41). This brings up an 

interesting question whether the adult brain can repair itself after injury. If a better 

understanding can be gained about neuron.al behavior then these mechanisms could be 

possibly modulated to restore function after post-ischemic injury. This would open an 

exciting possibility of a novel therapeutic intervention for stroke. ·· Arvidsson et al. have 

shown that stroke caused by MCAO in adult rats leads to a marked increase in cell" 

proliferation in the subventricular zone and stroke generated new neurons migrate into 

the severely damaged !ll"ea of the striatum. Thus, stroke induces differentiation of new 

neurons into the phenotype of most of the neurons de~troyed by the ischemic lesion ( 42). 

It has also been recently shown that neurons and neuronal circuits exhibit protective and 

regenerative responses in a rodent model of experimental ischemia. Once neurons suffer 

irreversible injury neurogenesis and synaptogenesis are endogenously induced. After the 

ischemic insult these progenitor stem cells proliferate and differentiate into neurons in the 

hippocampus. Reactive synaptogenesis has also been observed in the injured brain 

following a period of long-term infarction, but it is unclear if it can compensate for 

disconnected circuits (43). Understanding the underlying molecular mechanisms in 
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neuronal interactions and axonal guidance may play an important role in developing 

therapy for repair and replacement of injured neurons in ischemic central nervous system 

injury. . Hence, we want~d to. elucidate the basic mechanisms underlying axon-axon 

interactions in our model of primary cortical neuronal· cultures in vitro. The 

pathophysiology of axon guidance and interactions is complex, however significant 

insight can be obtained from in vitro culture studies. The phenomenon of axonal 

guidance is influenced by cues from the target site, structures en route and .more 

importantly by interaction of the axons with each other. These interactions between the 

axons can be attractive ( eg. axonal fasciculation) or repulsive ( eg. defasciculation) in 

nature. Earlier studies on grasshopper nervous system have shown that growing axons 

successively fasciculate and defasciculate as they traverse their trajectory to reach their 

target site (44). Several laboratories have reported the importance of the cell adhesion 

molecules (CAMs), especially the neural cell adhesion molecule (NCAM) in this process 

of cell-cell. interactions (45,46,47). NCAM, a member of the immunoglobulin 

superfamily, has been studied for its role in mediating hornophilic as well as heterophilic 

cell-cell interactions (48). Alternative splicing of a single copy of the NCAM gene yields 

a variety of isoforrns. In addition, further variability is generated at the post-translational. 

level (48). An interesting feature of NCAM is its high degree of polysialylation. The 

polysialylated isoforrns of NCAM constitute 30% of a.-2-8-linked sialic acid residues 

(48,51) (PSA-NCAM). Several studies have reported the role ofPSA-NCAM·in cell-cell 

interactions (49,50). Furthermore, studies have revealed that PSA-NCAM. is also 

expressed in neurons undergoing a plastic change and thus this molecule can be used as a 

marker of these neurons. Hayashi et at .. have shown that there is induction of PSA-
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NCAM in neurons after MCA occlusion suggesting ~hat cortical and caudate neurons also 

pos~ess the capability of plastic change (52). The thymidine analog bromodeoxyuridine 

(BrdU) is incorporated into DNA of dividing cells in the S phase of the mitotic cycle and 

is used as an early marker of cell proliferation. In Mongolian gerbils, neural stem cell 

proliferation was detected· with BrdU labeling in the dentate gyrus after 1 Omin of 
• • d 

transient global ischemia and became maximum at 11 days with a 12-fold increase of 

BrdU labeled nuclei. Recent reports have shown a correlation between PSA-NCAM and 

BrdU in normaliy developing rodent brain (53). Hayashi et a!. demonstrated PSA-

NCAM induction in neurons of the cerebral cortex and caudate after MCAO. Neurons in 

the piriform cortex revealed inununoreactivity for PSA-NCAM as early as 1 hour after 

cerebral blood flow restoration. It can be speculateii that the rapid expression of PSA-

NCAM by these neurons is for the purpose of tissue remodeling. The induction ofPSA-

NCAM in the cortical and caudate neurons post occlusion supports the hypothesis that 

the cortical and caudate neurons possess the capability of plastic change, as mentioned 

above. PSA-NCAM also plays a role in the outgrowth of dendrites and axons (54). 

Since new synapse formation occurs in the brain after ischemic injury, structural change 

such as dendrite and axon outgrowth should be involved in tissue recovery in brain after 

stroke and this may play an important role in ·functional recovery after stroke. Thus, 

understanding the role of PSA-NCAM in cell-cell interactions may lead to development 

of significant strategies for therapeutic intervention in stroke. 

SUMMARY 

. In this dissertation we believe that we have shown the following: 
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1. Iron increases infarct size in acute ischemic stroke and this injury is in part mediated· 

through the generation of ROS as it was reduced to a significant extent by 

administration of the antioxidant, tempo!. 

2. Inhibition ofROS production by apocynin or chelation of iron by deferroxamine have 

a similar neuroprotective effect in acute ischemic stroke as shown in the SHRs. 

3. A protective effect of tamoxifen in our study was observed. Our finding that 

tamoxifen is protective in ovariectomized animals is important as it suggests that 

tamoxifen may be neuroprotective at post-menopause in women, when estrogen is 

depleted and the risk for stroke is significantly increased. 

4. We have demonstrated an excellent model to investigate the process of axonal 

fasciculation and cell-cell interactions. Our results have also shown a permissive 

role for PSA-NCAM in promoting fasciculations in our culture model. 
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APPENDIX 

THE PATHOPHYSIOLOGY OF ISCHEMIC STROKE: A NEURONAL AND 

VASCULAR PERSPECTIVE. 

Abstract 
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Cerebrovascular disease is the second most common cause of death worldwide (66 

people per 100,000 die of a stroke in Taiwan a year). There are two possible approaches 

for improving the outcome of ischemic stroke: one is to improve the neuronal cell 

survival directly, the second is to improve the perfusion of the brain and effectively 

prevent the ischemia from occurring. In this review, we will discuss new perspectives in 

both of these areas. We will present information that suggests that elevated plasma iron 

increases neuronal death by increasing reactive oxygen species. We will also discuss the 

role that aldosterone and epidermal growth factor plays in cerebrovascular disease. 

Key words- iron, cerebral ischemia, aldosterone, hypertension. 
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Introduction 

In most Western populations, 0.2% of the population, suffer a stroke each year (1), of 

whom one third die over the next year, one third remain permanently disabled and the 

remaining one third make a reasonable recovery (2). Stroke is the third leading cause of 

death in the western population and the second most common cause of death worldwide 

(3). In the USA alone, four million survivors are coping .. with the debilitating 

consequences of surviving a stroke (4). This also makes stroke a significant public 

financial burden. 

Stroke is a poorly understoo~ multifactorial event only partially predictable by means of 

clinical, laboratory and imaging data currently available (5). The mechanisms involved 

in ischemic injury, evolution of an infarct and the subsequent neurological damage are 

very complex and comprise a diverse etiology. Ischemia and subsequent reperfusion 

activate multiple independent terminally fatal pathways involving loss of cell membrane 

integrity, progressive proteolysis, loss of generalized translational competence and 

overall reduction of signal transduction events important for survival ( 6). The challenge 

is now to investigate the various mechanisms underlying and playing a pivotal role in the 

post-ischemic injury at the molecular and cellular level as well as factors predisposing an 

individual to ischemic injury. A clearer understanding of the above processes may lead 

to better therapeutic strategies for the presently grim prognosis in the chronic treatment of 

stroke. The first section of this review will deal primarily with the factors that affect 

neuronal survival after cerebral ischemia, with particular emphasis placed on the role of 

iron in ischemic damage. The second section will discuss the role that the cerebral 
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vasculature plays in cerebral ischemia: Thirpathways that will be discussed are outlined 

in figure 1. 

A Neuronal Perspective 

Iron: A harbinger of doom? 

As mentioned previously, the etiology of damage in stroke is complex. The major 

pathogenic mechanisms are excitotoxicity, changes in membrane depolarization and 

inflammation. Many of these events are influenced by the generation of reactive oxygen 

species (ROS); these free radicals exert their deleterious effects through lipid 

peroxidation and membrane damage once endogenous free radical scavengers are 

overwhelmed (7). 

Numerous studies have suggested a pathological association between increased iron 

stores and various diseases such as coronary artery disease (8) and Parkinson's disease 

(9). Iron is an essential nutritional element for all life forms; it plays critical roles in 

electron transport and respiration, cell proliferation and differentiation, and the regulation 

of gene expression. In· spite of being essential for cellular viability, free iron is toxic 

when present at high concentrations in or around cells. It is clear that cellular oxidant 

damage is potentiated by iron (10,11,12) by engaging in redox reactions. Ferrous (Fe2
"') 

and, to a lesser extent, ferric (Fe3
"') ions catalyze free radical generating reactions that 

m,ay be responsible for injury (13): 
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Iron and the Brain 

Iron is the most abundant metal in the brain. The highest concentrations are in the basal 

ganglia (14,15) but iron staining has also been seen in the cerebral cortices. The chief 

storage sites of iron, oligodendrocytes, are found in close association with blood vessels 

where they may play a role in transport of iron across the blood brain barrier (BBB). 

Neurons and tanycytes (which line the third ventricle) also show iron staining (13). 

Neuronal iron stores increase progressively with age. 

Iron mediated ROS and Ischemic In;ury 

During a transient or a permanent reduction in cerebral blood flow (stroke) there is 

impaired delivery of oxygen to the tissue. This leads to energy failure and cell death 

during which cytoplasmic iron is released. Some of this iron is protein bound, however, 

. a series of enzymatic processes and proteolysis liberate the iron. Free iron is particularly 

dangerous and can be taken up by the surrounding cells in peri-infarctive region. Ionic 

iron catalyzes the generation of ROS via the Fenton reaction and may exacerbate the 

damage caused by the ischemia. There is some indirect evidence that supports this 

hypothesis. Davalos et al. reported that patients with high serum ferritin levels have a 

worse prognosis and a poorer neurological outcome during the early acute phase of an 

ischemic stroke (16). However, the cascade of events that is responsible for this is not 

known. 

ROS and free radicals are produced during the normal metabolic activities of the cell, but 

under normal circumstances they are quenched by antioxidants (glutathione, ascorbate) 

and by ROS scavenging enzym~s such as superoxide dismutase (SOD), catalase and 
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glutathione peroxidase. During situations of elevated oxidative stress, such as ischemia 

and reperfusion injury, endogenous antioxidants are overwhelmed and the free radicals 

exert their deleterious effects including DNA damage and lipid peroxidation (17) and 

interference with mitochondrial-integrity and function (18). It has been suggested that 

astrocytic and neuronal mitochondria are vulnerable to oxidative stress (19), and that this 

is closely correlated with iron availability (20). Several ROS such as superoxide (02 }, 

perhydroxyl (H02 ) hydrogen peroxide (HzOz) and hydroxyl ( •OH) radicals are formed 

during the initial reduction of oxygen in the brain. •OH radicals are potent oxidants 

whereas 0 2 • radicals are comparatively less potent but have a longer half-life and are 

capable of generating •OH radicals through the Haber-Weiss reaction: 0 2• + H20z ~ 

•OH + OH. + Oz. This reaction is particularly important in the presence of iron. Iron . 

mediated generation of the •OH radicals is known as the Fenton reaction (17). Another 

mechanism of ~OH production is through Oz. and nitric oxide (NO), which is constantly 

produced in the brain by NO synthase (NOS) (21). 

As mentioned earlier, free iron released by the brain tissue under hypoxic conditions, is 

capable of exerting its neurotoxic effects via the generation •OH radicals. Hence, one of 

the modalities of intervention being actively researched is the amelioration of ischemic 

damage through the administration of antioxidants and ROS . scavengers (such as 

deferoxanune, Tempol, etc.). Also, the upregulation of endogenous antioxidant enzymes 

and the genetic modulation of the levels of endogenous antioxidants through viral vectors 

are being studied. 
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Several groups, including ours, have pursued the approach of administering drugs and 

compounds with known antioxidant potential at various time points before and after 

induction of experimental ischemia. Since free iron is implicated in the pathology of 

ischemic stroke, the therapeutic potential of deferoxamine, an iron chelator/antioxidant, 

has been extensively researched. Studies have shown that deferoxamine treatment pre

and post-induction of ischemia reduces brain injury in experimental animals (22). 

Deferoxamine protects by inhibiting iron dependent free radical generation, scavenging 

free radicals, inhibiting cell cycle transition and activating HIF -1 a. gene expression (13). 

HIF-la induces the upregulation of various genes involved in energy metabolism, 

angiogenesis, ·and ·neuroprotection in response to ischemia (23). One of the genes 

regulated by HIF-1 is heme oxygenase-! (H0-1), a heme degrading enzyme that 

generates ferrous iron, carbon monoxide, biliverdin and bilirubin. The neuroprotective 

role ofH0-1 has been supported by mouse transgenic models as well (24). This indirect 

evidence lends further credence to the pivotal role of iron mediated oxidative stress in 

exacerbating ischemic brain injury. 

Another drug of recent interest is the nitroxide, Tempo!. Tempo! is a superoxide 

dismutase mimetic that can oxidize Fe2+ to Fe3+, thus preventing the redox cycling of iron 

and inhibiting the production of free radicals (25). This is shown in the reactions below. 

2W + 202---+ H202 + 02 

Fe2
+ + H202 --+ Fe3+ + •OH + OH-
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Tempol reduces •OH radical. formation by preventing the Fenton reaction and is of 

therapeutic benefit as it freely crosses the blood brain barrier. We have investigated the 

ability of Tempol to reduce cerebral injury under various settings of experimental 

ischemia. We have shown that iron significantly exacerbates infarct size and this 

increased iron mediated neurological damage can be reversed by pretreatment with 

Tempol (fig 2). Male Sprague Dawley rats were pretreated for 3 days with Tempol 

(lmM ill the drinking water) or placebo. One day prior to the induction of ischemia both 

control and tempo! treated rats were administered iron dextran or placebo. The middle 

cerebral artery (MCA) was occluded using the intracarotid suture technique (26). 

Twenty-four hours after the induction of ischemia brains were removed, sectioned and 

stained with 2,3,5-triphenyltetrazolium chloride and infarct size was assessed and 

expressed as a percentage of the of hemisphere infarcted. The iron treated group showed 

significantly larger infarcts when compar_ed to the placebo treated group. However, 

Tempol significantly reduced the iron mediated damage (Fig 2). Rak eta!. have reported 

similar promising results with Tempol in ameliorating reperfusion injury in a rat model of 

transient focal ischemia (27). Hence, we believe that Tempol, because of its actions on 

ROS, has tremendous therapeutic potential and merits closer investigation. Moreover, 

certain properties of Tempol make this compound clinically advantageous. It can be 

administered intravenously and freely crosses the blood brain barrier where it can be 

taken up by the cells for scavenging inter- and intracellular radicals in the brain (27). 
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Role of Transgenic and Knockout Mutant Mice as Tools in Study of Oxidative Stress In 

Ischemic Brain Injury 

Another popular strategy to study the role of oxidative stress in stroke is the use of 

transgenic/knockout models to manipulate the levels of endogenous antioxidant enzymes. 

Over the past years, several studies have been carried out with transgenic mice which 

overexpress the copper - zinc sensitive form of SOD (SOD-1). Using various 

experimental designs, such as permanent occlusion or ischemia-reperfusion, it has been 

shown that the protective role of SOD-1 is dependent on the duration of ischemia, 

suggesting that increased ischemic severity resulting from prolonged ischemia limits the 

protective role of SOD-I against neuronal injury (28). Several other genes have been 

manipulated using transgenic techniques, some of the more important ones from the 

oxidative stress standpoint being bcl-2, bFGF and glutathione peroxidase. Over 

expression of these genes seems to exert a neuroprotective effect in stroke. 

In other studies, knockout models have been used where the mice contain a null mutation 

for a specific gene. Obliterating partiar (heterozygous) or complete (homozygous) 

function of the gene product allows us to better understand the significance of that 

specific gene in the molecular and cellular mechanisms of cerebrovascular diseases. 

Extensive research has been done using the knockout models for the NOS isoforms. It 

has been shown that ischemic injury is reduced in the neuronal NOS (nNOS) knockout 

mice, implying that NO radicals produced during ischemia contribute significantly to the 

ensuing neurological damage (29). Similar studies using endothelial NOS (eNOS) 

knockout models have elucidated the neuroprotective rol~ of eNOS in cerebral ischemic 
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injtiry (30). SOD-I homozygous knockout mice have significantly exacerbated infarct 

damage following transient focal cerebral ischemia. Infarct size as well as apoptosis was 

increased in glutathione peroxidase-! (Gpx-1) -/-mice as compared to wild type controls 

in response to ischemialreperfusion injury (31). Recently, Sempei et al. conducted 

experimental stroke studies in double mutant antioxidant transgenic mice. They evalu~ted 

outcomes in nNOS-deficient (nNOS-/-) mice that were over expressing SOD-1 

(hSODl+/-) in addition to nNOS-/- mice and hSODl+/- mice. hSODl+/- mice had 

significantly larger reduction in infarct volumes as compared to nNOS-/- mice. Although, 

the double mutant mice had smaller infarct volumes as compared to nNOS-/-, injury was 

not improved relative to hSODl +/- mice (32). Thus, the evidence gathered by using 

these transgenic and knockout techniques exemplifies the intricate etiopathological role 

of oxidative stress in stroke. 

Is It Clinically Relevant? 

Iron mediated oxidative stress may be an extremely important determinant of . . 
cardiovascular disease and stroke in certain diseases. Patients who suffer from 

hemosiderosis ~how an increased incidence of cardiovascular disease. Hemosiderosis is 

one of the most commonly autosomal recessive inherited diseases in the caucasian 
. ' 

population and results in the acctimulation of vast amounts cif iron in the various tissues 

of the body due to an excessively high rate of iron absorption (33). It is known that 10% 

of the American population carry the gene for hemochromatosis and 1% actually suffer 

from the chronic iron overload (34). In addition, a significant population suffering from 

diseases such as sickle cell disea~e and thalasemia receive blood transfusions on a 
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chronic basis. This predisposes the patient to the elevated risk of iron accumulation, 

although iron chelation therapy is routinely administered to these patients. Hence, iron 

mediated oxidative stress may play a more vital role in the etiology of cardiovascular 

disease and stroke than presently understood. 

Hence, further investigations are warranted to gain a better understanding of the role of 

iron mediated oxidative stress in cerebral ischemia. It would be pertinent to investigate 

whether modifying ferritin concentrations or using inhibitors of iron dependent oxidative 

stress would prevent the neurologic worsening in stroke. Even though significant 

progress has been made in understanding the role of oxidative stress in stroke, many 

questions still remain unanswered. 

A Vascular Perspective 

In the human population strokes, which are ischemic in nature as opposed to 

hemorrhagic, are by far the more common. A variety of factors are thought to contribute 

to the pathophysiology of ischemic stroke. These factors .include hypertension (35) and 

elevated plasma mineralocorticoids (36). The contribution of these two factors and how 

they affect each other and the cerebral vasculature has been investigated in our laboratory 

and will be discussed here. 

When considering the pathophysiology of ischemic stroke, it is necessary not just to 

consider the effects of ischemia on the survival and functioning of neural tissue but also 

to consider the factors that affect the perfusion of that tissue. Blood flow is controlled by 

vascular resistance, which in turn is controlled by vessel lumen diameter, vessel length 
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and blood viscosity. As vessel length and blood viscosity vary little in an adult animal 

the changes in lumen diameter are the more important determinant, particularly in the 

hypertensive animal. The importance of blood vessel diameter in relationship to cerebral 

ischemia will be discussed further later. 

Vascular Remodeling, Ischemic Stroke and Hypertension 

Stroke prone spontaneously hypertensive rats (SHRSP) are a model of essential 

hypertension and cerebrovascular disease. They have been widely utilized to study 

factors that affect the outcome of cerebral ischemia and hemorrhage. When fed a diet 

rich in sodium, SHRSP have a higher frequency of spontaneous hemorrhagic strokes than 

normotensive Wistar Kyoto (WKY) rats (37). When cerebral ischemia is induced 

experimentally, by MCA occlusion, the volume of resultant infarct is significantly greater 

in the hypertensive animals (38,39) (fig 3). Young SHRSP that have not developed 

significant hypertension also have significant cerebral infarcts post-MCA occlusion, 

suggesting a genetic effect (38). 

This difference in ischemic infarct size is thought to be caused by differences in the 

morphology of the blood vessels between the two strains. To understand which changes 

in blood vessel structure would affect the outcome of cerebral ischemia, it· is first 

necessary to understand what is believed to happen in the cerebral vasculature of a 

normal rat in response to ischemia. Under non-ischemic conditions, the cerebral 

collateral blood vessels have very little blood flowing through them. When an ischemic 

blockage occurs, these blood vessels dilate to allow for increased perfusion of the area 
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around the blockage, effectively. ''by-passing" the blockage. Thus, the cerebral tissue 

. ' 

remains adequately perfused. In hypertension, the collateral blood vessels have a smaller 

internal diameter under resting conditions, and when ischemia occurs· these blood vessels 

do not increase their internal diameter adequately to keep the area around the blockage 

perfused. Therefore, in the hypertensive animals, the area of ischemic damage is large 

(38). This impaiJ;ed ability .of the vessels to dilate is thought to be due primarily to an 

increase in vessel wall thickness and a reduction in the internal diameter of the cerebral 

blood vessels in the SHRSP. Studies of basilar arteries from SHRSP and WKY rats have 

shown that the vessel walVlumen ratio is increased in the SHRSP and that the internal 

diameter of the vessel is reduced (40). This phenomenon bas been termed vascular 

remodeling and has been reviewed previously by others (41,42). 

The Role of Polypeptide Growth Factors in Vascular Remodeling 

Polypeptide growth factors, including epidermal growth factor (EGF), have been 

implicated in the pathogenesis of vascular remodeling in hypertension. EGF binds to the 

EGF receptor (EGFR) on smooth muscle cells (43) and activates a signal transduction 

cascade that results in vascular smooth muscle cell proliferation. EGF binding to its 

receptor causes autophosphorylation of EGFR that results in recruitment of Grb2, the 

adapter protein, and SOS, the RAS activator protein. RAS then activates Raf-1 kinase 

which leads to the phosphorylation of MAP kinase kinase which activates ERK 112. 

ERK can then directly phosphorylate and activate transcription factors (44,45) which 

control gene expression (46) and stimulate cell proliferation (47,48). 
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Inappropriate growth of vascular smooth muscle cells (VSMC) has been widely reported 

in hypertension. In culture, aortic VSMC from spontaneously hypertensive rats (SHR) 

.have been shown to proliferate faster than those from WKY rats. The proliferative 

response to EGF was greater in SHR compared to WKY, and the EGFR density was 

shown to be twice as high in SHR.. The functional responses of ligand binding to the 

EGFR, phosphoinostide metabolism, DNA synthesis and intracellular pH,. were all 

increased in cultured cells from the SHR compared to WKY rats ( 49). Since the 

proliferative response of VSMC to EGF requires tyrosine kinase activation, it can be 

inhibited by genistjen, the tyrosine kinase inhibitor. Cells from SHR were less 

responsive to genistien inhibition than those from WKY rats (50). Other studies have 

shown that VSMC from SHR respond to EGF by losing their contact inhibition in 

culture, allowing them to reach higher densities. These studies, however, failed to show 

any difference in receptor numbers for EGF (51). Milan hypertensive rats have similarly 

been shown to have an increased proliferative response to EGF in VSMC culture when 

compared to normotensive Milan rats. However, no difference could be found in the 

number or affinity of the receptors in the two strains (52). These preyious studies were 

carried out in conduit vessels or in tissue culture. Recently, we have shown that the 

mRNA levels of the EGFR are elevated in the cerebral vasculature of both young (6 

week) and adult ( 4-6 month) SHR.SP rats (39). This suggests that this pathway is active 

in the cerebral blood vessels and that the increase in mRNA expression may be 

independent of blood pressure. 
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Studies of the cellular response to growth factors in secondary hypertension have been 

hampered by the fact that cell culture experiments cannot be carried out. This can be 

overcome, in part, by studying mRNA expression in the vasculature. EGFR mRNA 

expression is elevated in the aorta of angiotensin II hypertensive rats. The EGFR were 

functional as there was increased EGF binding and tyrosine kinase activation (53). As 

angiotensin II will stimulate the production of aldosterone, it is not clear if the effects 

seen here are directly caused by the angiotensin II or are an effect of its stimulation of 

aldosterone production. 

The Potential Role ofMineralocorticoids in Stroke 

The link between mineralocorticoids and hemorrhagic stroke has been well established 

by studies utilizing the SHRSP. They suffer spontaneous hemorrhagic strokes when fed a 

diet rich in sodium. Administration of spironolactone, the mineralocorticoid antagonist, 

to SHRSP fed a high salt diet does not reduce ·the blood pressure but does prevent 

hemorrhagic strokes (54). This suggests that mineralocorticoids play an important role in 

the predisposition to vascular injury that is independent of altered blood pressure. 

Likewise, administration of the angiotensin converting enz)rme inhibitor, captopril, 

prevented spontaneous cerebral infarction in SHRSP fed a high salt diet (55). The ability 

of captopril to prevent stroke was lost when either aldosterone or deoxycorticosterone 

(DOCA) were administered along with the captopril (55), suggesting the effects of 

captopril were mediated by reduced mineralocorticoids as a result of reduced angiotensin 

II stimulation of aldosterone. production. Similarly, DOCA-salt hypertensive rats have 

been shown to develop neurological signs of stroke and cerbrovascular lesions (56). 
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Recently, the two-kidney two-clip model of hypertension has been proposed as a model 

of cerebrovascular disease. These animals have high circulating levels of angiotensin IT; 

this will lead to an increase in aldosterone production from the adrenal gland, thus the 

cerebrovascular disease observed may be aldosterone mediated (57). 

Work from our laboratory has demonstrated that a similar link occurs between 

mineralocorticoids and ischemic stroke. Young ( 6 week old) SHRSP and WKY rats were 

treated with spironolactone (2.2mg/day) for six weeks. At the end of the treatment period 
' 

cerebral ischemia was induced by occlusion of the MCA, using the intraluminal suture 

technique (26). Six hours after occlusion ofthe MCA the rats were euthanized, the brains 

removed and the size of the cerebral infarct assessed. Spi~onolactone treatment reduced 

the size of the ischemic infarctin both SHRSP and WKY rats (fig 3) suggesting that this 

effect is blood pressure independent. The lack of a blood pressure dependency was 

further corroborated by the fact that there was no reduction in blood pressure by the 

spironolactone treatment (39). It is our hypothesis that spironolactone has a beneficial 

effect on the cerebral vasculature which allows for improved perfusion of the cerebral 

vessels when ischemia occurs. The mechanism by which this happens may be through a 

reduction in vascular remodeling. 

The Link Between Mineralocorticoids and EGF 

Studies from . mineralocorticoid hypertensive rats have suggested a link between 

mineralocoticoids and the EGF signaling pathway. Deoxycorticosterone acetate (DOCA) 

- salt rats have been shown to have increased VSMC proliferation in the early stages of 
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hypertension compared to control (58). EGF is a mild vasoconstrictor and studies in 

rats with DOCA-salt hypertension have shown that in these animals there is an increased 

constrictor response compared to control (59). Other studies with Wistar Furth rats, a 

strain which is resistant to mineralocorticoid hypertension, showed that the increase 

constrictor responsiveness is due to the mineralocorticoids and not the hypertension per 
.. 0 

se. Subsequent studies in' our laboratory confirmed the link between the EGF stimulated 

pathway and mineralocorticoids (39,60,61). 

We have recently shown that expression ofmRNA for EGF and.EGFR is elevated in the 

cerebral blood vessels (62) ~d aorta (60) fromDOCA-salt hypertensive rats compared to 

control. As mentioned previously, we have shown that expression of the mRNA for 

EGFR is increased in the cerebral vasculature of SHRSP compared to WKY and that this 

increase is present in young animals. This suggests that something other than blood 

pressure is controlling the expression of EGFR mRNA in these animals. Further studies 

using aortic mRNA confirmed a role for aldosterone in the regulation of EGFR mRNA 

SHRSP were treated for six weeks (from 6 weeks of age) with spironolactone 

(2.2mg/day); at the end of the treatment period the aorta was removed, the RNA extracted 

and RT-PCR analysis was carried out for EGFR. The mRNA expression was increased 

in the aorta of SHRSP compared to WKY, however, spironolactone treatment reduced the 

EGFR mRNA expression in the SHRSP (fig 4). The involvement of mineralocorticoids 

in the control of EGFR mRNA expression was further corroborated using tissue culture 

studies. Aorta was removed from WKY rats and treated with aldosterone (10'8M) ± 

spironolactone (10-5M) under nonproliferating tissue culture conditions for 8 hours. 
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Subsequent RT-PCR analysis showed that aldosterone alone increased the mRNA .. 

expression for EGFR and that this increase was inhibited with spironolactone (fig 4) (39). 

Is it Clinically Relevant? 

This proposed pathway in which mineralocorticoids increase the expression of EGFR 

may be of clinical importance in situations where plasma aldosterone levels are elevated 

and there is an increased risk of stroke, such as in patients with dexamethasone 

suppressible hyperaldosteronism. It may be possible, in some cases, to utilize 

spironolactone as a preventive medicine for patients with a family history of stroke and 

hypertension. It is also possible that this proposed mechanism for increasing the 

expression of growth factor receptors will prove to be important in other disease states 

where aberrant cell proliferation is occurring. 

Summary and Conclusion 

Ischemic stroke is a polygenic and multifactorial disease. In this review we have 

presented evidence for two novel therapeutic pathways. We have shown a clear 

association between increased plasma iron, ROS and ischemic neuronal death. We have 

also shown evidence that mineralocorticoids affect the mRNA expression of the EGF 

receptor and that this may affect vascular remodeling and the outcome of cerebral 

ischemia. 
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Figure Legends 

Figure 1. Iron and aldosterone are both possible contributors to the pathogenesis of 

ischemic cerebrovas<;ular disease. 

Figure 2. Iron exacerbates ischemic cerebral infarct size and pretreatment with Tempo! 

reverses it. Cerebral ischemic was induced by MCA occlusion after pretreatment with 

iron ± tempo!. Twenty-four hours after the induction of ischemia, the brains were 

removed, sliced coronally, stained and the size of the cerebral infarct was measured using 

NIH image. The results are expressed as a percentage of the hemisphere infarcted. 

Results are expressed as the mean ± SEM n> 5 in each group. * denotes a significant 

difference from control (Mehta S, Dorrance AM and Webb RC unpublished preliminary 

observations) 

Figure 3. Spironolactone reduces the size of experimentally induced cerebral infarcts in 

SHRSP. The upper panel shows representative brain slices from SHRSP ± 

spironolactone and WK.Y rats. The brains were sliced coronally and stained with TIC 

staining. The dark area is viable tissue and the light area is the area damaged by the . 

cerebral infarct. The lower panel shows the percentage of the hemisphere which has 

undergone a cerebral infarct. Infarct size was measured using NIH image and the % 

infarct was calculated accounting for edema. Infarcts were greater in SHRSP (n=8) 

compared to both SHRSP + spironolactone (n=lO) and WKY (n=8). * denotes a 

significant difference from SHRSP (Reproduced from Am J Physiol 2001; 281: R944-

R950 with permission of the American Journal of Physiology). 

Fig 4A. Expression ofEGF and EGFR mRNA from aortic tissue was elevated in SHRSP 

compared to WKY. Spironolactone reduced the expression ofEGFR in SHRSP. mRNA 

-- --- -

·--
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expression was measured by RT -PCR and corrected for GAPDH expression. *.denotes 

significant difference form SHRSP (n=8 for each group, all measurements where made in 

triplicate) (Reproduced from Am J Physiol2001; 281: R944-R950 with permission of the 

American Journal of Physiology). 

Fig 4B. Incubation of aorta with aldosterone increased the expression of EGFR in vivo, 

this could be inhibited by spironolactone. Aorta were incubated with aldosterone (1o-8M) 

±spironolactone (10'5M) for 8 hours, RNA was measured by RT-PCR and corrected for 

GAPDH. * denotes a significant difference from control (p<O.OS) (n=8 for each group, 

all measurements where made in triplicate) (Reproduced from Am J Physiol2001; 281: 

R944-R950 with permission of the American Journal of Physiology). 
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