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ABSTRACT 

Reactive oxygen radicals (ROS) play important roles in tissue damage caused by cerebral 

ischemia and reperfusion. Previous studies have shown that mitochondrial specific SOD 

(SOD-2) plays a protective role as an antioxidant defense in ischemic neuronal injury. 

One of the important contributors to the adverse effects of hyperglycemia on ischemic 

brain is the overproduction of superoxide anions. Our studies in mice with hyperglycemia 

showed that after ischemia and reperfusion, the deficiency of SOD-2 activity in 

heterozygous SOD-2 KO mice enhanced the production of superoxide anion, increased 

the infarct volume and exacerbated DNA oxidative damage; whereas the overexpressing 

of SOD-2 in heterozygous SOD-2 Tg mice, only slightly decreased the superoxide anion 

production after ischemia and reperfusion, but did not attenuate DNA damage or decrease 

the infarct volume due to the increased production of hydrogen peroxide from superoxide 

anion, which was increased in hyperglycemia condition. 
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I. LITERATURE REVIEW INTRODUCTION 

1. Definition of ischemic stroke 

There are two types of cerebral stroke. hemorrhagic and ischemic. Hemorrhagic 

stroke is caused by breakage of a cerebral blood vessel while ischemic stroke is cause by 

occlusion of a blood vessel. It is the third most common cause of death in most 

industrialized countries after cardiovascular disease and cancer. Its incidence is expected 

to rise with the projected increase in the number of the aging population (1). There· are 

basically two types of ischemic stroke in humans: global ischemia and focal ischemia. 

Global ischemia refers to a total loss of blood flow to the brain, which often occurs after 

cardiac arrest Focal ischemia is caused by blockage of the blood flow to a specific 

anatomical region due to occlusion of a major cerebral artery. such as middle cerebral 

artery. 

Rodents (mice and rats) are wildly used as experimental models to study the 

pathophysiology of ischemic stroke and the development of therapeutic strategies. Two 

types of ischemic animal models have been established: one is global ischemia, the other 

is focal ischemia. 

The most popular global ischemic models include four-vessel occlusion (4-VO) 

and two-vessel occlusion (2-VO). The 4-VO model is induced by coagulating the 

vertebral arteries and clamping of the common carotid arteries. The 2-VO is induced by 

clamping of bilateral common carotid arteries coupled with systemic hypotension (2-4). 

In these global ischemic models. central blood flow (CBF) is reduced to less than 5% of 

control values. There are also other models used for global ischemia. One is decapitation 
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which produces complete ischemia without circulation (5). Others include the usage of a 

neck tourniquet to stop blood flow to the brain (6-7) and ventricular fibrillation, which is 

used generally in an attempt to mimic the clinical situation of cardiac arrest and the 

occlusion of cephalic arteries of the neck and thorax (8-14). 

Compared with global ischemia that mimics the cardiac arrest type of cerebral 

ischemia, the middle cerebral artery occlusion (MCAO) models have been used 

extensively because of their purported relevance to human thromboembolic stroke (15-

17). Most focal cerebral ischemia models are achieved by the occlusion of one major 

cerebral blood vessel such as the middle cerebral artery (MCA) in small animals (15-18) 

or large animals (19-21). MCAO results in a reduction of CBF in both the striatum and 

cortex. Three parameters. the duration of MCAO. the site of occlusion along the MCA, 

and the amount of collateral blood flow into the MCA territory. determine the degree and 

distribution of blood flow reduction, which affect the severity of brain damage. 

Several different types of MCAO models exist, and for the most part, they are 

either a permanent or temporary (reperfusion) occlusion with MCA occlusion at either 

the proximal or distal part of the vessel. One permanent proximal MCAO model was 

devised in rats by Tamura et al. in 1981. This model involves occlusion of the proximal 

segment of the middle cerebral artery through a subtemporal craniotomy and results in 

infarction of the cortex and caudoputamen areas (22). Several models for MCA 

reperfusion have been developed over the years. In 1985. Shigeno et al. reported his 

temporary MCAO model which involved the placement of a simple snare ligature around 

the MCA and allowed the obtainment of occlusion and reperfusion by releasing the snare 

(23). Through this model. the study of reperfusion cell injury can be achieved, but 
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sophisticated experiment techniques are also required. Another improved method for 

either permanent or transient MCAO in rodents is produced by inserting a poly-L-lysine 

or silicon coated nylon suture into the internal carotid artery and then advancing the 

thread cranially to block the MCA. This technique has been widely used since its 

inception in the late 1980s (24- 25). Our laboratory also used this MCAO model in the 

study of focal cerebral ischemia. Using the intraluminal filament technique, CBF had 

been found to decrease by 80% in the cortex and striatum and to remain at this reduced 

level throughout MCAO, even up to 180 min of MCAO (26). 

2. Production of reactive oxygen species 

Reactive oxygen species (also referred to as active oxygen species, AOS; reactive 

oxygen intermediates, ROn is a collective term for both radical and non-radical but 

reactive species derived from oxygen (27). They are produced both endogenously and 

exogenously. Most reactive oxygen species come from endogenous normal and essential 

metabolic reactions, such as energy generation from mitochondria or the detoxification 

reactions involving the liver cytochrome P-450 enzyme system. Exogenous sources 

include exposure to cigarette smoke, environmental pollutants, asbestos, ionizing 

radiation, bacterial, fungal or viral infections, as well as consumption of alcohol in 

excess. The radical species, such as the superoxide anion «h'"), perhydroxyl radical 

(H(h.) and hydroxyl radical (·OH), are highly reactive as they contain unpaired valence 

shell electrons. therefore they quickly react with other molecules or radicals to achieve 

the stable configuration of 4 pairs of electrons in their outermost shell (one pair for 

hydrogen). So the free radicals may oxidize and damage biological molecules including 
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lipids, DNA, and proteins. Or- is formed through one-electron reduction of 02 

(02 + e- -+ ~·l and H~· is produced through the reaction of Or·and W. Hydrogen 

peroxide (H2~), on the other hand, has no unpaired electrons, and thus is a non-radical 

ROS. In chemical terms, H2~ is poorly reactive and it does not oxidize most biological 

molecules unless these biological molecules have exposed, or hyperreactive, thiol groups 

or methionine residues. The danger of H2~ largely relates to its ease of conversion to the 

indiscriminately reactive hydroxyl radical (·OH) through Fenton reaction in the presence 

of Fe2+ (Fe2+ + H2~ -+ Fe3+ + ·OH + Olf). Hydroxyl radical (·OH) is probably the most 

highly reactive and toxic form of oxygen and plays important roles in the initiation of 

lipid peroxidation, protein oxidation and DNA damage in cells. Hydroxyl radical (·OH) 

can also be formed through the reaction of ~.- and nitric oxide (NO·) (28): 

O2 ~ + NO· -+ ONOO

ONOO· + W -+ ONOOH 

ONOOH -+ OH· + N~· 

In the normal physiological state, ROS production is balanced by the 

scavengers-the antioxidants. The antioxidants can be divided into two groups: the 

enzymatic antioxidants, such as superoxide dismutases (SOD), glutathione peroxidases 

(Gpx), and catalases; and the nonenzymatic antioxidants, which include glutathione, uric 

acid, vitamins C and E, etc. Superoxide dismutase (SOD) catalyzes the conversion of ~ .. 

to H2~' which is then detoxified to H20 and 02 by catalase in mammalian cells or by 

glutathione peroxidase (Gpx) at the expense of reduced glutathione (GSH) in the brain. 

The oxidized glutathione (GSSG) can be recycled to reduced glutathione by glutathione 

reductase in the presence of nicotinamide-adenine dinucleotide phosphate (NADPH) (29). 
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The production of ROS and their interaction with the enzymatic antioxidants are showed 

in Fig. 1. 

GSH 

ONOO· 

ONOOH - .. 
OH· 

Fig.l The summary of the ROS production and the function of antioxidant enzymes 

When the balance between ROS production and antioxidants activity is impaired 

due 'to either a damaged antioxidative system or environmental stress, ROS levels will 

increase dramatically, thus, oxidative stress occurs. When oxidative stress is produced, 

ROS can directly react with or induce the signaling molecular pathway to attack the 

cellular macromolecules, such as lipids, proteins, and nucleic acids, and lead to cell 

injury and death via either the apoptotic or the necrotic pathways (30-32). 

The brain is particularly sensitive to oxidative stress compared with other organs 

because of the following reasons (33): 
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(1) The brain has a relatively high consumption of oxygen. The brain 

consumes 20% of the oxygen but constitutes only 2% of total body weight, indicating 

that the brain can potentially generate more free radicals than the other tissues. 

(2) The brain tissue contains high concentrations of iron. which can catalyze 

the generation of free radicals. 

(3) The brain tissue contains high levels of unsaturated lipids that are the 

targets for lipid peroxidation. 

(4) The protective antioxidant system in the brain is at low to moderate level 

compared with kidney or liver. Neurons have been shown to contain very low amounts of 

catalases and thus mainly depend on Gpx to eliminate H20z. 

The above-described facts are consistent with the implication that reactive oxygen 

radicals are involved in the development of many neurological disorders and brain 

dysfunctions. such as ischemia, trauma, and degenerative disease. 

The oxidative stress after ischemia/reperfusion injury can lead to a vicious cycle 

as it impinges upon mitochondrial dysfunction, excitotoxicity. lipid peroxidation, and 

inflammation. 

ROS are mainly produced during the reperfusion stage. During ischemia, 

deliveries of oxygen and glucose to the brain ceases. There will be no ROS production. 

After reperfusion, however. blood that contains oxygen and glucose is reinstalled to 

sustain neuronal viability and to provide oxygen as a substrate for numerous enzymatic 

oxidation reactions that produce reactive oxidants. Reperfusion after ischemia causes an 

increase in oxygen to levels that cannot be utilized by mitochondria under normal 

physiological conditions. thus the production of ROS by mitochondria increases (29). 
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Ischemia may also suppress the endogenous ROS scavenging system that leads to a more 

pronounced rise in intracellular ROS (34). 

3. Hyperglycemia enhances the production of reactive oxygen species 

Several factors can modulate the outcome of ischemia and hyperglycemia is one 

of them. Hyperglycemia results from metabolic alterations in glucose metabolism and is 

defmed as a condition in which an abnormally high level of glucose circulates in the 

blood plasma (35). Hyperglycemia is a common problem in the stroke population and it 

has been reported that about one third of acute stroke patients are hyperglycemic at the 

time of presentation for medical care. Even mild hyperglycemia (>6.7mM within 24h of 

the onset of cerebral ischemia), may exacerbate the severity of stroke. Clinical studies 

have shown that hyperglycemia is associated with an increase and early appearance of 

cerebral damage and thus increases the morbidity and mortality following stroke (36-38). 

The underlying reasons for these observations are that hyperglycemia increases cerebral 

infarct size in acute stroke patients (39). 

The effects of hyperglycemia on ischemic brains have been studied in animal 

models. In transient global or forebrain ischemia, studies have shown that preischemic 

hyperglycemia exaggerates brain edema formation (40), blood brain barrier injury (41), 

and hemorrhagic transformation of the infarct. In 1977, Mayer and Yamaguchi first 

reported that acute hyperglycemia prior to temporary global cerebral ischemia in 

monkeys accentuated hypoxic-ischemic brain damage and the hyperglycemic animals 

suffered greater neurological deficit with extensive brain damage and widespread 

necrosis in regions involving the cerebral cortex, basal ganglia, brainstem, and 
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cerebellum than euglycemic animals (42). In the study of ischemic rats with 

hyperglycemia, Pulsinelli reported severe neuropathological changes and brain edema 

(43). Dietrich reported in 1993 that moderate hyperglycemia worsens acute blood-brain 

barrier ~ury after forebrain ischemia in rats (41). In another study of rats with 

experimental global ischemia, the hyperglycemic rats had a marked reduction in neuronal 

counts and extensive lesions in the neocortex and striatum compared with mild damage in 

euglycemic rats (44). 

The correlation between preischemic hyperglycemia and the outcome of focal 

ischemia is controversial. Some studies have reported that induced hyperglycemia 

reduces infarct size or leaves it unchanged (45-49) and others have shown the contrary 

results that preischemic hyperglycemia increases damage in focal ischemia (50-55). 

Siesjo summarized previous studies and proposed that (1) hyperglycemia could not 

further aggravate damage following permanent MeA occlusion unless it exaggerates 

edema or compromises collateral flow to such an extent that intracranial pressure 

increases; hyperglycemia should thus not be expected to influence the final infarct size, 

and (2) in temporary focal ischemia and reperfusion, hyperglycemia had been shown to 

increase brain damage (56). 

The mechanisms underlying the deleterious effects of hyperglycemia on acute 

stroke have not yet been fully elucidated. However, through years of studies on human 

and animal models, some mechanisms have been implicated: toxicity from the elevated 

blood glucose, promotion of acidosis, increased formation of free radicals and elevated 

intracellular calcium levels. Notably, most studies have shown that hyperglycemia 

increases oxidative stress (41). The major effect of hyperglycemia on ischemic brains is 
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the increase of intra- and extracellular acidosis during ischemia as well as in the 

immediate post-ischemic period (57). The most acidic mean cortical pH and increased 

cerebral lactate concentration caused by acute hyperglycemic ischemia may exaggerate 

neuronal and glial damage (58-60). The mechanisms by which enhanced acidosis 

worsens ischemic damage may relate to the increase of free-radical formation, 

perturbation of intracellular signal transduction, and activation of endonucleases (59). 

One of the mechanisms that relate hyperglycemia to increased brain damage may 

be the effect of hyperglycemia on excitatory amino acids. Excitatory amino acids, 

especially glutamate, may lead to neuronal death by activation of postsynaptic glutamate 

receptors, particularly N-methyl-D-aspartate (NMDA) receptors (61-63). This activation 

leads to an excessive influx of calcium through ion channels and mitochondrial injury, 

and eventually resulting in cell death. 

The mechanisms underlying the disruption of the blood-brain barrier and 

promoting cerebral edema caused by hyperglycemia may involve increased free radical 

formation. Song et al. found that hyperglycemia-induced brain injury resulted in 

increased free radical formation and in turn, increased amount of free radical formation 

increased blood-brain barrier permeability and brain edema by the use of rats' model with 

hemorrhagic stroke and hyperglycemia (64). 

Studies have demonstrated that both acute and chronic hyperglycemia modify the 

oxidative state of nervous tissue (65-66). Data from both experimental and clinical 

diabetes have shown that increased oxidative stress and changes in antioxidant balance 

result in the release of excitatory neurotransmitters and disruption of ionic homeostasis 

(67). The overproduction of ROS may come from the increased autoxidation of glucose 
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due to increased glucose level in the blood vessels (68). Thus, hyperglycemia appears to 

enhance the excess generation of ROS produced by cerebral ischemialreperfusion and to 

exacerbate ischemic brain damage. Moreover, ROS has been thought to playa major role 

in biochemical derangement observed in diabeticlhyperglycemic patients with 

cerebrovascular diseases (69). 

4. The antioxidant function of SOD 

Several endogenous antioxidant enzymes, including SOD, glutathione peroxidase, 

glutathione redutase, and catalase, exist in mammalian cells. These enzymes participate 

in specific free radical scavenging processes. SOOs are used extensively to reduce 

superoxide mdical-associated ischemic brain damage (70). 

Superoxide dismutases are specific antioxidant enzymes that convert superoxide 

anions into H2~. There are three types of SOOs in bmin cells: CuZn-soo (SOO-I, 

localized in cytosol), Mn-SOO (SOO-2, localized in mitochondria), and a copper 

containing SOD (SOO-3, localized in extracellular space). SOO-1 is a dimeric protein 

and requires both copper and zinc ions as cofactors. The human sod-l gene is localized 

on chromosome 21. SOO-2 requires manganese as a cofactor. It is a tetrameric protein 

and in human cells, it is encoded by the sod-2 gene on chromosome 4 (71). SOO-3 

requires copper as cofactor. The genes of all of these three enzymes have been 

successfully cloned (72-73). 

Tmnsgenic (Tg)Jknockout (KO) animals with altered levels of pro-oxidants, 

antioxidants, and oxidant-related enzymes or proteins have been created to study the role 

of a specific oxidant or antioxidant in ischemic bmin injury (70). 
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Two classic methods have often been used for creating transgenic mice. The first 

one is microinjection of transgene into the pronuclei of fertilized mouse oocytes and it is 

most commonly used (74). This method leads to random integration of various copies of 

the injected DNA into a single site on a mouse chromosome and the integrated DNA can 

be passed on to future generations. The second method to produce transgenic mice is to 

introduce foreign genes to embryonic stem cells, which are subsequently screened for the 

integration of transgenes (75). These embryonic stem cells with the transgene (active or 

inactive knockout) are microinjected into the blastocytes to further produce chimeric 

mice. Heterozygous offspring containing the transgene can then be produced by breeding 

the chimeric mice with wild types. Furthermore, homozygous offspring can be generated 

by breeding among heterozygous mice. Several mice strains with different genotypes 

relating to oxidant/antioxidant enzymes/proteins have been developed successfully and 

most of them have been used in the study of the role of oxidants in ischemic brain injury 

(70). 

In the studies of focal cerebral ischemia using transgenic mice overexpressing 

SOD-I, a 35% decrease in infarct volume compared with nontransgenic mice was 

observed after permanent focal ischemia (76). In global ischemia, SOD-l overexpression 

results in a 50% reduction in hippocampal CAl cell death and the mechanism of this 

protection may partly involve the blockage of the mitochondrial apoptotic pathway (77-

78). In contrast, the SOD-l KO mice had increased cell death and edema after transient 

MeAO and global cerebral ischemia (79-81). However, neonatal mice that overexpress 

SOD-l have increased neuronal injury after hypoxia ischemia due to the developmentally 

down regulated Gpx activity (82-83). 
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Mitochondria superoxide anion production may be a critical step underlying the 

mechanism of ischemialreperfusion injury. MnSOD (SOD-Z) may protect against 

ongoing oxidative cell death after ischemialreperfusion (84). SOD-Z provides a first line 

of defense against superoxide anion overproduced from mitochondria and appears to 

attenuate cytochrome c translocation, which plays an important role in initiating cell 

death pathways (Z9-85). The importance of mitochondrial production of oxygen radicals 

and the protective role of SOD-Z after cerebral ischemia have been demonstrated in 

heterozygous SOD-Z KO mice and heterozygous SOD-2 Tg mice. Heterozygous SOD-2 

KO mice that contain 50% MnSOD activity showed enlarged infarct volume after 

permanent MCAO (86), increased mitochondrial cytochrome c release, and subsequent 

fragmentation of DNA after permanent focal cerebral ischemia (85). In contrast, the 

heterozygous SOD-2 Tg mice showed neuronal protection against oxidative stress after 

transient focal cerebral ischemia (87). In the study of transient MCAO and reperfusion, 

the heterozygous SOD-2 KO mice showed a high rate of reperfusion-relaied brain 

hemorrhage, larger infarct volumes, and cerebral edema; whereas, overexpression of 

SOD-2 has a protective effect on the microvasculature which resulted in reduced 

vascular endothelial cell death (88). 

Although SOD-3 level in the brain is much lower than in other organs, recent 

studies on mice that are deficient in SOD-3 or overexpress SOD-3 demonstrated that 

overexpression of this protein provides protection after focal and global ischemia, 

whereas KO animals showed increased infarct volume after focal ischemia (89-91). 
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ll. HYPOTHESES AND OBJECTIVES 

Previous studies have shown that mitochondrial specific SOD (SOD-2) detoxifies 

the superoxide anion produced in mitochondria and plays a protective role against 

ischemic neuronal injury. Decreased SOD-2 activity in heterozygous SOD-2 knockout 

(KO) mice caused a prominent increase in superoxide anion production, DNA 

fragmentation, exacerbated cerebral edema, and increased infarct volumes after ischemia 

and reperfusion; whereas, overexpression of SOD-2 maintained the integrity of the 

microvascu1ature and prevented the break down of the blood-brain barrier. The studies in 

our laboratory have already demonstrated that hyperglycemia significantly increases the 

production of superoxide anion, exacerbates neuronal damage, activates cell death 

pathway and increases the infarct volume in wild type mice subjected to transient 

MCAO. 

Hypotheses 

My hypothesis is that hyperglycemia increases infarct volume after MCAO by 

enhancing the production of superoxide anion. Therefore, reduction of SOD-2 activity 

may further exacerbate and overexpression of SOD-2 may reduce hyperglycemia

enhanced ischemia brain damage by regulating the accumulation of superoxide anion. 

Objectives 

The objectives of this study are to investigate whether down-regulation of SOD-2 

will further enlarge the infarct volume that is caused by hyperglycemic ischemia by 

decreasing the accumulation of superoxide anion in the brain and reducing oxidation to 
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DNA, and whether up-regulation of SOO-2 will be able to suppress the enhanced 

production of superoxide in hyperglycemic animal after ischemia and reperfusion and 

thereby reduces infarct volume. 

III. MATERIALS AND METHODS 

1. Animals 

The heterozygous SOO-2 knockout mice with a COl background and wild type 

COl mice, as well as the heterozygous SOO-2 transgenic mice with C57BU6J 

background and wild type with the same background were kindly provided by Dr. Pak H. 

Chan at the Stanford University, School of Medicine. Animal surgical procedures were 

performed in strict accordance with the National Institutes of Health Guide for the Care 

and Use of Laboratory Animals and were approved by the Institutional Animal Care and 

Use Committee, University of Hawaii. A total of 59 male mice were used. Experimental 

groups and number of mice in each group are given in Table 1 and Table 2. 

TABLE 1 

Experimental groups and number of CD 1 mice in each group 

Wild type Heterozygous SOO-2 Knockout 

Reperfusion Sham 5hr 24hr Sham 5hr 24hr 

time 

Perfused brain 2 4 4 2 4 4 

samples for 

vibrotome 

Frozen brain 2 4 4 3 4 4 

samples 
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TABLE 2 

Experimental groups and number of C57BU6J mice in each group 

Wild type Heterozygous SOD-2 Transgenic 

Reperfusion Sham 5hr 24hr 5hr 24hr 

time 

Perfused brain 2 4 5 3 4 

samples for 

vibrotome 

2. Focal cerebral ischemia and reperfusion 

Mice were fasted the night before the induction of ischemia but had free access to 

water. Anesthesia was induced by inhalation of 3.5% halothane in a mixture of N20:~ 

(70:30) and maintained at 1.5% halothane with usage of a facemask during surgical 

procedures. One drop of blood obtained by piercing the tail was used to measure blood 

glucose level (One Touch®). Rectal and skull temperatures were both maintained at-

37°C by a combination of a homeothermic blanket control unit and a heating lamp. 

Male mice (35 to 40 g. 2-3 months old) were subjected to transient focal ischemia 

by intraluminal middle cerebral artery occlusion (MCAO) with an Ilmm 5-0 surgical 

monofilament nylon suture. A ventral midline incision was made in the neck. Common 

carotid artery. external carotid artery and internal carotid artery of the right side were 

isolated. The external carotid artery was ligated by a suture. A small incision was placed 

in the common carotid artery and the monofilament was inserted into the internal carotid 

artery through the common carotid artery and advance to the middle cerebral artery. To 

avoid damaging the vessels. the nylon suture was coated with silicon. All animals were 
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injected intraperitonealy (i.p.) with 0.3ml 25% glucose (0.lml110g) 20min before 

induction of ischemia to yield a blood glucose concentration of -20 mmollL. For in vivo 

detection of superoxide production. 200 J1L dihydroethidine (DHE) were intravenously 

(i.v.) injected via jugular vein 15 min prior to the ischemia onset After 30 minutes of 

MeA occlusion, blood flow was restored by withdrawing the suture. Animals that were to 

be used for morphological studies were sacrificed after 5hr or 24hr of recovery by 

transcardiac perfusion of 2% paraformaIdehyde. The brains were removed and sectioned 

at 30J1l1l thickness using a vibratome (VT lO00s, Leica). Mice that were used for 

biochemical analyses were decapitated under anesthesia after 5 or 24 hr of reperfusion 

and their brains were frozen in liquid nitrogen and stored at -80 ·C for later analyses. 

Sham-operated hyperglycemia mice served as non-ischemia controls. 

3. Detection of the superoxide anion production 

DHE (Molecular Probes) was dissolved in 2% dimethylsulfoxide (100 mglmL) 

and used as stock solution. The injected solution was made by a 1:100 dilution of the 

stock solution with PBS. Each mouse received a 200J.lL intravenous injection of the 

solution under 1.5% halothane anesthesia before the induction of ischemia. DHE was 

taken up by living cells quickly after injection and oxidized specifically by superoxide 

anion to form a fluorescent precipitate that could be detected under UV excitation 

The 30 J.IID vibratome sections were washed with Ix TBS-T (tris buffered saline 

with 0.2% Triton(r) X-loo, pH 7.4) solution 3 times (lOmin each) and dried for 10min, 

and then sealed under coverslips using vectashield mounting medium for fluorescence 
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with DAPI (Cat# H-1200, Vector, USA). The glass slides were dried at 4 ·C overnight 

and analyzed with a fluorescent microscope the next day. Because DHE is sensitive to 

visible light, efforts were made to avoid light exposure of the sections. 

4. Immunohistochemistry 

Vibratome sections were washed with Ix TBS-T (tris buffered saline with 0.2% 

Triton(r) X-loo, pH 7.4) solution 3 times (1Omin each), and nonspecific binding sites 

were blocked with 5% normal goat serum with 1 % BSA in Ix TBS-T solution for 1.5hr 

at room temperature. The sections were incubated overnight with mouse anti-8-hydroxy-

2-deoxyguanosine (8-0HdG) monoclonal primary antibody (1:100 dilution in blocking 

solution, Cat# 24328, Oxis, USA) or mouse anti-neuronal nuclei (NeuN) monoclonal 

primary antibody (1:300 dilution in blockiltg solution, Cat# MAB377, Chemicon, USA) 

at 4·C. The sections were then washed and incubated with Alexa Fluor 488 goat anti

mouse IgG secondary antibody (Cat#A-l1oo1, Molecular Probes, USA) at 1:500 dilution 

in blocking solution for Ihr at room temperature. Sections were mounted on glass. using 

vectashield mounting medium for fluorescence with DAPI (Cat# H-12oo, Vector, USA). 

5. Determination of infarction 

The 30 J.lIIl thickness brain sections were washed with Ix TBST for three times 

(IOmin each), mounted on glass slides, dried for 10min, and sealed under coverslips 

using vectashield mounting medium for fluorescence with propidium iodide (PI) (Cat# 

H-13oo, Vector, USA). The infarct areas were measured and the infarct volume was 

calculated with the NIH IMAGE program. Statistical analysis of infarct volume between 
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the groups was perfonned with a Prism 4.0a software. ANDV A followed by Bonferroni 

post-test was used. P less than 0.05 was considered statistically significant 

6. Image analysis and photograpbing 

All slides were examined using an Olympus fluorescent microscope equipped 

with a disk spinning unit (DSU) and linked to a digital camera. 

IV. RESEULTS 

1. Infarct volume in wild type and heterozygous SOD-2 knockout CDI 

mice 

NeuN antibody specifically recognizes the DNA-binding, neuron specific protein 

NeuN (neuronal specific nuclear protein), which is present in most central nervous 

. system (CNS) and peripheral nervous system (PNS) cell types of all vertebrates tested, so 

NeuN immunostaining is used to detect neuronal death. We incubated the brain sections 

with NeuN primary antibody (mouse IgG) and Alexa 488 secondary antibody (anti-

mouse IgG). The sections were then observed with a confocal microscope. The results 

showed that at 24hr reperfusion after ischemia, neurons showed regular round shape in 

the contralateral non-ischemia hemisphere of wild type COl mice (Fig. 2A); while in the 

ischemia hemisphere, neurons in the striatum and overlay cortex showed shrunken and 

irregular shape (Fig. 2B), indicating that these neurons are damaged. In these areas, some 

healthy neurons could still be observed (Fig. 2B). 

Since NeuN immunostaining requires multiple steps and it is time consuming, we 

explored the approach of using propidium iodide (PI) staining to detect the infarct area. 
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The PI staining method requires only one step of a single drop of mounting media 

containing PI. Therefore, this staining method saves time and reagents. Propidium iodide 

binds to DNA and RNA of all types of cells. Our results showed that infarct area detected 

by PI was very similar to that measured by NeuN immunostaining. At 24hr reperfusion 

after ischemia in wild type COl mice, most of the nuclei in the contallateral non

ischemia side (Fig. 2C) showed regular and round shape with normal size and those small 

nuclei could be the nuclei of glial cells, whose nuclei are much smaller than those of 

neurons. However, the striatum and overlay cortex in the ischemia side (Fig. 20) 

contained shrunken nuclei with irregular shape. Moreover. in Fig. D. healthy neurons 

were also observed. These results indicate that it is feasible to use PI staining to 

determine the severity of the neuron damage and the infarct volume. 

We also compared the effect of PI staining and NeuN antibody in heterozygous 

SOD-2 KO COl mice after ischemia followed by 24hr reperfusion (Fig. 3). The 

immunostaining with NeuN antibody results showed that, no damaged neurons existed in 

contralateral non-ischemia hemisphere (Fig. 3A), while in the striatum and overlay cortex 

in ischemia side (Fig. 2D), almost all neurons were dead and engulfed by macrophages, 

which resulted in blank areas shown in Fig. 3D. Consistently, the PI staining results also 

showed the contralateral non-ischemia hemisphere did not contain any damaged neurons 

(Fig. 3C), whereas the ischemia side suffered such severe trauma that no healthy neurons 

could be observed in the striatum and overlay cortex (Fig. 3D). These results confirm the 

feasibility of using PI staining to determine the severity of the neuron damage and the 

infarct volume. 
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Fig. 4 showed the differences between contralateral side (Fig. 4A-D) and 

ischemia side (Fig. 4E-H) in both wild type and KO mice after ischemia and reperfusion. 

In wild type CDl mice, the differences between ischemia side and contralateral side were 

visible at 5hr of reperfusion (Fig. 4A and E), and obvious at 24hr after reperfusion (Fig. 

4B and F). In heterozygous SOD-2 KO mice, the differences between ischemia side and 

contralateral side were already very obvious at 5hr of reperfusion (Fig. 4C and G) and 

persisted at 24hr of reperfusion (Fig. 4D and H). When the severity of brain damage was 

compared between wild type and heterozygous SOD-2 KO mice, the results showed that 

at 5hr reperfusion after ischemia, the KO mice (Fig. 40) showed more severe neuronal 

damage compared with the wild type mice (Fig. 4E); at 24hr reperfusion after ischemia, 

neurons in KO mice (Fig. 4H) were damaged much more severely than the neurons in 

wild type (Fig. 4F) as healthy neurons could still be observed in the infarct area in wild 

type mice, but not in the KO mice. 

The quantitative measurements (Fig. 5) of infarct volume showed that at 5hr of 

reperfusion, the infarct volume of the heterozygous SOD-2 KO CDl mice increased 

slightly compared with that of the wild type. At 24hr of reperfusion, the infarct volume of 

SOD-2 KO CDl mice was enlarged significantly compared with that of the wild type 

mice. This result was consistent with the neuron damage shown in Fig. 4. 

2. Superoxide anion production in wild type and heterozygous SOD·2 

knockout CDt mice 

To evaluate the production of superoxide anion in the brain after ischemia and 

reperfusion, we injected dihydroethidine (DlIE) into animals l5min before ischemia. 
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DHE is an uncharged racemic fluorescent compound, which is freely permeable through 

the brain parenchyma. Shortly after injection, DHE was taken up rapidly by brain cells 

and then oxidized specifically by superoxide anion, which was produced primarily by 

mitochondria (84). The oxidized DHE immunoreactivity can be detected using the 

Olympus confocal fluorescent microscope at excitation of 480run and emission of 567nm. 

In both wild type and S00-2 KO COl mice, after 30min middle cerebral artery 

occlusion (MCAO), compared with the contralateral non-ischemia side (Fig. 6 A, B, C, 

and D), the ischemia side (Fig. 6 E, F, G and H) showed much stronger oxidized DHE 

immunoreactivity after ischemia and reperfusion. As mentioned above, the oxidized DHE 

reactivity indicates the superoxide anion produced in cells. So the stronger oxidized DHE 

fluorescent in the ischemia side indicates that the ischemia side produces more 

superoxide anion than the contralateral non-ischemia side after focal ischemia and 

reperfusion. The ischemia sides of wild type and S00-2 KO CD-I brain were also 

compared and the results showed that after ischemia followed by 5hr of reperfusion, no 

differences in the oxidized DHE immunoreactivity were observed between wild type (Fig. 

6E) and KO (Fig. 6G) mice; however, at 24hr of reperfusion, the KO mice (Fig. 6H) 

showed more enhanced oxidized DHE immunoreactivity than the wild type mice (Fig. 

6F). These results suggest that the accumulation of superoxide anion in the brain after 

ischemia and reperfusion is more pronounced in the SOD-2 KO mice than the wild type 

mice. 
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3. Infarct volume in wild type and heterozygous SOD-2 transgenic 

C57BU6L mice 

PI staining showed that ischemic neuronal damage was observed after 5hr of 

reperfusion in the wild type (Fig. 7A and E) and SOO-2 transgenic (Fig. 7C and 0) mice. 

Neuronal damage had further progressed after 24hr of recovery (Wt: Fig. 7B & F; SOO-2 

Tg: Fig. 7D & H). Unexpectedly, neuronal damage was not ameliorated by over-

expression of SOO-2 gene. Thus, overexpression of the SOO-2 mice failed to protect the 

brain against ischemia and reperfusion damage after 5hr (SOO-2 Tg: Fig. 70 vs Wt: Fig. 

7E) and 24hr (SOO-2 Tg: Fig. 7H vs Wt: Fig 7F) of reperfusion. 

The quantitative measurements of infarct volume showed that the infarct volume 

was not significantly different between the SOO-2 Tg C57BU6J mice and the wild type 

mice at either 5hr or 24hr of reperfusion (Fig. 8). This result was also consistent with the 

neuron damage shown in Fig. 7. 

4. Superoxide anion production in wild type and SOD-2 transgenic 

C57BU6J mice 

When oxidized OHE immunoreactivity in wild type and heterozygous Tg 

C57BU6J mice were measured, compared to the contralateral non-ischemia side (Fig. 9A, 

B, Cand 0) enhanced immunoreactivity in the ischemia side (Fig. 9E, F, 0 and H) was 

detected. When the oxidized OHE immunoreactivity in the ischemia side of the wild 

type mice was compared with that of heterozygous SOO-2 Tg mice, we observed no 

difference at 5hr of reperfusion (Fig. 9E and 0). However, at 24hr of reperfusion, the Tg 

mice (Fig. 9H) showed a slight decrease of oxidized OHE immunoreactivity compared 
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with wild type mice (Fig. 9F). These results suggested that over-expression of SOD-2 

failed to reduce the accumulation of superoxide anion after ischemia and reperfusion 

injury. 

S. DNA oxidative damage analysis 

DNA oxidative damage was detected by immunostaining using anti-8-hydroxy-2-

deoxyguanosine (8-0HdG) antibody. 80HdG is a marker for DNA oxil4ttive damage and 

it is formed by the oxidation of deoxyguanosine (dG), which is one of the constituents of 

DNA. 

Fig. 10 shows hat there was virtually no DNA oxidation detected in the 

contralateral non-ischemic hemispheres of both the wild type CD! mice and SOD-2 KO 

CDI mice (Fig. lOA-D). In contrast, 8-0HdG positive immunostaining was observed 

after 5 and 24 hr of reperfusion and it appeared to be localized in the endothelial cells of 

the blood vessels based on morphology (Fig. 10E & F). In the KO mice, the 8-0HdG 

signals were detected at 5 hr of reperfusion and further increased at 24hr of reperfusion 

(Fig. lOG & m. When the 8-0HdG signals were compared between the wild type CDI 

mice and the SOD-2 KO COl mice, we found no differences in 8-0HdG 

immunoreactivity at 5hr of reperfusion, (Fig. 10E and G). However, at 24hr of 

reperfusion, the 8-0HdG signals increased significantly in KO mice (Fig. 10m compared 

with wild type (Fig. 1OF). These results suggested that the DNA oxidative damage 

mainly occurs in the ischemic hemisphere and that the DNA damage was increased by 

down-regulation of SOD-2. 
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In both wild type and S00-2 Tg C57BU6J mice, the contralateral side (Fig. IIA, 

B, C and D) only showed unspecific immunoreactivity, while the ischemia side (Fig. lIE, 

F, G and H) showed positive 8-0HdG immunoreactivity. When the 8-0HdG signals were 

compared between wild type (Fig. 11E and F) mice and Tg mice (Fig. 11G and H), no 

obvious differences were observed at either 5hr (Fig. lIE and G) or 24hr (Fig. IIF and H) 

reperfusion after ischemia. The results suggested that overexpressing the SOD-2 gene in 

mice did not prevent DNA oxidative damage caused by ROS. 

6. Colocalization of 8-0HdG and oxidized DHE immunoreactivity 

Triple labeling of 8-0HdG, oxidized DHE, and the nuclear marker DAPI was 

performed to verify if DNA oxidation was co-localized with oxidized DHE. Brain 

sections that were collected from the DHE-injected mice were incubated with anti-8-

OHdG antibody and Alexa 488, and the slices were mounted with the mounting media 

containing 4', 6-Diamidino-2-phenylindole (DAPO, which stains nuclei specifically with 

little or no cytoplasmic labeling. The slices were then analyzed using a fluorescent 

confocal microscope at high magnification (x600). The results showed that 8-0HdG 

staining (Fig. 12B, green color) was colocalized with oxidized DHE (fig. 12C, red color) 

as revealed in Fig. 12D. Furthermore, neuronal cells that had positive 8-0HdG and 

oxidized DHE were dead based on the condensed nuclear morphology revealed by the 

DAPI staining (Fig. 12A & D, blue color). 
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V. DISCUSSION 

Several studies have been published using the SOD-2 KO mice to define the role 

of SOD-2 in ischemic brain damage. However, no study has been performed using 

hyperglycemic SOD-2 KO mice. To date, only one publication recorded the effects of 

SOD-2 overexpression on ischemic stroke in mice. In that study, the focus was on the 

integrity of blood vessels and the blood-brain barrier (88). Previous studies in our lab 

have already showed that preischemic hyperglycemia or diabetes causes overproduction 

of superoxide anion (92), accelerates and exacerbates neuronal damage, activates cell 

death pathways and increases infarct volume (93) in the wild type mice. In the present 

study, we studied the knockout and overexpression of SOD-2 gene in hyperglycemic 

mice after ischemia and reperfusion. 

1. Knockout of SOD-2 gene in hyperglycemia CDI mice enhanced the 

production of superoxide anion, caused DNA oxidative damage and 

increased the infarct volume 

Mitochondria are both the sites of superoxide anion production and the targets of 

free radical attacks. SOD-2, the mitochondrial specific superoxide dismutase, plays a 

protective role as an antioxidant defense in ischemic neuronal injury (86). Decreased 

SOD-2 activity in SOD-2 KO mice with normoglycemia caused a prominent increase in 

superoxide anion production under normal physiological conditions and in ischemia (85). 

SOD-2 KO mice with normoglycemia are highly susceptible to ischemia brain injury and 

had a high rate of reperfusion-related brain hemorrhage, larger infarct volumes, and 
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cerebral edema after ischemia and reperfusion (88). The studies in permanent focal 

cerebral ischemia also showed exacerbated infarct volume (94), increased mitochondrial 

cytochrome-c release and subsequent DNA fragmentation in SOD-2 KO mice (85). 

Our results showed that, under hyperglycemic conditions. the deficiency of SOD-

2 activity in SOD-2 KO mice increased the infarct volume. Further analyses revealed that 

such detrimental effect was linked with enhanced production of superoxide anion and 

exacerbated DNA oxidative damage. These results are consistent with previous studies 

with normoglycemic animals. 

2. Overexpression of SOD·2 gene in hyperglycemic mice failed to 

decrease the production of superoxide anion and reduce the infarct 

volume 

Previous studies in normoglycemic mice showed that overexpressing SOD-2 

(which results in a 2.5-fold increase in SOD-2 activity) provided protective effects on the 

microvasculature by maintaining the integrity of the blood-brain barrier after 

ischemia/reperfusion injury (88). It is not known however, whether the infarct volume 

was reduced in transgenic SOD-2 animals. Our studies showed that upregulation of SOD-

2 failed to protect brain from ischemia and reperfusion damage since the infarct volume 

was not reduced at 5 and 24 hr after recovery following a 30 min MeAO. This failure in 

reducing infarct volume caused by stroke was associated with an inability of SOD-2 to 

decrease the accumulation of superoxide anion and ameliorating the DNA oxidation. It is 

not clear why the amount of surperoxide was not reduced by overexpressing the SOD-2. 

One possible explanation is that hyperglycemia-enhanced superoxide production is so 
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ovelWhelming that SOD-2 cannot break down the superoxide produced, even if the SOD-

2 has been up-regulated. Another possibility is that up-regulation of SOD-2 leads to 

down-regulation of other endogenous antioxidative enzymes such as glutathione 

peroxidase (GPx). As a result, the total antioxidative capacity remains unchanged or 

decreased. A fmal possibility is that up-regulated SOD-2 reduced superoxide to H202; the 

latter in the presence of iron forms the more toxic hydroxyl radical. It has been reported 

that hyperglycemia releases iron from its binding sites and facilitates the formation of 

hydroxyl radicals via the Fenton reaction (94-95). 

3. PI sbdning to measure neuron damage and infarct volume 

Our results showed that PI staining can define the damaged neurons and infarct 

areas, so it is feasible for the measurement of infarct volume. The most often used 

method to measure infarct volume in recent studies is to incubate the fresh brain sections 

with 2, 3, 5-triphenyltetrazolium chloride (TfC). But the TIC staining requires fresh 

brain tissue sections and it can not be applied on the paraformaidehyde fixed samples. 

Immunostaining with anti-NeuN antibody is also often used to define neuron damage and 

infarct areas. Although this method is suitable for fixed samples as well as fresh samples, 

it consists of three incubation steps-blocking for 1-2hr, incubation with primary 

antibody (usually overnight) and incubation with secondary antibody (lhr)-and 

thorough washing with TBST. Routine histological staining using hematocxylin and 

eosin (H&E) is also often used to observe the neuronal damage. This requires a long, 

tedious process of dehydration, embedding, sectioning and staining. Compared to the 

methods described above, the PI staining method has several advantages. It can be 
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applied to paraformaIdehyde perfused samples or freshly cut sections. It requires only a 

single drop of the PI solution and is therefore much faster and more convenient than any 

other methods described above. Most importantly, the results obtained are compatible 

with standard methods. 

VI. CONCLUSIONS AND FUTURE PROSPECTS 

The major fmdings of the study are that deficiency in SOO-2 activity enhanced 

the production of superoxide anion, exacerbated DNA oxidative damage, and increased 

the infarct volume; whereas overexpression of SOO-2 failed to reduce accumulation of 

superoxide, oxidation of ONA and infarct volume after ischemia and reperfusion injury 

in hyperglycemic animals. These results suggest that SOO-2 plays an important role in 

modulating the outcome of ischemic injury by regulating the accumulation of superoxide 

anion. However, overexpressing SOO-2 alone may not be efficient enough in reducing 

the overwhelming superoxide production caused by hyperglycemia after ischemia and 

reperfusion. Obviously, quantitative measurements of superoxide and H2~ are required 

before making a definite conclusion. In addition, activities of other endogenous 

antioxidant enzymes need to be measured in S00-2 Tg mice to rule out the possibility 

that the ineffectiveness of SOO-2 upregulation in reducing hyperglycemia-enhanced 

ischemic brain damage is due to suppression of antioxidant systems. 
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vn. FIGURES (Fig. 2-Fig. 12) 

Fig. 2. Comparison between propidium iodide staining and immunostaing with NeuN 
antibody to evaluate brain damage after ischemialreperfusion. A, B: immunostaing 
with NeuN antibody. C, 0 : propidium iodide staining. A, C: contralateral non-ischemia 
side of the brain of wild type COl mice, 24br reperfusion after ischemia. B, 0: 
ischemia side of the brain of wild type COl mice, 24hr reperfusion after ischemia. 
Magnification x200. 
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Fig. 3. Comparison between propidium iodide staining and immunostaing with NeuN 
antibody to evaluate brain damage after ischemia/reperfusion. A, B: immunostaing 
with NeuN antibody. C, D: propidium iodide staining. A, C: contralateral nOD
ischemiaside of the brain of SOD-2 KO heterozygous CD 1 mice, 24hr reperfusion 
after ischemia. B, D: ischemia side of the brain of SOD-2 KO heterozygous CD! mice, 
24hr reperfusion after ischemia. Magnification x200. 
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Fig. 4. Propidium Iodide staining of wild type and SOO-2 KO CD! mice brain slices after 
ischemialreperfusion. A, B, C, and 0 : contralateral side. E, F, G, and H: ischemia side. 
A, E: wild type , 5hr reperfusion after ischemia. B, F: wild type, 24hr reperfusion after 
ischemia. C, G: SOO-2 KO heterozygous, 5hr reperfusion after ischemia. 0, H: SOO-2 KO 
heterozygous, 24br reperfusion after ischemia. Magnification x200. 
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Fig. 5. Measurement of infarct volume in the ischemic hemisphere of wild 
type and SOD-2 KO COl mice after 30min MCAO. Ratio (mean + SD) of 
the infarct volume value in the SOD-2 KO heterozygotes was compared 

with the wild type value at 5hr, and 24hr after reperfusion (n=4 each). *p < 
0.05 by 2-way ANOV A followed by Bonferroni post-test (prism 4.0a 
software). 
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and ischemia side in wild type and 80D-2 KO CDI mice. A, B, C, and D: contralateral non
ischemia side. E, F, G, and H: ischemia side. A, E: wild type, 5hr reperfusion after ischemia. 
B, F: wild type, 24hr reperfusion after ischemia. C, G: 80D-2 KO heterozygous, 5hr 
reperfusion after ischemia. D, H: 80D-2 KO heterozygous, 24hr reperfusion after ischemia. 
Magnification x200. 
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Fig. 7. Propidium Iodide staining of wild type and SOO-2 Tg C57BU6J mice brain slices 
after iscbemialreperfusion . A, B, C, and 0 : contralateral side. E, F, G, and H: ischemia side. 
A, E: wild type, 5br reperfusion after ischemia. B, F: wild type, 24hr reperfusion after 
ischemia. C. G: SOO-2 Tg heterozygous, 5br reperfusion after ischemia. D, H: SOO-2 Tg 
heterozygous, 24br reperfusion after ischemia. Magnification x200. 
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Fig. 8. Measurement of infarct volume in the ischemic hemisphere of 
wild type and SOO-2 Tg C57BU6J mice after 30min MCAO. Ratio 
(mean + SO) of the infarct volume value in the SOO-2 Tg 
heterozygous was compared with the wild type value at 5hr, and 24hr 
after reperfusion (n=4 each). There is no significant difference of 
infarct volume between wild type and Tg mice. 2-way ANOV A 
followed by Bonferroni post-test (prism 4.0a software). 
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Fig. 9. Comparison of oxidized DHE fluorescence signal between contralateral non-ischemia and 
ischemia side in wild type and SOD-2 Tg C57BU6J mice. A, B, C, and D: contralateral non
ischemia side. E, F, G, and H: ischemia side. A, E: wild type, 5hr reperfusion after ischemia. B, F: 
wild type, 24hr reperfusion after ischemia. C, G: SOD-2 Tg heterozygous, 5hr reperfusion after 
ischemia. D, H: SOD-2 Tg heterozygous, 24hr reperfusion after ischemia. Magnification x200. 
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Fig. 10. Comparison of 8-0HdG signal between . and cOlltrallat"ra1 non-i:schemia 
side in wild type and SOO-2 KO COl mice. A, B, C, and 0 : contralateral non-ischemia side. 
E, F, G, and H: ischemia side. A, E: wild type, 5hr reperfusion after ischemia. B, F: wild type, 
24hr reperfusion after ischemia. C, G: SOO-2 KO heterozygouse, 5hr reperfusion after 
ischemia. 0, H: SOO-2 KO heterozygous, 24hr reperfusion after ischemia. Magnification: x200. 
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in 
wild type and SOD·2 Tg C57BU 6J mice. A, B, C, and D: contralateral non· ischemia side. E, F, 
G, and H: ischemia side. A, E: wild type, 5br reperfusion after ischemia. B, F: wild type, 24br 
reperfusion after ischemia. C, G: SOD·2 Tg heterozygous, 5hr reperfusion after ischemia. D, H: 
SOD·2 Tg heterozygous, 24br reperfusion after ischemia. Magnification: x200. 
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Fig. 12. Co locaLization of80HdG, DAP! and oxidized DHE fluorescence singal in 
SOD·2 KO beterozygous CDI mice after iscbemia followed by 24br ofreperfusion. 
A: DAP! signal. B: 80HdG signal. C: oxidized DHE signal. D: A, B, and C merge. 
Magnificance: x600. 
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