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Acute ischemic stroke (AIS) is the fourth leading cause of death and disability in 

the United States. The only successful therapeutic target identified for the 800,000 annual 

victims of AIS is the cerebral vasculature. This emphasizes the importance of maintaining 

a well-functioning vasculature with a well-optimized myogenic tone to supply the 

necessary nutrients, and even the requisite concentration of neuroprotectant to the 

jeopardized tissue, but at the same time avoiding hemorrhage. While early studies 

described that ischemia/reperfusion (I/R) reduces cerebral perfusion in the nonischemic 

hem1sphere as well, the underlying mechanisms and the impact of this contralateral 

vascular dysfunction on stroke outcomes have long been neglected. The goal of this 

proposal is to begin addressing this problem by focusing on the myogenic reactivity in 

ischemic and contralateral nonischemic hemispheres in experimental models with different 

stroke severity. Our global hypothesis is that contralateral myogenic dysfunction following 

1/R contributes significantly to stroke outcomes. This hypothesis will be tested by I) 

determining the impact of 1/R on myogenic reactivity in ischemic and contralateral 

hemispheres, and 2) determining the impact of contralateral myogenic dysfunction in 

conditions associated with poor stroke outcomes. This study will reveal the critical role of 

vascular d~function in nonischemic hemisphere in worsening stroke outcomes as well as 

the underlying mechanisms. 



The rationale is that once the mechanisms and modulators of cerebrovascular 

function and perfusion in both hemispheres are known, it will be possible to develop more 

effective strategies to deliver neuroprotective therapies to improve stroke outcomes and 

recovery. Moreover, these experiments have the potential to challenge the concept that 

contralateral hemisphere can serve as a control in preclinical stroke studies. 
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I. INTRODUCTION 

A. Statement of the problem and specific aims of overall project . 

Acute ischemic stroke is the fourth leading cause of death and disability in United States 1
• 

The total cost of stroke for 2010 was approximately $70 billton and it is estimated to reach 1.52 

trillton dollars m 2050 2
• Neuroprotective therapies have repeatedly failed to improve stroke 

outcomes m human patients. Currently, the only effective strategy for improving clinical outcomes 

after ischem1c stroke IS the intravenous administration of recombinant tissue plasminogen activator 

(rtPA) 1. Recently there has been a call to focus on vascular protectiOn after acute ischemic stroke 

4 5
• This emphasizes the importance of maintaining a well-functioning vasculature with a well

optimized myogemc tone to supply the necessary nutrients and even the requ1site concentration of 

neuroprotectant to the jeopardized tissue, but at the same time avoiding hemorrhage. Early studies 

reported that cerebral blood flow (CBF) is reduced not only in the ischemic region but also in the 

contralateral hemisphere after stroke, known as crossed cerebellar diaschisis 6
, and this persistent 

drop in contralateral CBF leads to poor outcomes 7
• 

8
. The role of myogenic dysfunction in 

ischemia/reperfus10n (1/R) injury bas been studied in vessels from ischemic hemispheres. However, 

less attention has been given to elucidate the underlying mechanisms of contralateral vascular 

dysfunctiOn and how th1s can play a pivotal role m the salvage of the penumbra and subsequently 

improving stroke outcomes. In the present study we prov1ded novel information regarding the 

critical role of the behavior of cerebral vessels from nonischem1c hemisphere in stroke 

injury' outcomes m conditions associated with poor prognos1s and recovery as acute hyperglycemic 

1 
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stroke. Our findmgs have the potential to challenge the concept that the contralateral hemisphere 

can serve as a control in preclinical stroke studies. 

Oxidative stress plays an important role in the pathophysiology of brain damage 

after ischemic stroke 9-
11

• However, the untargeted use of antioxidants in preclinical studies 

and clinical trials showed no success 12
• 

13
. Therefore, identifying the potential source of 

reactive oxygen species (ROS) after 1/R may provide a better therapeutic approach for 

stroke management. A great body of evidence has accumulated emphasizing the critical 

role of peroxynitrite, the reaction product of superoxide anion and ni'tric oxide, in 

modulating neuronal and vascular function after 1/R injury. However, the precise 

mechanism underlying peroxynitrite-induced loss of tone in both hemispheres remains to 

be determined. In the current study, we intended to fill this gap by determining the post 

translational modification induced by peroxynitrite generation and the source of 

pcroxynitritc parent radicals that contribute to myogenic dysfunction after 1/R. Our 

findings have the potential to identify new therapeutic strategies and targets for stroke. 

Our global hypothesis is that contralateral myogenic dysfunction following 1/ R 

contributes significantly to stroke outcomes. Understanding the mechanisms and 

modulators of cerebrovascular function and perfusion in both hemispheres will aid in 

developing more effective strategies to deliver neuroprotective therapies and to improve 

stroke outcomes and recovery. 



Myogenic Dysfunction 
Worsens Stroke 

Outcomes 

Figure I. Schematic diagram of the proposed hypothesis. 

The global hypothesis was tested by the following specific aims: 

3 

Specific Aim 1: To test the hypothesis that 1/R injury impairs myogenic tone in both 

hemispheres via increased generation of peroxynitrite, which disrupts the actin 

cytoskeleton machinery in vascular smooth muscle cells (VSMC). 

Study 1 A. Determine the impact of 1/R on myogenic reactivity in ischemic and 

contralateral hemispheres. 

Although early restoration of CBF is necessary to decrease 1 chemic injury, 

excessive blood flo\\ may lead to hemorrhage. Therefore, 1t IS critical to have a well-

opt1m1zed myogenic tone in order to achieve proper blood supply 11
• 

15. Early studies 

reported that CBF was reduced not only in the 1schemic region but also in the contralateral 

hemisphere after stroke, and this persistent drop in contralateral CBF was associated with 
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poor outcomes 7• 8. Currently, most studies have focused on the effect of liR injury on 

ischemic hemisphere only. Therefore, in our project we investigated the effect of short 

period ofl/R injury on the vascular function of cerebral arteries isolated from both ischemic 

and nonischemic hemispheres. The manuscript is published in the American Journal of 

Physiology Heart and Circulatory Physiology; 2013, Dec; 305 ( 12): H 1726- H 1735. 

Study 1 B. Determine the role(s) of oxidative and nitrosative stress on myogenic reactivity 

using pharmacological tools including perol.')'nitrite scavenger FeTPPs, nitra.tion inhibitor 

epicatechin and NADPH oxidase (Nox) inhibitor apocynin. 

Peroxynitrite is a strong vasoactive agent, previous studies demonstrated that both 

contraction and relaxation of vascular smooth muscle can occur, but this depends on the 

concentration and the potential targets for peroxynitrite 16
"18• However the effect of 

peroxynitrite on vascular tone after stroke is complex and poorly understood, and the exact 

mechanism by which peroxynitrite leads to myogenic dysfunction in both hemispheres 

following I/R remains to be determined. We used ex vivo and in vivo approaches to assess 

the role ofnitrative stress on myogenic tone. The manuscript is published in the American 

Journal of Physiology Heart and Circulatory Physiology; 2013, Dec; 305 (12): Hl726-

HI735. 

Study 1 C. Determine the molecular mechanisms contributing to peroxynitrite 

formation and action in primary cerebral vascular smooth muscle cells under 

hypoxia/ reoxygenation conditions. 
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Myogenic response is a function of vascular smooth muscle 19-21 • Therefore, we 

focused on the molecular mechanisms and post-translational modifications that can 

influence vascular smooth muscle contractility. It is well-established that Nox contributes 

to ischemic cerebral damage 22. In our study, we hypothesize that Nox4, a predominant 

YSMC NADPII oxidase isoform, which is localized to focal adhesions 23-25, is responsible 

for excess peroxynitrite generation that can readily modify the neighboring contractile actin 

cytoskeleton through nitration. Therefore, Nox4 could be identified as a novel target for 

stroke management. Since there is no commercially available Nox4 inhibitor, molecular 

tools were used to knockdown Nox4 expression in-vitro in primary human brain vascular 

smooth muscle cells (HBVSMC) under hypoxia/reoxygenation conditions. The revised 

manuscript tS under re' iew in the Journal of Vascular Pharmacology. 

Specific Aim 2: To test the hypothesis that contralateral myogenic dysfunction is 

exacerbated during acute hyperglycemic stroke and that worsens outcomes. 

Study 2A. Determine the effect of acute hyperglycemic stroke on cereb rovascular 

fun ction of cerebral a rteries in both hemispheres. 

Approximately one-third of acute ischemic stroke patients will have acute 

hyperglycemia upon admission 3• 26• 27. Several studies demonstrated that patients with 

admission hyperglycemia have poor clin1cal outcomes and h1ghcr risk of mortality 3•
28

•33• 

Our recent studies showed that modest acute elevat1ons in blood glucose amplify 

hemorrhagic transformation and edema resulting in worse functional outcomes without 

mcreasing infarct size 34• Moreover, previous studies reported a reduction in regional CBF 

during acute hyperglycemia 35
• 
36 which could accentuate brain dysfunction after ischemia 
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37
•

38
• These observations provide compelling evidence that acute hyperglycemic stroke is 

an ideal experimental model of poor stroke outcomes to study the role of contralateral 

vascular dysfunction. The manuscript is under review in the American Journal of 

Physiology, Heart and Circulatory Physiology. 

Study 28. Determine the impact of early cerebrovascular dysfunction on 

neurovascular outcomes after acute hyperglycemic stroke. 

Several experimental and clinical studies showed that an intact contralateral 

hemisphere is essential in the recovery process of stroke patients 8• 39• 
40

. However, the 

impact ofi/R injury and the underlying mechanisms occurring in contralateral hemisphere 

through functional recovery have long been neglected. This led us to investigate the impact 

of contralateral dysfunction in conditions associated with poor outcomes as acute 

hyperglycemic stroke. The manuscript is under review in the American Journal of 

Physiology, Heart and Circulatory Physiology. 

B. Brief literature review and discussion of the rationale of the project. 

1. Cerebral blood flow and autoregulation 

The brain is one of the most highly perfused organs in the body. It represents 2% 

of body weight, yet it receives approximately 20% of total cardiac output 41
• CBF levels 

below 6-10 mVIOO g/min are unable to meet tissue metabolic needs, which lead to brain 

damage within minutes 41
. Therefore, CBF regulation is highly important to meet the 

numerous functions of the brain. Several complex regulatory mechanisms are involved to 

ensure optimum CBF all the time, which include cerebrovascular autoregulation, 
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neurovascular coupling together with metabolic and chemical factors 41
•
42

. On the basis of 

Poiseuille law, it is well known that the radius is the most powerful determinant ofblood 

flow 42
. Therefore, small changes in vessel diameter would have significant effect on CBF. 

Cerebral autoregulation describes the ability of cerebral vessels to achieve constant blood 

flow via altering vessel diameter in response to fluctuations in perfusion pressure 4244
• 

Once this complex function is lost, significant brain injury could take place. Autoregulation 

is a natural mechanism involved in several vascular beds, but it is more prominent in the 

brain. Most of the vascular resistance resides in the small arteries and arterioles in the 

peripheral organs. However, large extracranial and intracranial arteries play a significant 

role in vascular resistance in the brain to protect downstream microvcssels 4541
. Cerebral 

pressure autoregulation is usually impaired as a result of intracranial hypertension, stroke, 

and traumatic brain injury 44
• 

47
. Once the autoregulatory response is disturbed, CBF will 

passively follow the changes in pressure leading to brain damage. Therefore, it is crucial 

to understand the mechanisms of autoregulation in the brain to ensure optimum CBF. 

Although, autoregulation is achieved in the brain by various mechanisms, it has been well 

established that myogenic response is the major detenninant of cerebral autoregulation 43
· 

48
•
49

. Thus, in our project we focused on the impact ofl!R injury on the myogenic behavior 

of cerebral vessels from both hemispheres and how this could influence stroke outcomes. 

In addition, we provided an explanation for the underlying mechanisms regarding 

myogenic impairment following 1/R injury, in order to identify new therapeutic targets for 

stroke management. 
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2. Myogenic response 

Myogenic response describes the ability of blood vessels to respond to transmural 

pressure reduction with dilation and to pressure elevation with constriction 48•49. It was first 

described by Bayliss in 1902, when he recorded an initial swelling after an increase in 

pressure in dog carotid artery; however this dilation was immediately followed with a 

powerful contraction while the pressure was kept at its high level. Bayliss considered this 

response independent ofthe central nervous system and postulated that it was attributed to 

the myogenic nature of the blood vessels 50
. Later on, several studies supported Bayliss 

findings, reporting that myogenic behavior is responsible for the increase of resistance with 

pressure upregulation eliminating nerve influence 51 •52• 

It lS tmportant to distinguish between myogenic tone which is the degree of 

constnctton at a spectfic pressure point and the myogemc response, which is the change of 

tone against pressure changes. Myogenic response has been described in variety of vessels 

mcluding arterioles 53• 54, arteries 55 and even small veins 56
• 5

7 for the regulation ofblood 

flow in different organs. Several in-vitro and in-vivo studies have reported that vessel 

diameter is the primary determinant of the myogenic reactivity, which is greatest in vessels 

of intermediate diameter 53
• 

58
• 

59
. However, the relation of myogenic strength to vessel 

dtameter dtffers in the brain, where large extracranial and intracranial vessels contribute to 

- 50°/o of cerebral vascular resistance 45
• 60. Therefore, large cerebral arteries together with 

artenoles partictpate acttvely in the regulation of cerebral circulation, to achieve constant 

blood flow to meet the high metabolic demands ofthe brain, while avoiding the detrimental 

effect of increasing hydrostatic pressure. The Middle cerebral artery (MCA), one of the 

large arteries that supply blood to the cerebrum, represents a major site of resistance to 
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CBF and is most often occluded in stroke. Therefore, m our project we studied the 

myogen1c behav10r of MCA from both hemispheres afler short periods of 1/R injury in 

relation to neurovascular outcomes. 

One ofthe first questions evol\.ed in the studies of myogenic response was whether 

the endothelium and the nerve stimulation play a role in myogenic response development. 

To address this question, myogenic response was determined afier blocking nerve 

excitation 61 and in endothelium denuded vessels 6
' · 

6
'. According to these models, 

myogenic response was not affected by the elimination of the endothelium or the nervous 

influence on the vessel. Thus, it is well established now that myogenic response is an 

mherent property of smooth muscle cell., which 1s independent of any neural or endothelial 

influence. However, the myogenic tone could be modified via the release of local 

metabolites or \asoactive ubstances from the endothelium and perivascular nerves 64. 

1 .. ... 
.li .. 
t 
v 

Ph 1st 1 

Autoregulatory 
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Intraluminal Pressure 

1 Ph•se3 
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Figure 2. Schematic graplr representing 
tire relations/rip behveen intraluminal 
pressure, cerebral blood flow and arterial 
diameter. 

Phase /· wlten intraluminal pressure starts to 
mcrease to reach pltysiologica/ pressure 
durmg 11hl( h mrogemc tone starts to de1·elop. 

Phase 2: \\hen mvogenic respome 1s observed 

ll'ithin rite physiolo.~ical pressure range (60-

160 mml/gJ. blood vessel constricts in 
re.\pon.\e to pn•Hure increase maintaimng 
con.\tanr hlood flow . 

Phase 3: 1\hcn intraluminal pressure e:'Cceeds 
mllorcgulatOJ:\· preuure range leading 10 

forced dilation, at which great mcrease m 
artenal dwmeter am/ loss oj tone are 
accompani<'d 11ith too much .flow. 
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3. Mechanisms of myogenic response 

The development of myogenic response in vascular smooth muscle requires the 

interplay of various complex mechanisms to achieve sequence of events 1) detection of 

wall strain/stretch which leads to membrane depolarization, 2) calcium entry, protein 

phosphorylation and constriction, 3) activation of the Rho-associated kinase and protein 

kinase C (PKC) pathways inducing calcium sensitization, and 4) actin polymerization and 

force transmission enhancement. Better understanding of the molecular. mechanisms 

underlying myogenic response will aid in developing more effective therapeutic 

approaches in vascular disorders, as hypertension, diabetes and stroke. (Figure 3) 

3.1 Membrane depolarization 

The work of Bulbring 65 and others 66-68 have demonstrated that membrane 

depolarization plays a pivotal role in the response of smooth muscle to stretch. Although 

the nature of the transduction mechanisms mediating the myogenic response is still 

controversial, there is a consensus that activation of stretch activated channels results in 

membrane depolarization and vasoconstriction 48• 49· 69. In addition, mechanosensors are 

among the other mediators that have been suggested to participate in the 

mechanotransduction of the stretch signal. 

3. 2 Stretch-activated channels 

Several experimental studies introduced stretch activated channels as the sensor by 

which increased pressure causes depolarization. Mechanosensitive channels are proved to 
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promote sodium or calcium influx, chloride efflux or inhibit potassium efflux, resulting in 

an inward current of smooth muscle cells and membrane depolarization 48
•
49

•70. 

3.3 Mechanosensors 

Mechanosensors include integrin and G-protein coupled receptors which transduce 

the increase in intraluminal pressure into vasoconstriction. Integrins are transmembrane 

receptors, with extracellular domain that binds to extracellular matrix protein. While the 

intraceltular domain attach with focal adhesion proteins including different kinases and 

cytoskeletal protein 71
. Thus, integrins couple the extracellular matrix to the cytoskeleton 

via interaction with focal adhesions proteins, and transduce the mechanical stretch across 

the cell membrane. Several studies investigated the contribution of integrins to vascular 

tone 71
, in which they showed that the use of integrin blocking antibodies suppressed 

myogenic tone 72· 73 • These results suggest that integrins are part of the mechanosensors 

responsible for the constriction of smooth muscle cells in response to changes in pressure. 

The myogenic response is an inherent property of smooth muscle cells, however, it 

could be enhanced by endothelial and humoral factors acting at G-protein coupled 

receptors. In addition, membrane stretch has been shown to induce conformational changes 

in G-protein coupled receptors leading to receptor activation. Mechanically triggered 

receptors result in activation of phospholipase C, opening of transient receptor potential 

ion channels and membrane depolarization 74
. Thus, G-protein coupled receptors are 

considered one of the mechanosensors that mediate pressure dependent membrane 

depolarization and myogenic vasoconstriction 75
• 
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3.4 Calcium dependent mechanism 

• Myogenic response development 

To date, the rise in intracellular calcium concentration is considered the primary 

mechanism for myogenic response initiation. This conclusion was based upon the results 

from different vascular beds in various animal species. Membrane depolarization due to 

increased intraluminal pressure and ultimately increased arterial wall tension leads to the 

opening of voltage gated calcium channels 67. Then, the increase of influx of calcium 

activates myosin-light-chain (MLC) kinase, by activating calcium-calmodulin complex 

cofactor. MLC kinase phosphorylates the 20-KDa a regulatory light chain subunits of 

myosin II causing contraction of the smooth muscle cells. 

As mentioned, the entrance of extracellular calcium through voltage gated calcium 

channels plays a pivotal role in smooth muscle contraction and the setting of myogenic 

tone. However, it has also been appreciated that the intracellular release of calcium from 

the sarcoplasmic reticulum is a lso involved in vasoconstriction. Various agonists that bind 

to receptors on the cell surface as well as stretch could activate phospholipase C, which 

results in the release of inositol I ,4,5-triphosphate (IP3 ) and I ,2 diacylglycero l. Then, IP3 

diffuses into the cytosol and stimulate the release of calcium from the sarcoplasmic 

rcticulum76
• 77 causing the activation ofMLC kinase and muscle contraction. 

• Myogenic response attenuation 

All physiological processes in the body arc usually under tight control of different 

mechanisms to achieve a balanced state. Therefore, it is essent ial to understand the 

mechanisms involved not only in myogenic response st imulus but also in its attenuation. 
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Knot et al showed that intracellular calcium release known as "calcium sparks" from 

sarcoplasmic reticulum of smooth muscle activates calcium activated potassium channels 

(Ka), causing hyperpolarization and vasodilation 78 
• This negative feedback response 

precisely controls membrane depolarization, which limits myogenic vasoconstriction 79
. 

3.5 Calcium independent mechanisms 

• Phosphoprotein and Rho kinases pathways 

Several studies showed a significant role of PKC and Rho kinase mediated 

pathways in regulating myogenic response to increased intraluminal pressure 80-83. 

Available evidence suggests that activation of PKC or Rho kinase pathways maintain 

smooth muscle cell constriction independently of free calcium levels. This process is 

generally referred to as calcium sensitization 84
• PKC and Rho kinase pathways modulate 

calcium sensitivity via inhibiting MLC phosphatase by phosphorylating the regulatory 

subunit of the enzyme. MLC phosphatase is responsible for dephosphorylating MLC 

leading to vasodilation. Therefore, reducing the activity of MLC phosphatase leads to 

increased MLC phosphorylation and hence vasoconstriction without changing intracellular 

calcium levels. PKC could also alter calcium sensitivity via phosphorylating various 

proteins, which are involved in excitation-contraction coupling. Calponin and caldesmon 

are contractile proteins, which inhibit actomyosin A TPase in smooth muscle. 

Phosphorylation of calponin or caldesmon with PKC leads to the loss of their inhibitory 

effect on actomyosin ATPase causing contraction 85
•
86

. 

Stretch-mediated activation of Rho87 encouraged the determination of the role of 

Rho kinase pathway in regulating smooth muscle contractility. Several studies 
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demonstrated that Rho kinase could increase smooth muscle contractility through various 

mechanisms other than modulating calcium sensitivity 83• Earlier studies provided evidence 

that Rho activation enhances actin polymerization, as the extent of filamentous actin was 

reduced by Rho kinase inhibition in aortic myocytes cells 88 and airway smooth muscle 

cells 89. In addition Rho kinase activation could enhance smooth muscle contraction via 

calcium dependent pathway, involving ion channels 83• 90, and calcium independent, via 

direct MLC phosphorylation 91 . 

• Actin cytoskeleton 

It is well established that actin polymerization is essential for the contraction of 

smooth muscle cells in various vascular beds 92-94• This led to the question whether actin 

polymerization is one of the mechanisms of the development of myogenic response in 

vascular smooth muscle cells against increased intraluminal pressure. To address this 

question, cerebral arteries were treated with cytochalasin B, an inhibitor of actin 

polymerization, and their tone was determined. Inhibiting actin polymerization made the 

arteries incapable of holding pressure and experienced forced dilation. These findings 

demonstrated the prominent role of actin cytoskeleton in the regulation of myogenic tone 

95• 96• Several studies demonstrated that VR injury impairs actin polymerization in both 

renal 97• 98 and cerebral vessels 99 ; however the exact mechanism is still need to be 

determined. To fill this gap, in the current study we investigated the mechanism by which 

VR alters actin polymerization in cerebral arteries from both hemispheres. We identified 

novel targets and strategies to restore actin polymerization after 1/R injury, which could 

enhance therapeutic tactics in stroke management. 
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4. Myogenic response and str oke 

The myogenic response development incorporates enormous sensor elements and 

diverse mechanisms as described earlier. Therefore, any modification in one of the key 

elements of myogenic mechanisms has a significant impact on vascular resistance and in 

turn tissue perfusion. Myogenic dysfunction has been reported in various vascular 

pathologies, including stroke 99• 100, diabetes 101 • 102 and hypertension 103. In our project we 

were interested in determining the impact ofi/R injury on cerebral myogenic reactivity and 

how this can influence stroke outcomes. 

Under normal conditions, CBF is maintained at approximately 50 ml/1 00 g of brain 

tissue per minute to achieve adequate delivery of oxygen and nutrients 104• Fog was the 

frrst to show through cranial window preparation that blood vessels at the surface of the 

brain control CBF via constriction in response to elevated pressure and dilation when 

pressure was reduced 105• However, it is generally accepted that there is loss of cerebral 

autoregulation in the affected hemisphere soon after ischemic episode, which leads to an 

increase in CBF with pressure elevation in a linear fashion affecting the survival of the 

ischemic penumbra 104• 106• 107. Interestingly, early clinical studies have reported a reduction 

in CBF in the contralateral hemisphere; known as cerebral diaschisis; which influenced 

stroke outcomes. These findings illustrate the importance of a well-functioning 

autoregulatory mechanism in both hemispheres in stroke outcomes. 

5. Cerebral diaschisis 

It is described as the sudden Joss of function in a certain region of the brain, which 

is connected to a distant damaged brain area. It was first introduced by Constantin Von 
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Monakow in 1914 108
. Several types of diaschisis have been identified depending on the 

brain site being involved in the injury. Among those is the diaschisis corticommisuralis, 

which describes how injury in one hemisphere could modify the functional activity of the 

other hemisphere 109
. The concept of diaschisis proved to be attractive, as Heedt

Rasmussen and Skinhej reported a reduction in metabolism and CBF contralateral to the 

infarcted region. Their fmdings were confirmed by various clinical studies, which showed 

that CBF was depressed following stroke not only in the ischemic region bu~ also in the 

contralateral hemisphere and this contributes to poor outcomes 6•
8

• 
110

. Despite the clinical 

relevance of cerebral diaschisis and how it can influence recovery after stroke insult, the 

underlying mechanisms are still to be determined. 

In agreement with the clinical findings, experimental studies in rats showed that 

there was a sharp drop in myogenic tone; one ofthe main mechanisms that contributes to 

cerebral autoregulation; of middle cerebral arteries after 15-30 min of ischemia/ 30 min of 

reperfusion, and more progressive loss of tone was observed with longer duration of 

reperfusion. Interestingly, MCAs isolated from contralateral hemispheres experienced loss 

of tone albeit to a different degree after 30 min/ 12 hr rcpcrfusion 99• 100
. These findings 

suggested that 1/R injury could have a global effect on cerebrovascular function. However, 

the pathophysiological mechanisms by which 1/R injury impair myogenic tone in both 

hemispheres are not completely defined. In addition the role of the contralateral myogenic 

dysfunction after 1/R injury, and how it could play a role in the salvage ofthe penumbra 

are still enigmatic. The goal of our project was to fill this gap by 1) determining the possible 

mechanisms that lead to loss oftone in both hemispheres after 1/R injury, and 2) defining 
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the role of the contralateral myogenic behavior in stroke outcomes especially in conditions 

characterized with poor outcomes. 

6. Myogenic response and oxidative stress 

6.1 Impact of reactive oxygen species on vascular tone 

Growing evidence indicates that overproduction of ROS contributes to the 

pathogenesis of stroke2
. Many of the damaging effect of oxidative stress on brain 

parenchyma following ischemic stroke are related to its detrimental effect on cerebral 

vasculature. It has been shown that excess ROS generation leads to I) inflammation by 

increasing blood brain barrier permeability 111
, 2) modification of vascular structure and 

function via nitrosylation and nitration of various proteins 112, and 3) myogenic tone 

impairment 112
• 

113
. Therefore, ROS were always considered promising therapeutic targets 

in stroke management. However, the untargetcd usc of antioxidants in all preclinical 

studies and clinical trials was one of the potential reasons for their failure 12• 13 . Therefore, 

identifying the potential source ofROS after IfR may provide a better therapeutic approach 

for stroke management. 

Supcroxide anion has a biphasic effect on vascular tone, in which vasorelaxation or 

vasoconstriction can occur according to its concentration 114
. In addition to the direct effect 

of superoxide on the blood vessels, superoxide affects vascular tone via interacting with 

nitric oxide, a potent vasodilator, causing vasoconstriction. The reaction of nitric oxide 

with superoxide anion is 3 times faster than the dismutation of superoxide with superoxide 

dismutase 11 5. Therefore the biological half-life of nitric oxide depends on the local 

concentration of superoxide. Moreover, the reaction between superoxide and nitric oxide 
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results in the formation of peroxynitrite; a powerful oxidizing and nitrating agent, which 

has a significant impact on vascular tone. The effect of peroxynitrite on vascular tone is 

complex and poorly understood. The available literature suggests that both contraction and 

relaxation of vascular smooth muscle can occur, but this depends on the concentration and 

the potential targets for peroxynitrite 16• Peroxynitrite has long been observed to produce 

prolonged vasorelaxation in different isolated blood vessels. Li et al proposed that 

peroxynitrite is a potent vasorelaxant in the range of ( 1 o-2 to 10 J.!M) using intact and 

denuded isolated canine cerebral artery and rat aortic rings 17
• 

116
• This study is consistent 

with previous studies, which reported that peroxynitrite can induce vasorelaxation 

independent on endothelium in different isolated blood vessels including dog coronary 

artery 117
, rat aortic rings 118

• 
119 and pulmonary artery rings 120

• However, these studies are 

in disagreement with the findings of Brzezinska et al, which showed that low 

concentrations of pcroxynitrite ( l 0 J.!M) causes vasoconstriction of cerebral artery, while 

higher concentrations (I 00 J.!M) leads to persistent vasodilatation 16
• 

18
• It is important to 

note that peroxynitrite could influence vascular function via targeting various proteins 

within the vascular wall. However, the exact mechanism by which peroxynitrite modifies 

vascular tone is still unclear. 

Actin is one of the contractile proteins which are susceptible to post-translational 

modifications by peroxynitrite. In early 2000, It was reported that S-glutathionylation of 

actin reduces its capacity to polymerize 121
•

122
• Later on, Ogut et al demonstrated that actin 

glutathionylation could be the underlying reason for the decline of contractility during 1/R 

injury of the heart 123• 124• Cipolla et al proposed that low concentrations (10"2 to I J.!M) of 

peroxynitrite induce contraction of posterior cerebral arteries, while high concentrations (6 
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f.lM) diminish myogenic tone through nitrosylation ofF-actin 125 112. These results were 

supported by a previous study which showed that peroxynitrite and the peroxynitrite 

generator (SIN-1) led to an inhibition of globular actin polymerization and an induction of 

depolymerization of filamentous actin in neutrophil via actin nitration in a concentration 

dependent manner, with an inhibitory concentration of 45 f.!.M 126• However, Tiago et al 

showed that peroxynitrite induces F actin dcpolymcrization and inhibition of G actin 

polymerization via cysteine oxidation in skeletal muscle 127• Till now the effect of 

peroxynitrite on actin is still elusive and vary between species and vascular beds. 

Therefore, the goals of our study were 1) to study the impact of peroxynitrite on actin 

cytoskeleton, and 2) to identify the potential sources ofpcroxynitrite parent radicals, which 

will aid in developing new therapeutic approaches for the treatment of vascular dysfunction 

after l/R injury. 

6.2 Nitric oxide sources 

Nitric oxide also known as "endothelium derived relaxing factor" is a powerful 

vasodilator, which is involved in regulating vascular tone and ultimately blood flow. It is 

a free radical with a short half life of a few seconds in blood that diffuses freely across cell 

membrane. Nitric oxide exerts its vasodilatory action via activating its target protein, the 

enzyme soluble guanylate cyclase in vascular smooth muscle, resulting in an increase in 

intracellular levels of guanosine 3 ',5 ' -cyclic monophosphate and relaxation 64
• 

128
. In 

addition to its physiological role in regulating blood flow, it has been shown that nitric 

oxide could contribute to tissue injury either due to direct toxicity or as result of the 

formation of the potent peroxynitrite after reacting with superoxide 129• 
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Nitric oxide is biosyntbesized endogenously by the action of various nitric oxide 

synthase enzymes (NOS). Three main isofonns were found: the constitutive 

calcium/calmodulin-dependent neuronal (nNOS) and endothelial (eNOS) isoforms and the 

inducible calcium independent isoform (iNOS). All NOS isoforms catalyze the conversion 

ofL-arginine to nitric oxide and citrulline. This reaction requires the presence ofNADPH, 

molecular oxygen, tetrahydrobiopterin, flavin adenine dinucleotide and flavin 

mononucleotide. Depending on its source, nitric oxide has been shown to posse.ss toxic and 

protective effects to the brain tissue under ischemic conditions. The use of various 

inhibitors of NOS was efficient in providing insight about the role of nitric oxide on 

cerebral circulation and its impact on outcomes after stroke 130. 

6.3 Nitric oxide synthase isoforms and ischemic stroke 

Endothelial NOS (eNOS) is predominantly expressed in vasculature, where it is 

localized in regions ofthe plasma membrane called caveolae. The role of eNOS in ischemic 

injury has been thoroughly investigated using different animal models of cerebral ischemia. 

Accumulating evidence confirmed the beneficial effect of eNOS during ischemic injury, 

where inhibiting or knocking down eNOS was coupled with poor neurovascular outcomes 

130
"132. However, neuronal nitric oxide synthase (nNOS) which is another calcium 

dependent enzyme plays an important role in mediating ischemic injury. It is 

predominantly expressed in neuronal tissue, and also present in skeletal, cardiac and 

smooth muscle 133• Several, experimental studies have clearly demonstrated that activation 

of nNOS is linked to neuronal damage during ischemia, and that animal models lacking 

nNOS or treated with nNOS inhibitors exhibit smaller infarct 132"136. Inducible NOS (iN OS) 
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varies from the rest of NOS isoforms in its ability to produce large amounts of nitric oxide 

continuously in a calcium independent manner. Moreover, the cellular site of iNOS 

expression differs according to the ischemic injury. After transient ischemia, iNOS is 

predominantly expressed in vascular cells, while neutrophils infiltrating the ischemic brain 

are the main site for iN OS in permanent ischemia 129• There is a growing body of evidence 

that iN OS contributes to the progression of ischemic brain injury 137
•
138

. Therefore, the use 

of iNOS inhibitors is a promising strategy in stroke management, since it would be of a 

great therapeutic value for patients who arrive several hours afier ischemic onset. 

6. 4 Superoxide sources 

Available data suggest that superoxide has biphasic effects on cerebral vascular 

tone, depending on its concentration. Relaxation of cerebral vessels seems to be mediated 

at low levels of superoxide; however high superoxide concentration leads to 

vasoconstriction 114• In addition to its direct effect on vascular tone, superoxide could react 

with nitric oxide three times faster than its dismutation with superoxide dismutase. The 

reaction of superoxide and nitric oxide results in the quenching of the vasodilatory action 

of nitric oxide together with the formation of peroxynitrite, a powerful vasoactive agent. 

Several cellular enzyme systems are potential sources of superoxide including the 

mitochondrial respiratory chain, uncoupled NOS, xanthine oxidase and NADPH oxidases 

(Nox) 139• 140. However, Nox enzymes have long been considered as an important source of 

ROS in the cerebral vasculature after 1/R injury 141
• Therefore, Nox inhibition has evolved 

as an attractive therapeutic strategy for stroke management. Interestingly, Miller et at 

showed an elevation in Nox activity in cerebral arteries isolated from ischemic penumbra, 

which lasted for 3 days after MCAO. Moreover, the increase in Nox activity was also 
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observed in arteries from the contralateral hemisphere and in the basilar artery, both of 

which are distant from the site of injury 142
• Therefore, in the current project we were 

interested in determining the effect of Nox activation on myogenic response in both 

ischemic and nonischemic hemispheres, and in identifying which Nox isoform is relevant 

for ischemic injury. 

6.5 NADPH oxidase 

All Nox family members are transmembrane proteins that transport electrons across 

cell membrane to reduce oxygen to superoxide. The typical Nox is made up of membrane 

bound cytochrome bsss, consisting of gp91 (Nox2) phox and p22 phox components and 

cytoplasmic subunits (p40 phox, p47 pbox and p67 phox). Nox activation requires the 

interaction between the membrane bound domain and the cytosolic subunits. To date, 

various isofonns ofNox enzymes have been identified including (Noxl-5, Duoxl /2), each 

with unique tissue distribution 23
• 

143
. Accumulating evidence showed that Nox enzymes 

are the major source of superoxide generation in the vasculature. Based on various 

experimental studies, Nox enzymes proved to be important for ROS production in different 

pathological conditions including brain injury 23
• 

143
"
145

. However, which Nox isofonn is 

relevant for ischemic stroke has yet to be explored. 

6.6 NADPH isoforms and ischemic stroke 

Nox I, Nox2 and Nox4 are highly expressed in cerebral arteries compared to 

systemic vasculature 23• 
146

•
147

. In addition, upregulation ofNox2 and Nox4 expression after 

stroke were reported in various studies 148
-
15 1

, suggesting their contributions to ROS 

generation in the brain following l/R injury. Based on this assumption, various 
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experimental studies examined the contribution of Nox to stroke outcomes via using 

different knockout models. It was recently suggested that Nox I exerts a very minor effect 

on neurological outcomes after stroke 148• 152• On the other hand, Nox2 and Nox4 are shown 

to have a pathophysiological role in 1/R induced brain damage. Nox2 or Nox4 knockdown 

in different animal models showed impressive neuroprotection after 1/R injury, suggesting 

that both isoforms are potential targets for stroke management 22• 148• 1s3• Although various 

Nox isoforms could play a role in stroke pathogenesis, we should keep in mind that each 

Nox isoform could exert a unique effect according to its distinctive subcellular localization. 

In the current thesis, we focused on Nox4 which produces ROS constitutively, therefore 

changes in mRNA levels affect Nox4 activity 144
• Moreover, Nox4 is localized at the focal 

adhesions 25• 154• tss, which are the major sites where transmembrane adhesion receptors 

link intracellu lar cytoskeletal structural proteins and signaling molecules 23• 156• 157• As a 

result, there is a strong link between Nox4, focal adhesion proteins and actin cytoskeleton. 

The unique subcellular localization of Nox4 made us hypothesize that increased Nox4 

expression and activity after hypoxic or ischemic insult could contribute to excess 

peroxynitrite generation, actin depolymerization and in turn loss of myogenic response. In 

this project we tried to unravel the role ofNox4 in regulating actin polymerization in order 

to identify new therapeutic interventions for ischemic stroke. 

7. Myogenic response and acute hyperglycemia 

7.1 Acute hyperglycemia and stroke 

Approximately one-third of acute ischemic stroke patients have acute 

hyperglycemia upon admission 3
• 

27
• Multiple mechanisms arc involved in blood glucose 
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elevation at stroke. Stress reaction, which activates hypothalamic-pituitary-adrenal axis, 

contributes significantly to the high incidence ofhyperglycemia with ischemic insult. This 

hypothesis was supported by the results of various studies, which demonstrated that acute 

phase of stroke was associated with increased levels of stress hormones 28
. There is 

considerable experimental and clinical evidence that hyperglycemia at the onset of acute 

ischemic stroke leads to poor outcomes and higher risk of mortality 3• 
28

• 
29

• 
32

. In addition, 

acute hyperglycemia at the time of stroke increases the risk ofhemorrhagic tran~formation 

with tPA; the only FDA approved treatment for stroke. Therefore, understanding the 

mechanism by which admission hyperglycemia amplifies vascular injury and neurological 

deficit in acute ischemic stroke is critical for developing better therapeutic strategies for 

the management of admission hyperglycemia. 

The first goal of stroke management is to open the occluded artery to achieve rapid 

restoration of CBF to the ischemic tissue in order to rescue the penumbra. Paradoxically, 

reperfusion can worsen the ischemic injury 158 and acute hyperglycemia at time of stroke 

can further exacerbate this effect. Multiple mechanisms contribute to augmented 

neurovascular injury, bleeding and poor outcomes in hyperglycemic stroke 30
• 

159
• 

160
. Our 

group previously showed that acute elevation of blood glucose at the time of stroke led to 

edema expansion, increased hemorrhagic transformation and poor behavioral performance 

without an increase in infarct size 34
. These results suggest that one of the possible 

mechanisms by which acute hyperglycemia worsens stroke outcomes is via augmenting 

vascular injury. Several studies investigated the effect of acute hyperglycemia on CBF 

during I/R injury, in which they reported a reduction of CBF in the ischemic hemisphere 

ofhyperglycemic compared to normoglycemic animal and was associated with infarct size 
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expansion 36• 161 •16s. Together all these findings emphasize that admission hyperglycemia 

could limit compensatory blood flow mechanisms and accentuate brain dysfunction after 

stroke. Given that myogenic response is one of the critical mechanisms that contribute to 

autoregulation and in turn CBF regulation, we were interested in studying the impact of 

admission hyperglycemia on myogenic behavior in both hemispheres and how it can affect 

stroke outcomes. 

7.2 Admission hyperglycemia and cerebral myogenic behavior 

Vasodilation and loss of basal tone in rat posterior cerebral arteries were detected 

after acute exposure to high glucose levels (44 mmoVdl), which made the vessels incapable 

of responding to changes in transmural pressure 166. In addition, Sieber et al reported an 

elevation in CBF and a reduction in cerebrovascular resistance as a result of exposing 

nondiabetic dogs to acute hyperglycemia 167. These studies suggest that myogenic response 

is one of the physiological mechanisms that are susceptible to modifications by acute 

hyperglycemia. However, little attention has been given to the impact of admission 

hyperglycemia on myogenic behavior of cerebral vessels a fier 1/R injury. 

7.3 Admission hyperglycemia and cerebral myogenic behavior after stroke 

Penetrating arterioles are the major vessels involved in lacunar stroke, a type of 

stroke characterized with favorable outcomes after moderate hyperglycemia 168. 

Interestingly, it has been shown that acute hyperglycemia at the time of stroke had no effect 

on basal tone, reperfusion blood flow or on endothelium dependent vasodilator production 

in penetrating arterioles which could explain why lacunar strokes are not worsened by 

hyperglycemia 169 However, when naive MCAs were perfused intraluminally with 
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plasma of acutely hyperglycemic rats that were subjected to 2h MCA occlusion (MCAO)/ 

2h reperfusion, they experienced increased myogenic tone and endothelial dysfunction. 

These results support that 1) acute hyperglycemia has a deleterious effect on vascular 

reactivity after cortical stroke, and 2) circulating factors in plasma as a result of admission 

hyperglycemia could influence vascular function in nonischemic cerebral vessels 170. 

Taken together, we hypothesize that hyperglycemia could exacerbate myogenic 

dysfunction in both hemispheres and impair effective reperfusion, which ultima.tely could 

contribute to the detrimental effect of hyperglycemia on stroke outcomes. 

In summary, the objective of the present work was to investigate 1) the impact of 

1/R injury on both hemispheres, 2) the potential ROS and its specific source which are 

relevant to myogenic dysfunction after stroke, 3) the underlying mechanisms by which 

oxidative stress influence vascular function in both hemispheres, and 4) the relative 

contribution of contralateral vascular dysfunction in conditions associated with poor 

outcomes as acute hyperglycemic stroke. 
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Abstract 

Background: Myogenic response is crucial for maintaining vascular resistance to achieve 

constant perfusion during pressure fluctuations. Reduced cerebral blood flow was reported in 

ischemic (IS) and nonischemic (NIS) hemispheres after stroke. lschemialreperfusion injury and 

resulting oxidative stress impair myogenic response in IS hemisphere. Y ct, the mechanism by 

which ischemialreperfusion affects the NIS side is still undetermined. Goal: to determine the effect 

of ischemialreperfusion injury on the myogenic reactivity of cerebral vessels from both 

hemispheres, and whether protein nitration due to excess peroxynitrite production is the underlying 

mechanism of loss of tone. Methods: Male Wistar-rats were subjected to sham or 30 min middle

cerebral-artery (MCA) occlusion/45 min reperfusion. Rats were administered saline, peroxynitrite 

decomposition catalyst FeTPPs or nitration inhibitor epicatechin at reperfusion. MCAs isolated 

from another set of control rats were exposed to ex-vivo oxygen-glucose- deprivation (OGD) with 

& without gp-91 tat (NOX inhibitor) or L-NAME. Myogenic tone and nitrotyrosine levels were 

determined. Results: Ischemialreperfusion injury impaired myogenic tone of vessels in both 

hemispheres compared to sham (***p<O.OO I). Vessels exposed to ex-vivo OGD experienced 

similar loss of myogenic tone. Inhibiting peroxynitritc parent radicals significantly improved 

myogenic tone. Scavenging peroxynitrite or inhibiting nitration improved myogenic tone of vessels 

from IS (***p<O.OO I, *p<O.OS respectively) and NIS hemispheres (**p<O.O 1, *p<O.OS 

respectively). Nitration was significantly increased in both hemispheres vs sham and was 

normalized with epicatechjn treatment. Conclusion: Ischemialreperfusion injury impairs vessel 

reacttvity tn both hemispheres via nitration. We suggest that sham animals rather than nonischemic 

side should be used as a control in preclinical stroke studies. 
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Introduction 

Acute ischemic stroke (AlS) is the fourth leading cause of death and disability in 

the United States 1
• Currently, the only effective strategy for the management of AlS is the 

intravenous administration of recombinant tissue plasminogen activator (rtPA) for 

reestablishing blood flow and salvaging brain tissue. Vascular protection has become a 

promising strategy in the management of stroke. A well-functioning vasculature with a 

well-optimized cerebral blood flow (CBF) is essential to supply the necessary nutrients and 

even the requisite concentration of neuroprotectant to the jeopardized tissue, but at the 

same time avoiding hemorrhage. Reduced CBF has been reported in the ischemic as well 

as in the nonischemic hemisphere following stroke; this phenomena is known as cross 

diaschisis 6 . This persistent reduction in contralateral blood flow contributes to poor 

outcomes and recovery 7
• However, less attention has been given to elucidate the 

underlying mechanisms of contralateral vascular dysfunction and how this can play a 

pivotal role in the salvage of the penumbra and subsequently improving stroke outcomes. 

Cerebrovascular autoregulation is essential for maintaining constant CBF despite 

changes in cerebral perfusion pressure 171
• 

172
• Large arteries e.g. middle cerebral arteries 

(MCA) are major sites for vascular resistance, and they contribute significantly to the 

process of autoregulation in the brain 47
. Myogenic response describes the intrinsic ability 

of smooth muscle cells to constrict in response to elevated pressure, and it contributes 

significantly to autoregulation ofCBF 19
•
47

•
48

•64. Therefore, it is essential to ensure a well 

optimized myogenic tone to avoid detrimental consequences of the loss of myogenic tone 

that results in hemorrhage and edema after stroke. Several studies investigated the impact 

of ischemialreperfusion injury on the myogenic tone of cerebral vessels isolated from the 



31 

ischemic hemisphere 99• 
100

, but until now the exact mechanism underlying loss of tone is 

not fully understood. Moreover, the effect of ischemia/reperfusion injury on the behavior 

of cerebral vessels from the nonischemic hemisphere has long been neglected; in addition 

the contralateral hemisphere has long been used as a control in various previous studies. 

Peroxynitrite is a powerful mediator of ischemic injury via acute and chronic post

translational modifications of key factors. It has been shown that peroxynitrite can 

nitrosylate tyrosine residues on contractile proteins leading to depolymerization ofF actin 

and vasodilation 125. However, the impact ofperoxynitrite on vascular tone is complex and 

poorly understood, and the exact mechanism by which peroxynitrite leads to myogenic 

dysfunction is undetermined. Therefore, mechanistic studies addressing this issue as well 

as identifying potential targets for peroxynitrite-induced myogenic dysfunction would be 

valuable in establishing new therapeutic strategies for AIS. In the current study we test our 

hypothesis that ischemia/repcrfusion injury impairs myogenic tone in both the ischemic 

and nonischemic hemispheres via increased peroxynitrite generation and protein nitration. 

Materials and Methods 

Animals 

All experiments were performed on weight matched (250-350) male Wistar rats 

(Harlan; Indianapolis, 10). The animals were housed at the Georgia Regents University 

animal care facility, which is approved by the American Association for Accreditation of 

Laboratory Animal Care. All protocols were approved by the institutional animal care and 

use committee. Animals were fed standard rat chow and tap water ad libitum. All animals 
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were sacrificed by decapitation after being anesthetized with pentobarbital sodium (Fatal

Plus, Vortech Pharmaceuticals Ltd; Dearborn, MI). 

Model of Ischemia and Drug Treatments 

Focal cerebral ischemia was achieved using the monofilament suture middle 

cerebral artery occlusion (MCAO) model previously described by our group 34. In brief, 

the right MCA was occluded with 19-21 mm 3-0 surgical naylon filament. The s'uture was 

introduced from the external carotid artery into the internal carotid artery to block the origin 

of the MCA. Cipolla et al. previously reported that a 30 min MCAO/ 45 min reperfusion 

is the threshold duration for the loss of myogenic tone 99
• 

100
• In our study, the same 

durations were used to evaluate the effect of ischemia/reperfusion injury on the myogenic 

tone of vessels from both hemispheres. Assessment of MCA occlusion and reperfusion 

was achieved by measuring blood flow using a scanning laser Doppler (Perimed; North 

Royalton, OH). In sham groups, animals were dissected in the neck region to locate the 

common carotid but were not subjected to MCAO and were sacrificed similarly. The 

peroxynitrite decomposition catalyst, 5, I 0,15,20-Tetrakis( 4-su lfonatophenyl) 

prophyrinato iron (Ill) (FeTPPs, 20 mglkg, i.p.; Calbiochcm; San Diego, CA) m-m. the 

selective nitration inhibitor (-)-epicatechin (EC) (30 mglkg i.p.; Sigma Aldrich; St. Louis, 

MO) 176 or the antioxidant N-acetyl-L-cysteine (NAC) ( 150 mglkg i.p Sigma Aldrich) 177 

were administered in a single dose at reperfusion. 
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Pressurized A rteriograph System 

MCA segments from ischemic and nonischemic hemispheres were cannulated and 

pressurized in an arteriograph chamber and pressure diameter curves were obtained as 

previously showed by our group 178
• Briefly, MCA segments were pressurized at 15 mmHg 

for l hr in HEPES bicarbonate buffer (in mM: 130 NaC~ 4 KCI, 1.2 MgS04, 4 NaHC03, 

l 0 HEPES, 1. 18 KH2P04, 5.5 glucose, 1.8 CaCI2) to develop spontaneous tone. 

Temperature was kept constant at 37±0.5°C using a temperature controller. A video 

dimension analyzer connected to the arteriograph system was used to measure wall 

thickness (WT) and lumen diameter (LD) at pressures ranging from 0-180 mmHg, in 20 

mmHg increments. To determine the myogenic tone pressure-diameter curves were 

obtained, first in the presence of Ca2+, and then in Ca2+-free buffer with the addition of 

0.2 mM papaverine hydrochloride. 

Ex-vivo hypoxia 

MCA isolated from control Wistar rats were exposed to ex-vivo oxygen-glucose 

deprivation (OGD, lmM glucose, 95% nitrogen/5% carbon dioxide) for 30 min followed 

by 20 min reoxygenation. To determine the contribution of peroxynitrite generation on 

myogenic tone NADPH oxidase inhibitor (gp-91tat peptide, lj.!M Anaspec), Nitric oxide 

synthase inhibitor (L-NAME, 0.3 mM Sigma Aldrich) 179 or catalase (1000 u/ml Sigma 

Aldrich) 180 was added during reoxygenation. Pressure-diameter curves were obtained, ftrst 

in the presence ofCa2 , and then in Ca2 -free buffer with the addition of0.2 mM papaverine 

hydrochloride, and their myogenic tones across the pressure range were determined. 
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Tissue Markers of Nitrosative Stress 

Snap-frozen MCAs were homogenized as previously described by our group 181 • 

182
. Total nitrotyrosine levels were determined via slot blot analysis, in brief equal amounts 

of vessel lysate were immobilized onto nitrocellulose membrane and nitrotyrosine was 

detected by using an anti-nitrotyrosine monoclonal antibody (Millipore; Lake Placid, NY). 

Relative levels of nitrotyrosine were quantified by densitometry software (Alpha 

lnnotech). Total nitrotyrosine level m brain tissue was determined by 

immunohistochemistry. In brief, brains were processed in paraformaldehyde for 24 hr then 

30% sucrose in phosphate-buffered saline (PBS). Brains were sectioned into 20J.1m slices 

and stained for nitro tyrosine using a mouse anti-nitrotyrosine primary antibody at 1:500 

and a goat anti-mouse secondary antibody at 1: 1000. Images were captured at lOX using 

Axiovert 200 and processed using Zen 2008 software. ImageJ software (National Institutes 

ofl lealth, Bethesda, MD) was used to quantify nitrotyrosine staining intensity. 

FIG Actin atrd NT Staining and Quantification 

The MCA segments from ischemic and nonischemic hemispheres were pressure 

fixed in methanol-free 4% paraformaldehyde in PBS for I hr at 15 mm Hg. Whole-mounted 

tissues were then stained for F actin with Oregon Green 488-conjugated phalloidin 

fluorescent probe (Invitrogen, Carlsbad, CA), G actin with Alexa 594-conjugated DNase I 

(Invitrogen) and for nitrotyrosine with a mouse anti-nitrotyrosine primary antibody at l :50 

and a goat anti-mouse IgG conjugated to Cy5 (Molecular Probes) secondary antibody at 

1:1000. Z-stacks (5.5J.1m; 0.3J.1m intervals) of the vascular smooth muscle (VSM) layer 

were captured at 63X using an LSM 510 upright confocal microscope and processed using 
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Zen 2008 software. lmageJ software (National Institutes of Health, Bethesda, MD) was 

used to quantify F/ G actin and nitrotyrosine volume intensity. 

Data Calculations 

Using the wall thickness and lumen diameter measurements obtained in the active 

condition (with Ca2 ) and in the passive condition (without Ca2+), the following parameters 

could be measured: Percent Myogenic Tone(% tone) = I -(Active Outer diameter/Passive 

Outer diameter) x I 00; Circumferential stress ( cr) = (Intra lumenal pressure x passive 

Lumen diameter)/ 2 X Wall thickness; and circumferential strain (e) = (passive Lumen 

diameter - passive Lumen diameter at OmmHg)/ passive Lumen diameter at OmmHg. The 

~coefficient is the slope of the stress-strain curve (a higher p value is indicative of a stiffer 

vessel). 

Statistical Analysis 

Area under the curve (AUC) was calculated across intraluminal pressure for vessels 

from each animal for myogenic tone ( 40 mmHg to 180 mmHg) and passive lumen diameter 

(0 mmHg to 180 mmHg) using NCSS 2007 (NCSS, LLC, Kaysville, UT) and was used in 

the analyses for these variables. Vessels from the ischemic side of the stroked brain (IS) 

were compared to vessels from the right side of a sham brain (Sham RT) and likewise 

vessels from the nonischemic side of the stroked brain (NIS) were compared to vessels 

from the left side of a sham brain (Sham LT). A two-sample t-test was used to compare 

myogenic tone, passive lumen diameter and P-coefficient for sham and stroke animals 

(Sham RT side vs. IS and Sham L T side vs. NIS). One-way ANOV A was used to compare 
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myogenic tone for Sham, Sham+NAC and comparable vessels for stroke animals, and 

passive lumen diameter for all comparisons. A series of2 Stroke (no vs. yes) X 2 treatment 

TRT (no vs. yes) ANOVAs with interaction were used to determine the effect ofFeTPPs, 

and epicatechin on myogenic tone and nitrotyrosine levels of vessels from sham and 

stroked animals for the right and left sides of the brain. SAS© 9.3 (SAS, Inc., Cary, NC) 

was used for all analyses. Statistical significance was determined at alpha<0.05 and a 

Tukey's post-hoc test was used to compare means from significant ANOV As. Results are 

presented as means ± SE. 

Results 

Effect of l scltemia/Reperfusion Inj ury on Vessel Reactivity 

MCAs isolated from sham RT and LT sides showed similar myogenic behavior in 

response to transmural pressure, where they develop myogenic tone at early pressure point 

at 40 mmHg and were able to hold their myogenic tone% at high pressure points (160 

mmllg). Pressure-myogenic tone curve was significantly impaired in arteries isolated from 

ischemic and non ischemic hemispheres compared to sham (Fig. 4.1 A). Arteries from 

ischemic hemispheres showed lower myogenic tone at both 40 and 160 mmHg, while 

vessels from nonischemic sides developed myogenic tone similar to sham at 40 mmHg but 

were unable to hold myogenic tone at 160 mmHg (Fig. 4.1 B). The ability of the vessels 

from ischemic hemisphere to vasodilate under passive conditions was significantly 

impaired following ischemialreperfusion injury compared to vessels isolated from sham 

right hemisphere (Fig. 4.1 C). The p coefficient was significantly increased in vessels from 

both ischemic and nonischemic hemispheres compared to sham indicating that 
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ischemia/reperfusion increases the stiffness ofvessels from both hemispheres (Fig. 4.10). 

CBF was reduced in both hemispheres after stroke albeit to a different degree compared to 

baseline (Fig. 4.1 E). 

Effect of ex-vivo hypoxia Oil vessel reactivity 

Vessels exposed to 30 min OGD showed a similar reduction of myogenic tone as 

vessels isolated from the ischemic hemisphere, indicating that our OGD modefis a valid 

ex-vivo method to study the impact of hypoxia on the behavior of the cerebral vessels (Fig. 

4.2A). Inhibiting peroxynitrite parent radicals, superoxide using gp-91 tat peptide or nitric 

oxide using L-NAME, significantly improved the myogenic tone of the isolated vessels 

compared to sham (Fig. 4.2, A and B). To exclude the effect of the peptide on the myogenic 

tone, scrambled gp-91 tat peptide was added during reoxygenation. The addition of the 

scrambled peptide had no effect on myogenic tone compared to gp-91 tat peptide (data not 

shown). Inhibition of hydrogen peroxide by catalase did not alter the myogenic tone (Fig. 

4.2C). 

Effect of Scavenging Peroxynitrite on Vessel Reactivity 

To determine the effect of peroxynitrite on vessel reactivity, rats were treated with 

FeTPPs a selective peroxynitrite scavenger at reperfusion. Scavenging peroxynitrite with 

FeTPPs restored myogenic tone in ischemic hemisphere at both pressure points 40 and 160 

mmHg and improved passive vasodilation (Fig. 4.3, A and C). FeTPPs treatment 

normalized myogenic tone % in nonischemic hemisphere at 160 rnmHg and has no effect 

on passive vasodilation (Fig. 4.3, Band 0). In sham animals treated with FeTPPs the levels 
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of myogenic tone% were decreased in vessels isolated from right and left hemispheres at 

40 and 160 mmHg, respectively, (Fig. 4 .3, A and B). 

Meclra11ism of Peroxy11itrite-mediated Loss of Vessel Reactivity 

To investigate whether increased nitration by peroxynitrite is one of the 

mechanisms underlying loss of tone and impaired vasodilation following 

ischernia/reperfusion injury, rats were treated with cpicatechin, a flavonoid and one of the 

green tea extracts, that selectively blocks the ability of peroxynitrite to nitrate tyrosine 

residue but has no effect on thiol oxidation 183"185• Preventing nitration with epicatechin 

was able to restore myogenic tone in both hemispheres at both pressure points (Fig. 4.4, A 

and B). Interestingly, in sham animals treated with epicatechin, the levels of myogenic tone 

at 40 and 160 mmllg were significantly reduced in vessels isolated from left hemisphere 

only (Fig. 4.4, A and B). 

Tyrosi11e Nitration Assessment i11 Isolated ~fCAs 

Nitrotyrosine levels in MCAs isolated from both ischemic and nonischemic 

hemispheres were measured using slot blot. Nitration was significantly increased in MCAs 

isolated from both hemispheres compared to the sham group. Treatment with epicatechin 

efficiently reduced the extent of nitration back to nom1al (Fig. 4.5, A and B). Nitrotyrosine 

in brain tissue sections was significantly increased 111 both hemispheres compared to sham. 

Epicatechin treatment restored nitrotyrosme levels 111 both sides (Fig 4.6, A, B, C and D). 
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F and G Actin Quantification 

Using confocal imaging we determined the effect of 1schemia/reperfusion on F G 

actin ratios. VSM layers in MCAs isolated from both hemispheres were identified with 

their characteristic parallel arrangements of cells, and Z stacks of these ROI were captured 

and processed (Fig. 4.7A and 4.8A). FIG actin ratios were reduced in both ischemic and 

nonischemic MCAs compared to sham, and inhibiting nitration with epicatechin restored 

FIG actin ratios to normal levels (Fig. 4.7B and 4.8B). Nitrotyrosine staining was 

significantly pronounced in vessels isolated from ischemic hemispheres compared to 

vessels isolated from sham right hemisphere (Fig. 4.7C), and epicatechin treatment 

s1gmficant ly reduced nitration in vessels from both ischemic and nonischemic hemispheres 

(Fig. 4.7C and 4.8C). 

Oxidation as a Regulator of Myogenic Tone 

To determine the role of oxidation in myogenic tone development under normal 

conditions, sham rats were treated with N-acetyl cysteine. Inhibiting oxidation with N

acetyl cysteine drastically reduced myogenic tone in vessels isolated from the right 

hemisphere at 40 and 160 mmHg (Fig. 4.9A), while it had no effect on vessels from the 

left hem1sphere (F1g. 4.9B). 

Oi cussion 

Our results md1cate that JSchenuaJreperfuslon injury s1gmficantly impairs 

myogenic tone m MCAs isolated from both ISChemic and contralateral hemispheres. The 

loss of myogenic tone was restored by scavenging peroxynitrite or inhibiting nitration, 
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suggesting that increased peroxynitrite generation following ischemia/reperfusion injury is 

involved in loss of myogenic tone in both ischemic and contralateral hemispheres. 

Autoregulation of CBF ensures appropriate blood supply to the brain while 

complying with the limited space available in the cranium. Cerebrovascular autoregulation 

is essential for the protection of downstream microvessels from changes in perfusion 

pressure. Myogenic behavior of cerebral vessels contributes significantly to autoregulation 

47• 64• They play a central role in preventing increases in blood flow during increases in 

perfusion pressure. Therefore, maintenance of the intrinsic myogenic tone is crucial for 

achieving optin1um vascular resistance. It is well known in literature that CBF is 

maintained relatively constant provided that cerebral perfusion pressure is between 60-160 

mmHg 95• 186. We found that our vessels were able to develop myogenic response at earlier 

pressure in the range of 40-160 mmHg. Therefore, we were interested in determining the 

effect of ischemia/reperfusion injury on myogenic tone at these pressure points. Cipolla et 

at. previously reported that ischemia/reperfusion led to loss of tone of cerebral vessels 

isolated from ischemic hemispheres with a threshold duration of ischemia between 15-30 

min, and 45 min ofreperfusion 99
•
100

. We used the same duration of30 min MCA0/45 min 

reperfusion to study the impact of ischemia/reperfusion injury on the myogenic reactivity 

of MCAs isolated from ischemic and contralateral hemispheres and compared to sham 

animals. We were interested in studying both hemispheres because clinical studies showed 

that there is impairment of CBF in the nonischemic herrusphere, a phenomenon known as 

crossed cerebellar diaschisis, and if this impairment is prolonged it may impact stroke 

severity and recovery 6·u17• However, underlying mechanisms contributing to altered CBF 

in the nonischemic hemisphere remained unknown. Experimental studies provide us with 
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this opportunity to address this question and to compare the vascular responses in the 

nonischemtc hemisphere to sham controls. Rasmussen et at. showed that permanent distal 

occlusion of MCA increased the contractile response to angtotensin, endothelin and 5-

hydroxytryptamine in segments downstream of occlusion 188. We have previously shown 

that acetylcholine-induced maximum relaxation was reduced in basilar arteries isolated 

from rats subjected to middle cerebral artery occlusion 11!9• These finding suggest that 

interruption ofblood flow could alter the vascular reactivity oflarge vessels away from the 

site of injury. In this study, we demonstrated that ischemia/reperfusion injury impairs the 

myogenic tone of vessels from the ischemic and contralateral hemisphere; importantly we 

also showed that vessels from both hemispheres were sttffer compared to sham group, 

\\htch could exacerbate brain damage leading to poor stroke outcomes. Our results are 

conststent with previous studies that showed that isolated MCAs from nonischemic 

hemisphere had lower tone compared to sham after 30 min MCAO/ 6 hrs of reperfusion 

100; Wmters et al. reported that transient focal cerebral ischemia for I hr could induce long 

tem1 global cerebrovascular dysfunction 190
. In our study we propose that 

ischemia/reperfusion injury also has a short term global effect on the vascular reactivity of 

MCAs from both hemispheres. 

There is growing evidence that ischemia/reperfusion injury leads to increased 

production of reactive oxygen species mcluding superoxtde and nitric oxide; their 

pathologtcal roles are intensified because of the generation of the extremely reactive 

peroxynitrite radical in the ischenuc brain. Peroxynitrite IS a powerful nitrating agent that 

triggers cascade of molecular events that can cause detrimental alterations in brain 

functions and exacerbate brain tissue damage 191
• We investigated whether excess 
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production ofperoxynitrite after stroke contributes to the loss of myogenic tone. We found 

that inhibiting the generation of peroxynitrite parent radicals superoxide and nitric oxide 

nullified the effect of hypoxia and significantly improved the tone toward control levels. 

To further confirm the role of peroxynitrite, rats were treated with FeTPPs or epicatechin 

at reperfusion. FeTPPs a selective peroxynitrite scavenger is an iron porphyrin complex 

that catalytically isomerizes peroxynitrite into nitrate 192· 193, while epieatechin selectively 

blocks nitration reactions but not oxidation induced by peroxynitrite 183· 185. Either 

scavenging peroxynitrite or inhibiting nitration enhanced myogenic tone in the ischemic 

and contralateral hemispheres. Additionally, peroxynitrite induced loss of tone was 

associated with a significant increase in nitrotyrosine levels in isolated MCAs from both 

hemispheres, and treatment with epicatechin restored those levels back to normal. The 

results of the present study expand the previous stud1es, which reported that 1) FeTPPs 

g1ven during reoxygenation reduces increased nitrotyrosine levels in MCAs after 20 min 

of oxygen glucose deprivation 102, 2) peroxynitrite diminishes myogenic activity, which is 

accompanied with increased nitrotyrosine levels in isolated cerebral arteries 112· 125, and 3) 

peroxynitrite decomposition ameliorates vascular dysfunction induced by perfusion of 

MCAs with plasma from rats subjected to hyperglycemic stroke, suggesting that circulating 

factors found in plasma in response to ischemialreperfus10n injury can affect 

cerebrovascular function in the nonischemic MCA 170. In a preliminary study, we 

investigated whether ischemia/reperfusion injury could modify vascular function in 

vascular beds away from the site of inJury. lschemialreperfusion caused a significant 

leftward shift and enhanced relaxation following preconstriction with serotonin 5HT in 

mesenteric arteries compared to sham. Acetyl choline (Ach) sensitivity and maximum 
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response to Ach were significantly augmented after IIR in mesenteric arteries (**p<O.O 1, 

*P<0.05 vs sham respectively). Taken together, these findings strongly suggest that the 

impact of ischemia/reperfusion injury on vascular reactivity is global and mediated via 

increased peroxynitrite generation following stroke. 

Previous studies reported that peroxynitrite-induced myogenic dysfunction was 

associated with a shift in FIG equilibrium for G actin via nitrosylation ofF actin 112. Our 

lab previously demonstrated that oxygen glucose deprivation of vessels isolated from 

normal wistar rats exhibit loss of tone due to decreases in VSM FIG actin ratios and 

increased nitration in actin cytoskeleton 102
• Immunohistochemical staining was conducted 

to sec v. hcther vessels isolated from both hemispheres would exhibit impaired myogenic 

tone because ofthe reduction in FIG actin ratios. In agreement with aforementioned studies, 

we provtde evidence that F G actin ratios were reduced in vessels isolated from both 

tschcmic and nonischcmic hemispheres, in addition our results show that F-actin 

depolymerization was accompanied by an increase in nitrotyrosine levels. Although 

different studies provide important information on how peroxynitrite can alter myogenic 

tone, the exact mechanism remains largely unclear. 

The present study also showed that physiologic low levels of peroxynitrite are 

crucial for myogenic tone development in both right and left hemispheres, as scavenging 

peroxynitrite with FeTPPs in sham animal significantly decreased myogenic tone. Our 

umquc findings provtdc evidence that a balanced redox-state IS required for myogenic tone 

development under normal conditions. These findmgs are consistent with other studies, 

whtch demonstrated that both contraction and relaxation of vascular smooth muscle cells 

can occur, but this depends on the concentration and the potential targets of peroxynitrite 
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16
• 

112
• Interestingly, we report that peroxynitrite could act through different mechanisms 

for the establishment of myogenic tone across both hemispheres under normal conditions 

in the absence of ischemia, as inhibiting nitration has no effect on vessels from the right 

hemtsphere but significantly reduced the tone of vessels isolated from the left hemisphere 

in sham animals. To further test the differential effect ofperoxynitrite and to determine the 

role of oxidation in the development of myogenic tone in both hemispheres, we treated 

sham rats with the thiol donor and glutathione-precursor N-acetyi-L-cysteine. We found 

that blunting physiologic oxidation with N-acetyi-L-cysteine drastically impaired the tone 

in the nght hemisphere but had no effect on the left hemisphere. These results may be 

explamed by the exquisite nature of the brain in which CBF is highly regulated by multiple 

coordmated mechamsms to ensure optimum levels of perfusion and favorable nutrient 

delivery at all times. Finally, it is worth emphastzing that a full understanding of how 

peroxyn1tnte regulates myogenic tone will permit the development of novel strategies to 

prevent vascular dysfunction in diseased conditions such as acute ischemic stroke. 

Summary 

We believe that this study provides evidence that ischemialreperfusion injury has a 

global effect on myogenic tone of cerebral arteries, and as such in preclinical stroke studies, 

changes in the ischemic hemisphere should not only be compared to nonischemic 

hemtsphere but also to sham animals. Previous studies showed that persistent drop in CBF 

m contralateral hemisphere leads to poor stroke outcomes; therefore the restoration of 

myogemc react1v1ty after acute ischemic stro!..e in nonischemic as well as ischemic 

hemtsphere ts oftherapeutic value. 
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Figure 4.1. Jsclremia/reperfusion injury impairs fun ctional and mechanical properties 

of vessels in both ischemic and nonisc/remic hemispheres. 

Wistar rats were exposed to 30 min MCAOI 45 min reperfusion or sham surgery. MCAs 

were isolated from both ischemic (IS) and non ischemic (NIS) hemispheres of the MCAO 

group, and right (RT) and left (LT) sides of the sham group. Isolated vessels were 

pressurized using an arteriograph system. (A) Myogenic tone %of MCAs from both IS and 

N!S hemispheres were significantly decreased compared to sham RT and LT sides, 

respectively. (8) Myogenic tone% in MCAs for each experimental group at 40 and 160 

mmHg (C) Passive vasodilation was significantly impaired in IS hemisphere compared to 

sham RT side, but was similar inNIS and sham LT side. (D) Vessels from both IS and NIS 

hemispheres were stiffer than sham RT and sham LT sides, respectively. (E) CBF% in both 

hemispheres after 30 min MCAO, CBF ltaS reduced in IS and NIS compared to baseline 

albe1t to a different degree. (*p<0.05, **p<O.Ol, #p<O.OOI vs sham RT side, +p<O.Ol, 

•••p<O.OOI vs sham LT. "p<O.OOI, $p<O.OI vs baseline n;;.8-9) 
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Figure 4.2. Inhibition ofperoxynitriteparent radicals nullified the effect of hypoxia on 

myogenic tone. 

MCAs isolated from control Wistar rats were exposed to 30 min oxygen glucose 

deprivation (OGD) follo'H->ed by 20 min reoxygenation. During reoxygenation gp91-tat, L

NAME or catalase was added and the myogenic tones of the isolated vessels were 

determined across the pressure range. A) Vessels exposed to ex-vivo hypoxia experienced 

loss of myogenic tone. The reduction of myogenic tone % by OGD is similar to 1/R injury. 

Treatment with gp91-tat restored myogenic tone to nonnal. (B) Treatment with L-NAME 

significantly improved myogenic tone. (C) Treatment with catalase could not restore tone 

to norma/following exposure to 30 min OGD. (**p<O.Ol, •••p<O.OOJ vs 30'0GD n=5-

6) 
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Figure 4.3. S cavenging peroxynitrite with FeTPPs restores myogenic tone in both 

hem is ph eres. 

Wistar rats were subjected to 30 min MCA0/45 min reperfusion, peroxynitrite 

decomposition catalyst FeTPPs (20 mglkg i.p) was administered at reperfusion. MCAs 

were isolated from both hemispheres and pressurized using an arteriograph system. 

Treatment with FeTPPs at reperfusion normalized myogenic tone at 40 and 160 mmHg 

and restored passive vasodilation back to normal in ischemic (IS) hemisphere (A , C) and 

improved myogenic tone at 160 mmHg but has no effect 011 passive vasodilation in 

nonischemic (NIS) (B, D) hemisphere compared to sham Sham rats treated with FeTPPs 

experienced loss of the myogenic tone of \'essels ISOlated from right (RT) side at 40 mmHg 

(A) and left (LT) side at 160 mmHg (B) compared to 1111treated shanr. (Sp<0.05, **p<0.01 

\ 'S sham RT. •p<0.05, •••p<O.OOJ vs IS, +p<0.05 vs sham LT and #p<O.Ol vs NIS n=6-9) 
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Figure 4.4. Peroxynitrite-m ediated loss of myogenic tone involves nitration. 

Wtstar rats were subjected to 30 min MCA0/45 min reperfusion; a selective nitration 

inlubitor epicatechin (EC) (30 mglkg i.p) was administered at reperfusion. MCAs were 

tsolated from both hemispheres and pressurized in an arteriograph chamber. Treatment 

with EC restored myogenic tone in ischemic (A) and nonischemic (B) hemispheres 

compared to sham at both pressure points. Sham rats treated with epicatechin experienced 

loss of the myogenic tone of vessels isolated from left (LT) (B) side but has no effect on the 

right (RT) (A) side compared to untreated sham. (*p<0.05, **p<O.OI vs IS, +p<0.05 vs 

N!S and #<0.05 vs sham LT n=6-9) 
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Figure 4.5 
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Figure 4.5. Nitrotyrosine levels were measured in MCAs isolated from botlt iscltemic 

(IS) and nonischemic (NIS) hemispheres using immtmoblotting. 

Nitration /ere/s H:ere ele\·ated in IS (A) and NIS (B) hemispheres after ischemia reperfusion 

m;ury and epicatechin treatment restored them back to normal in both sides. (**p<O. 0 I 

disease treatment interaction, n=4-7) 
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Figure 4. 6. Nitrotyrosine levels were measured 111 brain sections using 

i mm u 11 olt istoclr em istry. 

Represel/la/il'(! images o{hram sections stainedJor nitml_lrosine (A. C) Totalnitrotl'rosine 

len•l'i 1nn• clemted in brain sectwm from IS (8) and \ IS (D) hemispheres after 

ischemia repet:fitsion injury and epicatechin treatment n•,·torecl them hack to normal in 

both sides. (***p<O 00 I disease treatment interaction. 11 3) 
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Figure 4. 7. Effects of UR injury on vascular smooth muscle actin cytoskeleton and total 

protein nitration. 

MCA segments from ischemic hemisphere were pressure ftxed and stained for F actin ~ .. ith 

Oregon Green 488-conjugated phalloidin fluorescent probe, G actin ~wth Alexa 594-

conjugated DNase I and for nitrotyrosine with an anti-nitrotyrosine primary antibody and 

an IgG conjugated to Cy5 secondary antibody. Representative confocal microscopy 

images of MCA segments stained for F and G actin cytoskeletal filaments and 

colocalization of actin filaments with nitrotyrosine (A). lschemialreperfusion injury 

mediated a decrease in the FIG actin ratio and increased vascular smooth muscle 

nitrotvrosine le\.•e/s in vessels isolated from ischemic (IS) s1des and inhibiting nitration 

normafi=ed tlus ratio {B, C). (*p<0.05 vs IS+ vehicle, **p<O.OJ vs sham RT+ \.'ehicle, and 

#p<O. 05 disease treatment interaction, n= 3) 
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Figure 4.8 
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Figure 4.8. Effects of ischemialreperfusion injury on vascular smooth muscle actin 

cytoskeleton and total protein nitration. 

MCA segments from non ischemic hemisphere were pressure fued and stained for F actin 

~1.-·ith Oregon Green 488-conjugated phalloidin fluorescent probe, G actin ~1.-ith Alexa 594-

conjugated DNase I and for nitrotyrosine with an anti-nitrotyrosine primary antibody and 

an IgG conjugated to Cy5 secondary antibody. Representative confocal microscopy 

images of MCA segments stained for F and G actin cytoskeletal filaments and 

colocalization of actin filaments with nitrotyrosine (A). Ischemia/reperfusion injury 

mediated a decrease in the FIG actin ratio (B). lnlubiting nitration ~vith epicatechin 

normali=ed F 'G actin ratio and reduced nitrotyrosme levels(C) (+p<O. 0 I vs NIS + vehicle 

and #p<O 05 d1sease treatment interaction. n= 3) 
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Figure 4.9 
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Figure 4.9. Myogenic tone development involves oxidation. 

Sham Wistar rats were treated with N-acetyl cysteine (NA C /50 mglkg i.p) at reperfusion. 

MCAs were isolated from both hemispheres and pressuri=ed m an arteriograph chamber. 

(A) Vessels from the right (RT) hemisphere experienced complete loss of tone at 40 and 

160 mmllg. (B) Treatment with NA Chad no effect 011 vessels from the left (LT) hemisphere. 

(*p<0.05, **p<O.Ol vs sham RT 
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Abstract 

Background: Ischemia/reperfusion and the resulting oxidative stress impair 

cerebral myogenic tone (MT) via actin depolymerization. Yet, the exact mechanism by 

which ischemia/reperfusion alters the actin cytoskeleton is undetermined. NADPH oxidase 

(Nox); a major source of vascular oxidative stress; is a promising therapeutic target for 

ischcmia/rcpcrfusion. However, it is unclear which Nox isoforrn is relevant for 

1schemia/reperfusion. Hypothesis: Hypoxia upregulates Nox4 expression causing actin 

depolymerization via increased nitration which could contribute to MT impairment. 

Methods: Male Wistar-rats (n=6-9) were subjected to sham or 30 min ischemia/ 45 min 

rcpcrfusion. Rats received apocynin (50 mglkg i.p) or \'Chicle at reperfusion. MT was 

measured usmg pressurized arteriography. Human brain vascular smooth muscle cells were 

exposed to 30 min hypoxia/ 45 min reoxygenation. Nox4 expression was reduced by small 

interfering RNA. Nox2, Nox4 expression, nitrotyrosinc levels (NY) and F:G actin were 

determined. Results: ischemia/reperfusion impaired MT, wbich was restored by inhibiting 

Nox with apocynin (p<O.OO I disease-treatment-interaction). Nox4 expression was 

significantly upregulated following hypoxia or ischemia/repcrfusion. Hypoxia augmented 

NY levels while reduced F actin (p<O.OO I disease-treatment-interaction). These effects 

were nullified by inhibiting nitration with epicatechin or Nox4 Silencing. Conclusion: Actin 

depolymcnzation after hypoxia is mediated via Nox4 dependent pathway, which could be 

the underl)mg mechanism for MT impairment followmg 1schem.aneperfusion. 

Keywords: Hypoxia; actin polymerization; NADPH ox1dasc; nitration; myogenic tone. 
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Introduction 

The brain is a unique organ of high metabolic demand, which requires tight 

regulation of blood flow and oxygen delivery for survival. Myogenic response is one of 

the main regulatory paradigms of cerebral blood flow. It describes the intrinsic ability of 

vascular smooth muscle cells (VSMC) to vasoconstrictor vasodilate according to changes 

in pressure maintaining constant blood flow 48• 50. Mechanisms contributing to myogenic 

response are multifactorial, and actin polymerization in response to mechanical stimulus 

has been shown to be essential for myogenic response development in VSMC 95• 96• A few 

studtes have investigated the effect of ischemialreperfuston (1/R) injury on the dynamic 

nature of actin cytoskeleton in cerebral VSMC, providmg evtdence that 1/R injury impairs 

myogcmc behavior via actin depolymcnzation. The filamentous (F): globular (G) actin 

ratio is particularly susceptible to oxidatt"e stress. We and others have shown that 

peroxynitrite mediates a decrease in F actin of VSM after periods of oxygen deprivation 

leading to loss of tone 112
• 

194
• However, the exact mechanism by which 1/R injury induces 

actin depolymerization needs to be determined. 

Early restoration of cerebral blood flow is the goal for treatment of ischemic stroke, 

but it paradoxically enhances reactive oxygen species (ROS) generation, which aggravates 

tissue damage 141
• 

195
• 

196
• Therefore, targeting ROS is a logical strategy in stroke 

management. However, preclinical studies and climcaltnals of antioxidant therapies have 

fatled One potential reason was thought to be the untargeted use of antioxidants 12
• 13 • 

Therefore, tdenttfying the potentlal source of ROS after 1/R may provide a better 

therapeuttc approach for stroke management. In the current study, ~e tried to pursue our 

previous studies 102
• 

194 in identifying the source of peroxynitrite parent radicals that 
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contribute to actm depolymerization after short periods of oxygen glucose deprivation. 

Peroxynitrite is a strong oxidant, which is produced rrom the reaction of superoxide anion 

and nttnc oxide free radicals. There is ample evidence that nitric oxide exerts both 

neuroprotective and neurotoxic effect in stroke, which counts on the nitric oxide synthase 

(NOS) rrom which it is generated. Experimental studies demonstrated the deleterious effect 

of both neuronal (nNOS) and inducible (iNOS) in cerebral ischemic injury 197• 

Nicotinamide adenine dinucleotide phosphate (NADPH) oxidase is a major source of 

vascular oxidative stress. It catalyzes the transfer of electrons through flavin adenine 

dmucleotide (FAD) from NADPH to molecular oxygen to produce superoxide anion. The 

famil> of NADPH oxidase comprises of seven isoforms. annotated as Noxl-5 and 

DUOX l-2. which exhibit unique patterns of tissue specificity 143
• 

145
• 

198
• Nox4 and Nox2 

are lughly expressed in the cerebral vasculature compared to systemic arteries 23• 146• 
147

, 

making both 1soforms potential sources ofROS after stroke. Nox2 or Nox4 knockdown in 

different animal models showed impressive neuroprotection after [/R injury, suggesting 

that both isoforms are potential targets for stroke management 22• "'s. 153 . Our goal was to 

investigate the contribution ofNox2 and Nox4 to 1/ R mediated loss of myogenic tone. We 

have focused on the Nox4 isoform, which is localized to focal adhesions, a main site of 

tyrosme kinase signaling that links the cytoskeletal protem to the extracellular matrix 23
• 

ISS We hypothesize that hypoxia upregulates Nox4 expression, which contributes to 

excess peroxymtnte generation leadmg to actm depolymenzation via nitration in human 

brain vascular smooth muscle cells (HBYSMC). 
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Materials and Methods 

Animals 

All experiments were performed on weight matched (250-350) male Wistar rats 

(llarlan; Indianapolis, ID). The animals were housed at the Georgia Regents University 

animal care facility, which is approved by the American Association for Accreditation of 

Laboratory Animal Care. All protocols were approved by the institutional animal care and 

use committee. Animals were fed standard rat chow and tap water ad libitum. All animals 

were sacrificed by decapitation after being anesthetized with pentobarbital sodium (Fatal

Plus, Vortech Pharmaceuticals Ltd; Dearborn, MI). 

Model of lscltemia and Dntg Treatment 

Focal cerebral ischemia was achieved u ing the monofilament suture middle 

cerebral artery occlusion (MCAO) model 34
•

199
. Rats were subjected to sham surgery or 30 

min of MCA0/45 min reperfusion. Blood flow was measured by a scanning laser Doppler 

(Perimed; North Royalton, OH) to assess MCAO and reperfusion. In sham groups, animals 

were dissected in the neck region to locate the common carotid but were not subjected to 

MCAO and were sacrificed similarly. Rats were administered apocynin, a NADPH oxidase 

inhtbttor, as a single dose at reperfusion (50 mg/kg t.p.) 

Pressurized Arteriograplt System 

MCA segments from ischemic hemtsphcre were cannulated and pressurized in an 

artcriograph chamber as previously showed by our group 178• To determine the myogenic 
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tone, pressure-diameter curves were obtained, first in the presence of Ca2· , and then in 

Ca2 ' -free buffer with the addition of0.2 mM papaverine hydrochloride. 

Cell Culture 

Primary cultures of HBVSMC and supplies were purchased from Cellscience 

(Carlsbad, CA). Experiments were performed using cells between passages (3-6). Cells 

were switched to serum free media overnight prior to exposure to 30 min of hypoxia 

(<0.2% 0 2, 95% N2 and 5% C02) and 45 min reoxygenation. The selective nitration 

inhibttor (-)-epicatechin (EC) (L50J,lM; Sigma Aldrich; St. Louis, MO) 183 or the highly 

selecllve iNOS inhibitor, N-([3-(ammomethyl)-phenyl]methyl]-ethanimidamide 

dihydrochloride (1400W) (l01JM; Sigma Aldnch; St. Louis, MO) 200 was added during 

reoxygenation. 

Westem Blot Analysis 

Nox4 and Nox2 expression in isolated MCAs and IIBVSMC were analyzed by 

western blot. Snap frozen MCAs were homogenized and equal volumes of cell lysate and 

homogenized tissue were separated by 10% sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis and transferred to nitrocellulose membrane. Nox4 and Nox2 were 

determined by using anti-Nox4 antibody (I :500) and anti- Nox2 antibody ( l :500), 

respectively (Abeam; Cambridge, Ma). Nox1, neuronal nitric oxide synthase (nNOS) and 

inductble NOS (iN OS) expression were determined using anti-Nox l antibody (1 :250 

Abeam; Cambridge, Ma), ant i-nN OS anttbody ( 1 :250) and antt-iNOS antibody ( 1 :250), 

respectively (Santa Cruz Biotechnology; Dallas, TX) in HBVSMC. Primary antibodies 

were detected using horseradish peroxidase-conjugated antibody and enhanced 
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chemiluminesence. Blots were imaged and band intensity was quantified by the 

densitometry software (Alpha Innotech; Santa Clara, CA). 

Differential Ultracentrifugation of Homogenates for Measurement of Filamentous- and 

Globular-Actin. 

JIBVSMC were harvested by scraping thoroughly with cell scraper after the 

addition ofprewarmed (37°C) lysis buffer as suggested by the manufacturer (Cytoskeleton, 

Denver, CO). Cell lysates were quickly homogenized using a 200 ~I pipette tip and placed 

on ice until all samples are completed, and then incubated at 37°C for 10 min. Celllysates 

were transferred to a prewanned (37°C) ultracentrifuge and spun at 100,000 g for 1 hat 

37°C to separate the globular (G)-actin (supernatant) and filamentous (F)-actin fractions 

(Beckman, Fullerton, CA). F-actin depolymerization buffer was added to each pellet and 

mcubated on ace for I hr to allow actin depolymenzation to occur. Equal volumes of 

loading buffer were added to each of the supernatant and the pellet, and then boiled for 5 

min. Actin quantification was performed by SDS-PAGE and western blot analysis. 

F Actin and Nitrotyrosine Staining and Quantification 

I lBVSMC were pressure fixed in methanol-fl-ee 4°/o para formaldehyde in PBS for 

I 0 min. Fixed cells were then stained for F actin with Oregon Green 488-conjugated 

phalloadan fluorescent probe (Invatrogen, Carlsbad, CA), and for nitrotyrosme with a mouse 

anti-natrotyrosme primary antibody at I :50 and a goat anta-mouse lgG conjugated to Cy5 

(Molecular Probes) secondary antabody at I: 1000. Z-stacks (2. 1 ~m; 0.3~m intervals) of 

the vascular smooth muscle layer were captured at 40X usmg an LSM 510 upright confocal 
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microscope and processed using Zen 2008 sofiware. lmageJ software (National Institutes 

of Health, Bethesda, MD) was used to quantify F actin and nitrotyrosine volume intensity. 

Tissue ftfarkers of Nitrosative Stress 

Total mtrotyrosine levels were detem1ined in cell lysate via slot blot analysis. In 

brief, equal amounts of cell lysate were immobilized onto nitrocellulose membrane and 

nitrotyrosine was detected by an anti-nitrotyrosine monoclonal antibody (Millipore; Lake 

Placid, NY). Relative levels ofnitrotyrosine were quantified by the densitometry software 

(Alpha lnnotech, Santa Clara, CA). 

Silencing Nox4 Expression 

Transfection of HBVSMC was performed using Amaxa nucleofector and a kit for 

primary smooth muscle cells according to the manufacturer's protocol (Lonza; Allendale, 

NJ). Optunization experiments that were performed showed that A-033 program and 

300nM of Nox4 s1RNA (Santa Cruz Biotechnology; Dallas, TX) gave the maximum 

transfcction efficacy fo r IIBVSMC. Cells were suspended in a nucleofection mixture with 

the siRNA and pmaxGFP then were zapped and left in complete mediUm for 48 h to recover 

before expenments. Transfection effic1ency was 70% as indicated by the number ofGFP

expressmg cells and western blots for Nox4 expression. 

Diltydroetltidium (DHE) Staining Assay for S uperoxide Formation 

Superoxide anion levels were quantified by fluorometric assay of dihyroethidium 

(DHE) (Life Tcchnolog1cs, Grand Island, NY), which intercalate w1thin the cell's DNA 

and sta ms 1ts nucleus a bnght fluorescent red when oxidized ( exc1tat1onlem1ssion 518/606). 
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The culture media was replaced with PBS containing 1 Of.lM DHE and then cells were 

exposed to 30 min hypoxia/45 min reoxygenation. Fluorescence intensity was immediately 

quantified at the end of the reoxygenation by high performance multimode plate reader 

(Biotek, Winooski, VT). 

Statistical Analysis 

All the data are expressed as mean±SEM, statistical analyses were performed using 

SAS<l! 9.3 (SAS Institute Inc., Cary, NC). A rank transformation was used prior to analysis 

where needed to stabilize variance across groups. For arteriography studies, area under the 

curve (AUC) across the pressure range (40-180 mmHg) was calculated. A series of2 Stroke 

(no vs. yes) X 2 treatment (TRT) (no vs. yes) ANOVAs with interaction were used to 

determme the effect of apocynin on myogenic tone. Differences between sham vs. 1/R 

injury and normoxia vs. hypoxia conditions were tested usmg two-sample t-tests. A 2 

Oxygen (normoxia vs. hypoxia) by 2 TRT (no vs. yes) ANOVA was used to test for effects 

due to epicatechin or Nox4 siRNA and their interaction with oxygen level. A significant 

interaction would indicate a differential effect of the TRT due to the level of oxygen 

present. In the absence of a significant interaction, the main effects are considered to be 

additive. A Bonfcrroni post-hoc multiple comparison test was used for significant 

interactions. Significance for all tests was determined at alpha 0.05. 

Results 

Effect of NADPH Oxidase Inhibition on Vascular Reactivity after UR Injury 
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We previously showed that 1/R injury impaired the myogenic response of isolated 

MCAs compared to sham 194
. To investigate the role of NAOPH oxidase in the loss of 

myogenic reactivity after 1/R injury, rats were treated with apocynin, a NADPH oxidase 

inhibitor, at reperfusion. Analysis of AUC indicated a disease by treatment interaction such 

that apocynin improved the myogenic response in animals subjected to 1/R injury (p<0.05 

vs vehicle stroke) and decreased the tone in the sham group (p<0.05 vs sham+ Apo) (Fig. 

5.1 A). This fmding suggests that a balanced redox state is essential for myogenic tone 

development. To determine the contribution of difTerent NADPII oxidase isofonns after 

1/R injury, Nox4 and Nox2 expressions were measured by western blot. We found that 

Nox4 expression was significantly elevated in isolated MCAs after 1/R injury compared to 

sham (Fig. 5.1 B). IIR injury had no effect on Nox2 expressiOn (Fig. 5. 1 C). 

Mechanism U11derlying Acti11 Depolymerization after Hypoxia 

It has been previously shown that excess peroxynttrite reduces F actin ofVSM after 

periods of oxygen deprivation leading to Joss oftone 112
•

194
• In this study, we attempted to 

identify the sources of peroxynitrite parent radicals and the exact mechanism that 

contribute to actin depolymerization after hypoxia. First, we exposed I IBVSMC to 30 min 

hypoxia/45 min reoxygenation and found that Nox4 and iNOS expressions were 

upregulated compared to nonnoxia (Fig. 5.2A and D) but there was no change in Nox2, 

Nox I and nNOS (Fig. 5.28, C and E). Immunofluorescent staming and Western blot 

analysts revealed a shift in F:G actin ratio towards increased G formation and reduced F 

actin levels after hypoxia/reoxygenation in HBVSMC (Fig. 5.3A and B). To further 

confirm the role of peroxynitrite in actin depolymenzation, nitrotyrosine a marker of 

pcroxynitrite generation was detected in IIBVSMC by immunoblotting and 
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immunostaining. We showed that hypoxia/reoxygenation insult augmented nitrotyrosine 

levels (Fig. 5.3C and D), which was associated with reduced F actin (Fig. 5.3D). Treating 

the cells at reoxygenation with epicatechin, a selective nitration inhibitor that has no effect 

on oxidation, restored nitrotyrosine and F actin levels back to normal (Fig. 5.3C and D) in 

the hypoxic group with no effect in the nonnoxic group indicating a disease by treatment 

interaction (p<O.OO I). 

Nox4 Knockdown and Actin Depolymerization 

Nox4 silencing has been a promising strategy in improving neurovascular outcomes 

followmg 1/R mjury 22
• 
148· 153. Our findings showed that Nox4 expression upregulation after 

hypoxia/rcoxygcnation was associated with an increase in nitration and actin 

depolymenzation. Therefore we examined the effect ofNox4 knockdown on nitrotyrosine 

levels and hence F actin le\els. First, we Silenced Nox4 expression in HBVSMC using 

clcctroporatton mediated siRNA delivery, achtevmg 70°1o transfection efficiency as 

indicated by the number of GFP-exprcssing cells (Fig. 5.4A). Nox4 knockdown nullified 

the increase of Nox4 expression after hypoxia (Fig. 5.48). Since the interaction between 

NAOPII oxidase homologues is essential to be considered, we determined the impact of 

Nox4 knockdown on the expression ofNoxl and Nox2. We found that the expression of 

both tsoforms \\as not altered by silencing of Nox4 (Fig. 5.4C and D). Second, we 

measured superoxtde and nitrotyrosme levels m IIBVSMC exposed to 30 min hypoxia/45 

min reoxygenation after Nox4 silencing. We showed that superoxide and nitrotyrosme 

levels were Significantly mcreased after hypoxia reoxygenation and Nox4 silencing 

nullified this effect (Fig. 5.5A-C). The role of tNOS in peroxymtrite generation was 

confirmed by the use of iN OS inh1bitor which blunted the mcrease in nitrotyrosine levels 
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after hypoxia (Fig. 5.50). Finally, by measuring F actin le\els via immunoblotting and 

immunostaining we showed that Nox4 knockdown restored F:G (Fig. 5.6A) back to normal 

and blunted the decrease ofF actin levels compared to scrambled RNA (Fig. 5.6B). These 

results clearly demonstrate that Nox4 contributes to actin depolymerization following 

hypoxia/reoxygenation insult. 

Discussion 

The main fmding of this study is that exposure of IIBVSMC to 

hypox1a/reoxygenation insult induced VSM actin depolymcrization via nitration through a 

Nox4 dependent pathway, which could be responsible for the loss of myogenic tone in 

isolated ISchemic MCAs. 

The brain comprises 2°1o of body weight, yet it receives 20 %of cardiac output to 

maintain bram integrity and function 201. Interruption of cerebral blood flow for few 

minutes leads to irreversible neuronal damage 202. D1lTerent physiological mechanisiTIS arc 

designed to ensure adequate blood flow to the brain 203• One of the main mechanisiTIS is 

myogenic response, which is the inherent ability of VSMC to constrict in response to an 

mcrcasc in pressure and vasodilate upon pressure reduct1on 4g· 49. Unlike some vascular 

beds from the systemic circulation, large cerebral arteries mcluding MCAs contribute 

sigmficantly to vascular resistance 4 5
• 

60
. Therefore, they play an essential role in 

maintaining constant blood flow desp1te changes in perfusion pressure, and protecting 

downstream microvessels from damage. Mechamsms underlying myogenic response 

development are heterogeneous and multifactonal. Accumulating evidence indicates that 

actin polymenzation is critical for smooth muscle contraction in different vascular beds 92-
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96 We have recently shown that IIR injury has a short term global effect impairing 

myogemc tone of MCAs isolated from both ischemtc and nomschemic hemispheres. We 

reported that the loss oftone was associated with mcreased mtrotyrosine levels and reduced 

F:G actin ratio 194
• Our results were consistent with previous studies, which demonstrated 

that peroxynitrite led to loss of myogemc tone via nitrosylation ofF actin and increased 

actin depolymcrization 112
•

125
. Therefore, the goal of the current study was to expand our 

previous findings and determine the source ofperoxynitrite, which alters F:G actin, in order 

to identify new potential therapeutic targets for stroke. 

Although restoration of cerebral blood flow is desired in tschemic stroke, rapid 

repcrfuston leads to a surge ofROS generation. The excessive production ofROS plays a 

cnttcal role in exacerbating bram damage after l R tnjury due to the restncted antioxidant 

capactty ofthe brain 19s· 196
•
204• Nox enzymes have long been recognized as an important 

source of ROS m the cerebral vasculature under pathologtcal condttions, especially IIR 

injury 141 However, our knowledge about the role ofNox in myogenic tone impairment 

after stroke ts sttll limited. To investigate whether myogenic dysfunction after VR injury 

was mediated through Nox enzymes, rats were subjected to 30 min MCA0/45 min 

reperfusion receiving apocynin, a Nox inhibitor, at reperfusion We found that inhibiting 

Nox with apocynin nulhfied the effect of I R mjury on the myogentc response across the 

pressure ranges These findings indicate that inhibiting Nox ts a promtsing strategy, which 

could improve stroke outcomes. Intercstmgly, MCAs i olated from sham rats treated with 

apocynin experienced tmparred myogemc respon. e stmtlar to tschemic MCAs, 

emphasizing the importance ofphystologicalle\cls ofROS a es enttal stgnaling molecule 

for the regulation of myogenic response. These findings arc in agreement with previous 
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stud1es, which showed that a balanced redox state is crucial for vascular reactivity 23
• 
1 12

• 

205• A potential limitation of apocynin is that its mechanism of action 1s still controversial 

and 1ts antioxidant effects may not be through Nox mhib1t1on. Heumuller et al. showed that 

apocynin acts as an antioxidant in vascular smooth muscle 206• We have shown that gp91-

tat, a small peptide that inhibits Nox-1, 2 and 4, exerts an effect s1milar to that of apocynin 

on myogenic tone in our model suggesting that NADPH oxidases are involved 194. To 

further address this problem, we used our in-vitro model of hypoxia/reoxygenation to 

mvestigate thoroughly the role ofNox on actin polymeritation. Although, ROS are known 

to 1mpair vascular tone via modifying actin polymcnzatton, one should keep in mind that 

other players could affect actin cytoskeleton. It has been shown that knocking down 

p47phox in mice hearts impaired actin polymerization in non-ROS-dependent mechanism 

207• However, since excess ROS generation after 1 'R InJUry or hypox1c insult plays a pivotal 

role in vascular injury, we focused on identifying sources of ROS generation and ROS

dependent mechanisms of actin depolymenzat1on 

Nox enzymes are a well-established source for ROS m various vascular diseases 

including brain injury 23• 143·145. However, which Nox isoform is relevant for ischemic 

stroke has yet to be fully elucidated. Nox I, Nox2 and Nox4 arc all expressed in cerebral 

artenes suggesting their contributions to ROS generation in the brain 23
• 
146. Several studies 

reported an upregulation ofNox2 and Nox4 express1on after stroke 148
· tSt. To investigate 

the contribution of Nox2 and Nox4 m our stroke model, the express1on of both isoforms 

was detected b)' 1mmunoblotting in 1solated MCAs We found that Nox4 expression was 

increased in 1solatcd MCAs after I R mJury, while Nox2 express1on showed no change. 

These findmgs suggest that Nox4, but not Nox2, is mvolved at early ttmc points in the 
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pathophysiology of vascular 1/R injury of the cerebral vasculature. Our findings support a 

previous study, which showed that Nox4-mediated oxidative stress leads to neuronal 

damage after stroke, and they refuted the concept that Noxl or Nox2 plays a role in the 

pathophysiology of acute ischemic stroke 148. In agreement with our ex-vivo data, we found 

that the exposure of the HBVSMC to 30 min hypoxia/ 45 min reoxygenation selectively 

upregulated Nox4 expression. Our results arc consistent with Diebold et al findings, which 

showed an increase in Nox4 expression after I hour of exposure to hypoxia (I% oxygen) 

20R. In the current study, we also showed that the increase in Nox4 expression after 

hypoxia/reoxygenation was associated with an increase in nitration and actin 

depolymerization. To further confrrm the role of nitrotyrosine formation in actin 

depol)'merization, epicatechin was added dunng reoxygenation. Epicatechin is a flavonoid 

and one of the green tea extracts. that selectively blocks the ability ofperoxynitrite to nitrate 

tyrosmc res1duc but has no effect on thiol oxidation 1 ~ J- Is s. We found that inhibiting 

nitration restored F actin levels. indicating that hypoxia reoxygenation insult induced actin 

depolymerilation via nitration. Our next question was to detect whether Nox4 is 

responsible for the increase of actin depolymcrization and nitration after hypoxia. SiRNA 

technique to knockdown Nox4 in HBVSMC was used to complement our ex-vivo and in

\'itro studies, and to overcome the lack of a commercially available Nox4 inhibitor with 

high selectivity and potency. We showed that Nox4 stlencing attenuated 

hypoxia/rcoxygenation induced actm depolymerization and restored nitrotyrosine levels in 

HBVSMC. Collect1vel}, these findmgs support our hypothesis that hypoxia reoxygenation 

insult upregulates Nox4 expression, which contnbutes to excess peroxynitrite generation 

leading to actin depolymerizauon in HBVSMC. However, tt was prevtously shown by 
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Clempus et al that Nox4 is required for the maintenance of the contractile-type stress fibers 

in aort1c VSMC 154. This discrepancy between both studies could result from the difference 

in experimental conditions, methods of injury and tissue origin. 

ROS produced by Nox4 isoform is still an area of controversy. Several studies 

reported the robust generation of hydrogen peroxide in Nox4 transfected cells instead of 

superoxide due to the fast disrnutation of superoxide before it leaves the enzyme 209. 

However, we showed that upregulation of Nox4 after hypoxia was associated with an 

increase in superoxide and nitrotyrosine levels; which were restored after Nox4 silencing. 

The finding that Nox4 silencing reduces superoxide production to control levels suggests 

that Nox2 is not mvolved in ROS generation in HBVSMC and that the Nox4 isoform 

contributes to peroxynitrite generation via increased production ofsuperoxide in VSM after 

hypoxm/reoxygenation. These results are in agreement with several studies, which showed 

the product1on ofsuperoxide via the Nox4 isofonn 210·213 • Nox enzymes and the resulting 

ROS mediate several cellular functions depending on the subcellular localization of the 

enzymes 214 . Nox4 is localized at the focal adhesions 2~· 154· 155
, which are the major sites 

where transmembrane adhesion receptors link intracellular cytoskeletal structural proteins 

and signaling molecules 23• 156· 157. Therefore, there is a strong link between Nox4, focal 

adhes1on proteins and actin cytoskeleton. The localization of Nox4 may provide insights 

into its poss1ble role in regulating actin polymerization and in tum the myogenic response 

after stroke We beheve that thlS understandmg could lead to new therapeutiC mterventtons 

for tschemic stroke. 

No\.4 activatiOn alone could not cause protem nitrat1on; therefore, we determined 

the possible sources of nitric oxide that contnbutc to peroxyn1tnte generation after hypoxia 
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in llBVSMC. Nitric oxide is a free radical, which interacts with superoxide anion leading 

to peroxynitrite (a strong oxidant) generation and protein modification. Nitric oxide is 

synthesized by a fam1ly of enzymes that includes three distinct isoforms known as 

endothelial NOS (eNOS), nNOS and iNOS 128• Nitric oxide plays a crucial role in the 

pathogenesis of stroke. Experimental studies in NOS knockout mice demonstrated the 

protective role of eNOS after cerebral ischemia, while nNOS activation and iNOS 

expression are shown to be detrimental to ischemic brain 129• In the current study, we found 

that the expression of iNOS isoform was significantly elevated after 30 min hypoxia/45 

min reoxygenation in HBVSMC, but there was no change in nNOS expression. Moreover, 

treating HBVSMC at reoxygenation with the highly selective iNOS inhibitor restored 

nitrotyrosme levels back to normal. These findmgs, suggest that iN OS is the source of nitric 

ox1de product1on m our model of short term hypoxia reoxygenation insult that contributes 

to peroxyn1trite generation. Further studies using NOS pharmacological inhibitors and 

NOS deficient animal models are necessary to conftrm the role of iNOS after ischemic 

inJury. 

The data from the present study would be strengthened by determining Nox4 and 

Nox.2 expression in endothelium denuded vessels. We could not perform those 

measurements due to the limited amount of cerebrovascular tissue isolated from our 

stroked groups. In order to overcome this limitation, we u ed llBVSMCs in our in-vitro 

study to confrrm the overexprcss1on ofNox4 in cerebrovascular smooth muscle cells after 

oxygen deprivation. We showed that Nox4, but not Nox2 contributes to IIR and hypoxic 

injury in the cerebral vasculature. The findmgs of the current study are limited by the fact 
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that all endpoints were determined after short duration ofl/R or hypoxic injury. However, 

these limitattons do not outweigh the significant findings of the current study. 

Conclusion 

Nox4 plays an important role in hypoxia/reoxygenation injury. It is upregulated 

after ischemic stroke and hypoxic insult. In-vitro studies suggest that Nox4 knockdown is 

a promising strategy to reverse the adverse effects of hypoxia on actin polymerization in 

llBVSMC. These findings suggest that modu lation of Nox4 production after cerebral 

ischemic injury could be used as a vasculoprotective strategy. Further in-vivo studies using 

different knockout models and specific Nox4 inhibitors arc necessary to validate the role 

ofNox4 on myogemc response after ischemic stroke. 
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Figure 5. 1. NADPH oxidase inhibition restored myogenic tone after UR injury 

W1star raH were subjected to 30 min MCA0/45 min reperfusion. The NADPH oxidase 

inhibitor apocynin (50 mg/kg i.p) was admmistered at reperfusion. (A) fiR led to the loss 

of myogenic response in isolated MCAs (closed triangle) compared to sham (open 

triangles). Inhibiting NADPH oxidase nullified the effect of fiR injury and restored the 

myogenic response (closed square). MCAs isolated from sham rats treated with apocynin 

(open squares) experienced impaired myogenic response compared to sham · (open 

triangles). (B) J R injury increased Nox4 expression in isolated MCAs compared to sham. 

(C) Nox2 expresswn was not altered by I R injury (*p<O.OOI disease treatment interaction, 

post hoc Bonferroni analyses **p<0.05 for IS vs sham, sham ~·s sham+Apo, or IS vs 

JS., Apo, n= 6-9, •••p<O.OOI vs sham, n-3). 
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Figure 5.2 
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Figure 5.2. Hypoxia upregulated tire vascular expression of Nox4 and iNOS isoform in 

HBVSMC 

liB VSMC were sentm starved overnight. and then exposed to 30 min hypoxia/45 min 

reoxygenation. Nox4, Nox2, Noxl, iNOS and nNOS expressions were detennined by 

western blot Hypoxia upregulated Nox4 (A) and 1NOS (D) er:pression compared to 

nonnoxic conditions H}poxia had no effect on Nox2 (B) Nod (C) and nNOS (E) 

express1on m HB VSMC (*p<O. 05, ***p<O 001 vs normoxia, nr-4-6). 
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Figure 5.3 
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Figure 5.3. Hypoxia enhanced tritrotyrositre levels atrd actin deploymerization in 

1/BVSMC 

JIB VSMC were semm starved overnight, and then erposed to 30 min hypoxia/45 min 

reoxygenation, vehicle or epicatechin (EC) a selective nitration inhibitor (1 50pM) ~vas 

added during reoxygenation. HBVSMC were fixed and stained for F actin with Oregon 

Green 488-conjugated phalloidin fluorescent probe and for nitrotyrosine with an anti

nitrotyrosine primary antibody and an JgG conjugated to Cy5 secondaty antibody. F actin 

and nitrotyrosine levels were detected by immunoblotting and immunostaining. (A) 

Hypoxia induced a shift in F:G actin in favor of G actin. (B) Hypoxia caused significant 

reduction in F actin /e·vels compared to normoxia as shoun by representative confocal 

microscopy images of HBVSMC stained for F actin cytoskeletal filaments (green). (C) 

f/.lpoxia caur;ed significant increase inmtrotyrosine [e,•els compared to nonnoxia and EC 

treatment nullified this effect. (D) Representative confocal microscopy images of HB VSMC 

stained for F actin cytoskeletal filaments (green) and colocalization of actin filaments ~ .. ith 

nitrotyrosine (red) are shown on top. Hypoxia enhanced nitrotyrosine levels and reduced 

F actin in HBVSMC compared to normoxia and inhibiting nitration with EC restored F 

actin and nitrotyrosine levels back to normal (*p<0.05. •p<O.Ol vs normoxia, **p<O.OJ 

and •••p<O.OOI disease treatment interaction, post hoc Bonferroni analyses '~'p<0.05 vs 

\'ehicle normoxia or vehicle hypoxia, n=-3-6). 
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Figure 5.4. S ilencing Nox4 expression in vitro 

Nox4 expression was silenced in HB VSMC usmg electroporation-mediated siRNA 

deltvery (A) Representative fluoresence image of HB VSMC transfected with Nox4 siRNA 

showing 70% transfection efficiency. (B) Representative western blots of Nox4 and actin. 

Nox4 silencing reduced the expression of Nox4 compared to scrambled under normoxic 

condition, and blunted the increase in NOX4 expression after hypoxia. (C,D) 

Representative western blots of Nox2 and Noxl. Nox4 silencing had no effect on the 

expression of both Nox2 and Nox I compared to scrambled under nonnoxic conditions. 

(post hoc Bonferroni analyses *p<0.05 scRNA normoxta , ***p<O.OOJ scRNA hypoxia, 

II 4-6) 
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Figure 5.5 
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Figure 5.5. Nox4 silencing restored superoxide and nitrotyrosine levels in HBVSMCs 

after hypoxia 

Nox4 erpression was silenced in HB VSMC using electroporation-mediated siRNA 

delivery. Cells were switched to overnight serum-free media, and then exposed to 30 min 

hypoxia/45 min reoxygenation. HBVSMC '1-verefixed and stained for F actin with Oregon 

Green 488-conjugated phalloidin fluorescent probe and for nitrotyrosine with an anti

nilrotyrosine primary antibody and an lgG conjugated to Cy5 secondary antibody. 

Nitrotyrosine levels were detected by immunoblotting and immunostaining. (A) Silencing 

Nox4 expression blunted the increase in nitrotyrosine le\·els after hypoxia compared to 

scrambled RNA. (B) Representative confocal microscopy images of HBVSMC stained for 

F actin cytoskeletal filaments (green) and colocali:ation of actin filaments with 

nitrotyrosine (red) are shown on top. Silencing Nox4 expression restored nitrotyrosine 

levels after hypoxia compared to scrambled RNA. (C) Effect of hypoxia and Nox4 silencing 

on superoxide formation were detected using jluorometric assay of dihydroethidiun 

(Dllt.j. Superoxideformation was significantly increased after hypoxia and Nox4 silencing 

levels reduced it back to normal. (D) Inhibiting iNOS with 1400W dihydrochloride 

abolished the increase in nitrotyrosine levels after hypoxia compared to the vehicle. (post 

hoc Bonferroni analyses *p<0.05 vs scRNA normoxia, Nox4 siRNA normoxia and h)pOxia, 

**p<O.Ol vs scRNA nonnoxia, ***p<O.OO/ l'S scRNA h)poxia, 0p<0.05 vs scRNA 

normoxia and ~p<O.Ol vs scRNA h)poxia, **p<O.OJ disease treatment interaction n=3-5) 
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Figure 5.6 
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Figure 5.6. Silencing ,\'ox4 expression re.\tored F actin levels m HBVSJfCs after 

hypoxia 

No.\4 e.\pre~sion lt'as silenced in l!BVSMC twng electroporation-mediated siRNA 

delivery. Cells were switched to overnight serum-free media. and then exposed to 30 min 

hi/JO\ia 45 min reoxygenation. F:G actin 11 ere determined by western blot. In another 

group, HBVSMC were .fixed and <>tainedfor F actin mtl! Oregon Green 488-conjugated 

phalloidin fluorescent probe. (A) Representatin• \t'e'ltem h/ot ofF and G actin is <>hown on 

top Silencing \ox4 expreuton wgnificantly increased F G actin after h}poxia compared 

to< ell<> treated H'ith scrambled R VA. ( 8) AtwZ\'sis of confocal microscop1· image., oj F actm 

(green) showed that <>t!encing \ox4 £'\pression blunted the decrea.,e of F actm ajier 

lnpo.\ia (post hoc Bonferroni analrses *p< 0 05 n scR\A h}poxia. np<0.05 vs scRN.t 

normo.\w, n=J-4). 



C. SOD! OVEREXPRESSION PREVENTS ACUTE llYPERGLYCEMIA-INDUCED 

CEREEBRAL MYOGENIC DYSFUNCTION: RELEVANCE TO CONTRALATERAL 

HEMISPHERE AND STROKE OUTCOMES1 

1Maha Coucha, Wciguo Li, SherifHafez, Mohammed Abdclsa1d, Maribeth H. Johnson, Susan C. 

Fagan and Adviye Ergul 

Submitted to the American Journal ofPhys10logy, Heart and Circulatory Physiology. 

89 



90 

Abstract 

Admission hyperglycemia (HG) amplifies vascular injury and neurological deficit 

in acute ischemic stroke (AIS) but the mechanism remains controversial. We recently 

reported that ischemia/reperfusion (l/R) injury impairs myogenic response in both 

hemispheres via increased nitration. However, the impact and the mechanism by which 

HG affects vascular reactivity and the role of contralateral myogenic dysfunction on stroke 

outcomes need to be determined. To clarify this, male wild-type or superoxide dismutase 

(SOD I) transgenic rats were injected with saline or 40% glucose solution 10 min before 

surgery and then subjected to 30 min ischemia/45 mm or 24 hr reperfusion. In another set 

of animals (n- 5), SODI was overexpressed only in the contralateral hemisphere by 

stereotaxic adenovirus injectiOn 2-3 weeks before I 'R Myogentc tone and neurovascular 

outcomes were determined. HG exacerbated myogemc dysfunction m contralateral side 

only, which was associated \\ith infarct sue expansiOn, increased edema and more 

pronounced neurological deficit. Global and selective SOD I overcxpression restored 

myogenic reactivity in ipsilateral and contralateral sides, respectively, and enhanced 

neurovascular outcomes. Our results showed that SOD 1 overcxprcssion nullified the 

detrimental efTects of HG on myogenic tone and stroke outcomes, and that contralateral 

hemisphere may be a novel target for the management of acute hyperglycemic stroke. 

Keywords: tschemi:vreperfuston injury; admtsston hyperglycemia; contralateral 

hcmtsphere, superoxtde dismutase: myogemc tone, stroke outcomes. 
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Introduction 

Approximately one-third of acute ischemic stroke (AIS) patients have acute 

hyperglycemia upon admission 3• 27, which leads to poor clinical outcomes and higher risk 

of mortality 3•28•29•32. We previously showed that a modest acute elevation in blood glucose 

at time of stroke amplifies vascular injury and neurological deficit 34
• In addition, previous 

studies reported a reduction in regional cerebral blood flow during acute hyperglycemia 35• 

36 which could accentuate brain dysfunction after ischemia 37
• JR. Together, all these 

findings emphasize the detrimental impact of acute hyperglycemia on cerebrovasculature 

and the importance of an intact vascular system in functional outcomes after stroke. 

Myogenic tone is an intrinsic property of smooth muscle cells by which the brain 

can maintain adequate blood flow despite changes m perfusion pressure 48• We recently 

showed that ischemia/reperfusion (IIR) mjury has a short-tenn global effect, impairing 

cerebrovascular myogenic reactivity and lowermg perfusion in both ischemic and 

contralateral hemispheres 194. It is well established that increased generation of reactive 

oxygen species (ROS) could alter myogenic function after 1/R with or without 

hyperglycemia 125
• 

170
• 

194
. Therefore, antioxidant agents are a promising therapeutic 

intervention for acute hyperglycemic stroke. Coppcr'zinc superoxide dis mutase (SOD I) is 

one of the ant ioxtdant agents. which catalyzes the dtsmutation of superoxide into oxygen 

and hydrogen peroxide. Prior studies, using SOD I transgenic rats supported the beneficial 

role ofSODI in improving stroke outcomes after I R mJury 215•216• In the current study, we 

in"esttgatcd the role of global and contralateral SOD 1 ovcrcxpression on myogemc 

reactivity and hence stroke outcomes following acute hyperglycemic stroke to test our 

hypothcsts that 1) SOD 1 overexpresston pre\'ents acute hyperglycemia induced myogenic 
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dysfunction and poor outcomes, and 2) Augmented contralateral myogenic dysfunction in 

hyperglycemic 1/R injury worsens stroke outcomes. 

Materials and Methods 

Animals 

Experiments were performed on weight matched (250-350) male Wistar, SOD 1 

transgenic rats and Sprague Dawley (SO) (Harlan; Indianapolis, 10) which served as the 

control group for studies involving transgenic animals. Animals were subjected to middle 

cerebral artery occlusion (MCAO) with and without acute hyperglycemia. The animals 

were housed at the Georgia Regents University animal care facility, which is approved by 

the American Association for Accredatation of Laboratory Animal Care. All protocols 

were approved by the institutional animal care and usc committee. Animals were fed 

standard rat chow and tap water ad libitum. All animals were sacrificed by decapitation 

after being anesthetized with pentobarbital sodium (Fatal-Plus, Vortech Pharmaceuticals 

Ltd; Dearborn, Ml}. 

Model of Ischemia 

Focal cerebral ischemia was achieved in a blinded manner for the various groups 

using the monofilament suture MCAO model prcvaously dcscnbed by our group 34
. Rats 

were subjected to sham or 30 min MC AO followed by 45 min or 24 hr reperfusion. Acute 

hyperglycemia was achieved b) 2ml IP 40% glucose mJectaon I 0 mm before MCAO and 

was maintained during 24 hr repcrfusion by another mJCCtion at the end ofMCAO. Blood 

glucose levels were measured from tail \ein usmg a glucometer (Freestyle, Alameda, CA) 
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and reported at baseline, MCAO and reperfusion. Scanning laser Doppler (Perimed; North 

Royalton, OH) was used to assess MCAO and reperfusion and to conftrm similar drop in 

blood flow between groups. In sham groups, animals were dissected in the neck region to 

locate the common carotid but were not subjected to MCAO and were sacriftced similarly. 

S ODJ Transgenic Rats 

Heterozygous SOD 1 transgenic rats on SO background, with increased SOD 1 

activity, were generously provided by Dr. Pak II. Chan. SOD 1 transgenic rats were 

genotyped by PCR using a mixture of primer sequences (5'-CCA-TCT-CCC-TTT-TGA

GGA-CA-3' and 5'-AGG-CAT-GAG-GAT-CAA-TGG-AG-3', lOT San Diego, CA) 

whtch yte1ded a 505 base pair band. 

Stereotaxic f11jections 

Wtstar rats were anesthetized with isoflurane and tmrnobilized on a stereotaxic 

device 2-3 weeks before MCAO. SOD I adenovirus (3 ~1 of 1.85 x 1012 VP/ml, Ad-r

SOD I /cGFP, Vector Bio labs, Philadelphia, PA) or an empty vector was injected in the 

contralateral hemisphere over 6 min via a 30-gaugc needle adjacent to the MCA at 

stereotaxic coordinates +0.9 mrn anterior,-5.2 mrn lateral, -8.7 mrn ventral relative to 

bregma 217• SOD I O\-erexpression was confLrmed by western blot and GFP expression. 

SOD Assay 

SOD acttvity was determined tn bratn homogenate using the Sigma SOD assay kit 

(Sigma, St. LoutS, MO) following the manufacturer's instructions. 
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Western Blot 

SOD 1 expression in brain homogenates close to the injection site were analyzed by 

western blot. In brief, equal volumes of homogenized tissues were separated by 15% 

sodium dodecyl sulfate-polyacrylamide gel e lectrophoresis and transferred to 

nitrocellulose membrane. SODl was determined by using anti-SOD ! antibody (1:500) 

(Sigma; St. Lois, MO). Primary antibodies were detected using horseradish peroxidase

conjugated antibody and enhanced chemiluminescence. Band intensity was quantified by 

densitometry software (Alpha lnnotech; Santa Clara, CA). 

Tissue Markers of Nitrosative Stress 

Total nitrotyrosine levels were determined in brain homogenates via slot blot 

analysts. In brief, equal amounts of protein were immobilized onto nitrocellulose 

membrane and nitrotyrosine was detected by an anti-nitrotyrosine monoclonal antibody 

(Millipore; Lake Placid, NY). Relative levels of nitrotyrosine were quantified by 

densitometry software (Alpha lnnotech; Santa Clara, CA). 

Pressurized Arteriograplt System 

MCA segments from ischemic and contralateral hemispheres were quickly excised 

and pressuriZed in an arteriograph chamber (Living Systems; Burlington, VT) at 15 mmHg 

for I hour within 45 min of iso lation to ensure vessel viability 194
. Pressure-diameter curves 

\\<ere obtamed, first in the presence of Ca2 (active condttlon), and then in Ca2
+ free buffer 

(passtve condition) with the addition of 0.2 mM papaverme hydrochloride. A video 

dimension analyzer connected to the artcriograpb system was used to measure wall 
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thickness (WT) and lumen diameter (LD) at pressures ranging from 0-180 mmHg, in 20 

mmllg increments. Using the WT and LD measurements percent myogenic tone (% 

myogenic tone = I - {Active Outer diameter/Passive Outer diameter) x 1 00] was 

determined. 

Neurovascular Injury Assessmellt 

All animals were anesthetized with pentobarbital sodium (Fatal-Plus, Vortech 

Pharmaceuticals; Dearborn, MI) and underwent intracardiac perfusion of ice cold saline to 

nush blood out of the vessels at the end of24 hr ofreperfusion. Brains were extracted and 

sliced into 2-mm slices, then stained with 2% solution of 2,3,5-triphenyltetrazolium 

chloride (TTC; Sigma, St. Louis, MO) to evaluate tissue viability and delineate the 

infarcted area. Images were captured using a digital scanner, and SPOT Advanced 3.4 

software (Diagnostic Instruments, Sterling Heights, Ml) was used to quantify grossly 

visible infarction zones. The infarct volume was determined as a percentage of the ischemic 

hemisphere. Edema is reported as the percent increase in ischemic hemisphere size to the 

contralateral hemisphere. 

Neurological Outcomes Assessment 

Beam walk and grip strength tests, which assess sensorimotor function, were 

performed at baseline and at the end of 24 hr of reperfuston. Forelimb grip strength was 

detenmned using a digital grip strength meter (Columbus Instruments, Columbus, OH) 218
. 

Beam walk evaluation was done based on 7-pomt scale method described by Feeney et al 

:!19 
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Statistical Analysis 

Area under the curve (AUC) was calculated across intraluminal pressure for vessels 

from each animal for myogenic tone (40 mmHg to 180 mmllg) using NCSS 2007 (NCSS, 

LLC, Kaysville, UT) and was used in the analyses for these variables. A two-sample t-test 

was used to establish differences in SOD activity and expression (SO vs. SOD!). A series 

of 2 SOD l (no vs. yes) X 2 HG (no vs. yes) A NOVAs with interaction were used to 

detem1ine the effect of hyperglycemia and SOD I on blood glucose at baseline, MCAO, 

and rcperfusion, infarct size, edema, beam walk, grip strength and nitrotyrosine levels. 

One-way ANOVA using Wistar rats (MCAO, MCAO+HG, SOD! AD MCAO+HG) was 

used to detemune the effect of hyperglycemia and SOD I on infarct size, edema, beam 

walk, and grip strength. One-way ANOV A using Wistar rats (MCAO, MCAO+HG, SOD I 

AD MCAO+HG) was used to determine the effect of stroke, hyperglycemia and SOD! AD 

on blood glucose at baseline, MCAO, and reperfusion, myogenic tone for both ischemic 

and non-ischemic vessels. SAS© 9.3 (SAS, Inc., Cary, NC) was used for all analyses. 

Statistical significance was determined at alpha<0.05 and a Tukey's post-hoc test was used 

to compare means from significant ANOVAs. 

Results 

Eff ect of Hyperglycemia 011 Myogenic Tone 

l R unpa1red myogenic tone ofMCAs 1solated from both 1schemic and nonischemic 

hem1spheres compared to sham right and left, respectively. When l 'R injury was 

supenmposcd with acute hyperglycemia, myogemc tone impairment was exacerbated in 

NlS side only. Interestingly, acute hyperglycemia alone reduced myogenic tone in MCAs 
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isolated from left side of sham hyperglycemic rats but had no effect on the right hemisphere 

(Figure 6.1A-B). In all groups, baseline blood glucose levels were similar. We achieved an 

acute elevatiOn in blood glucose levels ranging between (200-250 mgldl) in hyperglycemic 

group during MCAO and reperfusion (Figure 6.1 C). 

Effect of Global SODJ Overexpression 011 Myoge11ic To11e after Acute Hyperglycemic 

Stroke 

To determine the role of oxidative stress on decreased myogenic tone in 

hyperglycemic l/R injury, pressurized arteriography studies were repeated in SOD 1 

transgenic rats. Since this model has a SO background, SO rats were used as proper 

controls. Short-term l/R impaired myogenic tone of MCAs obtained from normoglycemic 

SO rats compared to SD sham MCAs isolated followmg 1/R from normoglycemic and 

hyperglycemic SO rats displayed similar myogenic tone (F1gure 6.2A). SOD I transgenic 

rats maintained a well-developed myogenic tone similar to sham SOD I rats after 1/R with 

or without hyperglycemia (Figure 6.2B). SOD 1 overexpression was confirmed by 

measuring SOD I expression and activity in brain homogenates, which was significantly 

greater in the brain homogenate oftransgenic rats compared to wild type SO rats (Figure 

6.3A-B). In all groups, baseline blood glucose levels were similar and elevated at MCAO 

and rcperfus10n due to anesthesia. Hyperglycemic SD and SOD I rats had higher blood 

glucose levels compared to nom1oglycem1c groups at both time points (Figure 6.3C). 

N 1trotyrosme levels, marker of increased oxidative stress and pcroxynitritc-mediated 

nitration, were significantly increased in SD rats after 30 min/24 hr IIR, while SODl 
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overexpression prevented the elevation of nitrotyrosine levels after liR with or without 

hyperglycemia (Figure 6.30). 

Effect of Global SODJ Overexpression 011 Neurovascular Outcomes after Acute 

Hyperglycemic Stroke 

Acute hyperglycemia led to infarct size and edema expansion in SO rats after 30 

min/24 hr ofi/R. Global SOD I overexprcssion significantly reduced infarct size and edema 

compared to wild type SD rats and prevented hyperglycemia-mediated increase in infarct 

size and edema (Figure 6.4A-B). 

Effect of Global SODJ Overexpression on Behavioral Outcomes after Acute 

1/yperg/ycemic Stroke 

Acute hyperglycemia worsened beam walk performance and induced grip strength 

deficit in SD rats after 30 min/24 hr 1/R. Hyperglycemic SOD I transgenic rats displayed 

better beam walk performance and reduced grip strength deficit compared to 

hyperglycemic SO rats (Figure 6.4C-D). 

Effect of Focal Co11tralatera/ SODJ Overexpressio11 011 Myogenic To11e after Acute 

Hyperglycemic Stroke 

Focal SOD I ovcrcxprcssion in the MCA tcrntory of the contralateral hemisphere 

sigmticantly improved myogenic response of vessels 1solated from the nonischemic 

hem1sphere but had no effect on the ischemic s1de when compared to the effect of an empty 

vector injection and to MCAs isolated from rats exposed to acute hyperglycemic stroke 

(Figure 6.58-C). To confirm contralateral SOD I overexpression, SOD 1 le\'els and activity 
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were measured in brain homogenates. We found that SOD I expression (Figure 6.50) and 

activity (Figure 6.5E) were significantly upregulated in the brain homogenate of the left 

injected hemisphere by nearly 50% compared to right uninjected side, left side injected 

with an empty vector and control Wistar rat. In all groups, baseline blood glucose levels 

were similar. We achieved an acute elevation in blood glucose levels ranging between 

(200-250 mg/dl) in hyperglycemic groups during MCAO and reperfusion (Figure 6.5F). 

Effect of Focal Contralateral SOD! Overexpression on CBF after Acute Hyperglycemic 

Stroke 

Mean CBF was significantly reduced in ischemic and nonischcrnic hemispheres 

albeit to a different degree during MCAO and post repcrfuston after acute hyperglycemic 

stroke compared to baseline (Figure 6.6A-B). Rats injected with SOD I adenovirus 2 weeks 

before acute hyperglycemic stroke displayed an improvement in CBF in both hemispheres 

after reperfusion (Figure 6.6A-B). We achieved a similar reduction in CBF during MCAO 

in both groups exposed to acute hyperglycemic stroke (Figure 6.6C). Contralateral SOD 1 

ovcrexpression increased CBF after reperfusion in both ischemic and nonischemic 

hemispheres following acute hyperglycemic stroke (Figure 6.60). 
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Effect of Focal Co11tralateral SOD! Overexpressio11 011 Neurovascular Outcomes after 

Acute Hyperglycemic Stroke 

Acute hyperglycemia significantly increased the infarct size and edema in Wistar 

rats after 30 min/24 hr of 1/R. Contralateral SOD 1 overexpression prevented 

hyperglycemia-mediated increase in infarct size and edema (Figure 6.7A-B). 

Effect of Focal Co11tralateral SOD! Overexpressio11 011 Behavioral Outcomes after 

Acute Hyperglycemic Stroke 

Acute hyperglycemia worsened beam walk perfonnance and induced grip strength 

deficit in Wistar rats after 30min124 hr 1/R. SOD I overexpression in contralateral 

hemisphere Significantly improved neurological outcomes after acute hyperglycemic 

stroke (Figure 6. 7C-D). 

Discussion 

In this study we revealed the importance of contralateral myogenic dysfunction in 

stroke outcomes after acute hyperglycemic stroke. Furthermore, we highlighted the critical 

role of SOD I overexpression in improving vascular function and stroke outcomes. We 

provided evidence that contralateral myogenic dysfunction was exacerbated in 

hyperglycemia and was associated with poor stroke outcomes. We showed that improving 

vascular function m the nonischemic hemisphere ameliorated neurovascular outcomes 

after acute hyperglycemic stroke. These findings are very Important because once the 

mechanisms and modulators of cerebrovascular function in both hemispheres are known; 
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it will be possible to develop more effective strategies to deliver neuroprotective therapies 

to improve stroke outcomes and recovery. 

Acute hyperglycemia (>7.8 mmoVI) in the absence of a history of diabetes is found 

in up to 50% of ischemic stroke patients 31 . Both human and animal studies reported that 

elevated blood glucose at stroke onset is associated with a larger infarct size, poor clinical 

outcomes and an increased risk of mortality 29•34.220•221 . Until now, the only FDA approved 

treatment for ischemic stroke is the intravenous administration of recombinant tissue 

plasmmogen activator (rtPA) to restore blood flow 3. However, acute hyperglycemia at 

time of ischemic stroke increases the risk of hemorrhagic transformation and poor clinical 

outcomes with rtPA administration m .. Moreover, several animal studies showed that the 

exacerbated neurovascular injury in acute hypergl)'cemic stroke is more common with 

trans1ent occlusion, suggesting that reperfusion contributes to increased brain damage by 

hyperglycemia 223• 224• Mechanisms by which acute hyperglycemia aggravates vascular 

injury and neurological outcomes are multifactorial and still controversial 223•225• Since, the 

only successful therapeutic target identified for the 800,000 annual victims of ischemic 

stroke 126 is the cerebral vasculature, in our study; we focused on the impact of 

hyperglycemic reperfusion on cerebrovascular function. 

Cerebrovascular myogenic response; discovered over 100 years ago by Bayliss; is 

the change in smooth muscle tone in response to pressure fluctuation 50• Myogenic response 

is an inherent property of smooth muscle cells which 1s crucial for maintaining vascular 

res1stance and constant blood flow 42
• Several expenmental stud1es showed a detrimental 

effect of I Ron myogemc response of cerebral vessels ISolated from 1schemic hemispheres 

99• 100• We recently showed in an animal model of transient MCAO, that 1/R bas a short-
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term global effect on cerebrovascular function. We reported that 30min MCA0/45min 

reperfusion reduced cerebral perfusion in both hemispheres and it led to myogenic tone 

impairment in ischemic and contralateral hemispheres via increased peroxynitrite 

generation and nitration 194
• The aim of our current study was to expand our previous 

findings by determining 1) the impact of admission hyperglycemia; a condition associated 

with poor outcomes on myogenic tone in both hemispheres, 2) the role of oxidative stress 

on myogenic tone regulation in hyperglycemic stroke, and 3) the role of contralateral 

myogenic dysfunction reactivity on hyperglycemic stroke outcomes. We found that acute 

elevation of blood glucose at time of stroke exacerbated myogenic dysfunction in MCAs 

isolated from contralateral hemisphere, which was associated with infarct size expansion, 

increased edema and poor neurological outcomes. However, acute hyperglycemia did not 

display any further effect on myogenic reactivity of vessels isolated from ischemic 

hemisphere compared to 1/R alone. These results suggest that augmented contralateral 

myogenic dysfunction could contribute to poor outcomes following acute hyperglycemic 

stroke. Understanding this phenomenon is essential for the development of rational 

therapies that reduce hyperglycemic reperfusion injury in both hemispheres and thus 

improve clinical outcomes in patients. 

Growing evtdence indicates the involvement of oxidative stress in the pathogenesis 

of stroke through different mechanisms at neuronal and vascular levels 2
• 

204
. Superoxide 

anion; a ROS, has emerged as an important mediator of vascular dysfunction227
• Besides 

its direct effect on blood vessels, superoxide is also the precursor for other ROS and some 

reactive nitrogen species. Considerable attention has been dedicated to the interaction of 

superoxide and nitnc oxide, which reduces nitric oxide bioavailability leading to 
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peroxynitrite generation 228 that profoundly influences vascular function at multiple levels 

17
• I2S. Our lab previously reported the detrimental effect of excess peroxynitrite generation 

on myogenic reactivity in control and diabetic rats after 1/R 194 or short periods of oxygen 

glucose deprivation 102
• Another study showed that MCAs perfused intraluminally with 

plasma of acutely hyperglycemic rats that underwent 2h MCA0/2h reperfusion 

experienced increased myogenic tone and this was reversed by peroxynitrite 

decomposition 170. It is well established that ROS plays a pivotal role in altering 

cerebrovascular function after 1/R with or without hyperglycemia. Therefore, to test if 

depleting peroxynitrite parent radical (superoxidc) could reverse myogenic dysfunction 

and hence improve stroke outcomes in our model of acute hyperglycemic stroke, we used 

SODI transgenic rats. We found that global SODI O\erexpression decreased brain 

nitrotyrosine levels (a marker for peroxynitrite generation), reserved myogenic behavior 

and improved neurovascular injury following IIR with and without hyperglycemia 

compared to the wild type. These findings were in agreement with prior studies, which 

revealed the protective effect of SOD 1 following cerebral ischemia 21 5
• 

216
• 229• Then, we 

investigated whether improving myogenic tone only in the contralateral side could 

ameliorate poor neurovascular outcomes after acute hyperglycemic stroke. SOD! 

expression was upregulated in contralateral hemisphere using stereotaxic injection of 

SOD I adenovirus 2-3 weeks before I/R. Our results showed that increased SODI activity 

in contralateral hcm1sphere improved contralateral myogenic dysfunction after acute 

hyperglycemic stroke, which was associated with reduced infarct size, edema and better 

neurological performance. These findings provide evidence that contralateral myogenic 

dysfunctton following acute hyperglycemic stroke contnbutes significantly to stroke 
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outcomes, and that nonischemic hemisphere may be a novel target for the management of 

stroke. 

Stroke is the fourth leading cause of death and one ofthe major causes of permanent 

disability worldwide. The economic burden of stroke is significant with the expected 

increase for stroke related medical costs and disability from $71.6 to $184.1 billion 

between 2012 and 2030. Therefore, more detailed understanding of factors contributing to 

poor neurovascular outcomes and functional recovery will decrease health and economic 

burden of stroke. Several clinical studies have reported a reduction in CBF after stroke not 

only in the ischemic region but also in the contralateral hemisphere; known as cerebral 

d1aschis1s. Moreover, the persistent reduction ofCBF in the hemisphere contralateral to the 

infracted region proved to be involved in poor outcomes and recovery 39
• 

40
. In addition, 

vanous expenmental and clinical studies displayed maJor pathological changes in the 

contralateral hemisphere including perivascular edema, blood brain barrier damage, 

astrogliosis and increased apoptosis following acute stroke 230• 231 • Both clinical and 

experimental studies suggest that pathological neurovascular changes in the contralateral 

hemisphere may contribute to stroke pathology and impede recovery processes. In 

agreement with the aforementioned studies. our findings showed that CBF was reduced in 

both hemispheres after acute hyperglycemic stroke which was associated with poor 

neurovascular outcomes. Interestingly, \\ e demonstrated that 1mproving contralateral 

myogenic dysfunction in contralateral hemisphere only was accompanied with an increase 

m CBF after reperfusion in both hemispheres wh1ch led to better stroke outcomes. 

Although these results indicate the importance of a well-developed contralateral myogenic 

tone in improving functional outcomes after acute hyperglycemic stroke, this study was 
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limited to the acute ischemic phase. Further studies are needed to demonstrate the impact 

of contralateral myogenic dysfunction at late ischemic stages. The ro le of contralateral 

hemisphere in stroke outcomes and recovery is an intriguing but challenging new field of 

research. In our study, we highlight the importance of establishing effective clinical 

treatments that target both hemispheres to repair the injured vasculature close and distal to 

the site of ischemic injury to achieve better patient quality of life. 
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Figure 6.1. Acute hyperglycemia at time of stroke exacerbated contralateral myogenic 

dysfun ction. 

(A) 1/R with or without hyperglycemia led to complete loss of myogenic response in MCAs 

isolated from ischemic (IS) hemisphere compared to sham right (R1) and sham RT with 

hyperglycemia (HG) side. (B) Myogenic response was significantly reduced in left 

hemisphere after 1/R injury (nonischemic NIS side) or hyperglycemia alone (sham LT+HG) 

compared to sham left (LT). Contralateral myogenic dysfunction was aggravated wheni/R 

injury was superimposed with acute hyperglycemia. (a,b,c Pairs of means with different 

letters are significantly different, p<O. 05 Tukey 's test n 5-8) (C) Blood glucose levels at 

baseline, MCAO and reperfusion in sham, sham+HG, stroked Wistar rats (Wis MCAO), 

Wis MCAO +hyperglycemia (HG). (#p<O.OOJ \ 'S sham and Wis MCAO, n=4). 
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Figure 6.2. SOD/ transgenic rats maintained well developed vascular reactivity after 

acute hyperglycemic stroke. 

SD and SOD/ rats were subjected to 30 min MCA0/45 min reperfusion with or without 

II G. (A) 1/R injury with or without hyperglycemia led to the loss of myogenic response in 

MCAs isolated from SD rats compared to sham SD. (a,b Pairs of means with different 

letters are significantly different, p<0.05 Tukey 's test n=5-6) (B) SOD/ transgenic rats 

maintained a well developed myogenic response after 1/R injury with or without HG (n=4-

6). 
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Figure 6.3. Plrysiological parameters of SODJ tra11sge11ic rats. 

(A) Increased total superoxide dismutase (SODJ) expression in brain homogenates of 

Cu/Zn-SOD (SODJ) transgenic rats compared to Sprague Dawley (SD) (**p<O.OI vs SD 

n=4). (B) Increased total superoxide dismutase (SOD) activity in brain homogenates of 

SODJ transgenic rats compared to Sprague Dawley (SD) (*p<0.05 vs SD n=7). (C) Blood 

glucose levels at baseline, MCAO and reperfusion in SD, SD + hyperglycemia (HG), SOD/ 

and SODJ+HG groups (***p<O.OOI vs SD MCAO and SODJ MCAO n=3-8). (D) 

Nitration was significantly upregulated after 1/R injury with and without hyperglycemia in 

SD rats, while global SODJ overexpression blunted that increase (a,b, Pairs of means with 

different letters are significantly different, p<O. 05 Tukey 's test n=4). 
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Figure 6.4. Global SOD! overexpression improved stroke outcomes after acute 

hyperglycemic stroke. 

SD and SODJ rats were subjected to 30 min MCA0/24 hr reperfusion with or without HG. 

(A, B) Acute hyperglycemia at time of stroke led to infarct size and edema expansion in SD 

rats, while normoglycemic and hyperglycemic SODJ transgenic rats showed smaller 

infarct size and edema compared to SD rats exposed to 1/R injury with or without HG. (C) 

1/yperglycemic SD rats showed poor beam walk performance compared to nonnoglycemic 

SD after 1/R injury, ~"'·hile normoglycemic and hyperglycemic SODJ transgenic rats 

experienced better performance compared to stroked SD rats with or without HG. (D) 

Acute hyperglycemia at time of stroke exacerbated grip strength deficit m SD rats but has 

110 additional effect on SODJ rats. (a,b,c Pairs of mea11s with different letters are 

significantly different, n=5-8) 
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Figure 6.5. Contralateral SODJ overexpression in control Wistar rats. 

Wistar rats were subjected to a stereotaxic injection of Cu/Zn-superoxide dismutase 

adenovims (Ad-r-SODI/eGFP) or an empty vector in the left hemisphere 2-3 weeks before 

acute hyperglycemic stroke. (A) Representative image of the stereotaxic injection of SOD I 

adenovints in the contralateral hemisphere. (B) Focal contralateral SODI overe.xpression 

significantly improved contralateral myogenic dysfunction compared to NJS+HG and to 

acutely hyperglycemic stroked rats injected with an empty vector. (C) Contralateral SODJ 

overexpression did not improve myogenic response of vessels obtained from IS hemisphere 

(JS+HG SODI AD) after acute hyperglycemic stroke compared to IS+HG and to rats 

injected with an empty vector. (a,b Pairs of means with different letters are significantly 

different, p<0.05 Tukey's test n=3-6). (D) SODJ expression was significantly upregulated 

after stereotaxic injection of SOD I adenovims in the left hemisphere compared to the right 

uninjected side (RT unij}, left side injected ""t'ith an emp(v vector (LT empty vector) and to 

control Wistar rats (*p<0.05 vs RT uninj, **p<O.OI vs control and LT empty vector n=4-

5). (E) SOD activity was significantly upregulated after stereotaxic injection of SOD/ 

adenovirus in the left hemisphere compared to the right uninjected side, left side injected 

with an empty vector and to control wistar rats. (***p<O.OOJ vs control, RT unij and LT 

empty vector n-3-6). (F) Blood glucose levels at baseline, MCAO and reperfusion in 

hyperglycemic stroked Wistar rats (Wis MCAO+ HG). Wistar rats injected with SODJ 

adenovirus (SODI AD MCAO+HG) or empty vector (MCAO+HG empty \'ector) before 

hyperglycemic stroke. {n-3-6) 



Figure 6.6 

A 

~ . 
] 
:Is 
0 

i 
~ 

c 
~ c 
0 
Q 
u 
::1 

al 
a:: 
II.. 
IXl 
0 

WCAO 

0 Vehicle 

- SOOAD 

116 

OBaseline 
. MCAO 
I!!)Post rep B 

100 

~ 

] 
ii: 
Ill 
0 

i .. 
:e 

D 
Post reperfuslon 



117 

Figure 6.6. Contralateral SODJ overe.xpression improved CBF after acute 

hyperglycemic stroke. 

Wtstar rats were subjected to a stereotaxic injection of Cu!Zn-superoxide dismutase 

adenovmts (Ad-r-SODJ/eGFP) or an empty vector in the left hemisphere 2-3 weeks before 

acute hyperglycemic stroke. (A, B) Mean CBFO/o was significantly decreased in both 

hemispheres during MCAO and post reperfusion after acute hyperglycemic stroke 

compared to baseline. Contralateral SODJ overe.xpression improved CBF after 

reperfusion (post rep) in both ischemic and non ischemic hemisphere. (C) CBF reduction% 

during MCAO in ischemic and nonischemic hemispheres was similar among the 2 groups. 

(D) Contralateral SODJ overexpression impro\·ed post repetfusion CBF in ischemic and 

nomschemtc hemispheres following acute hvperglycemic stroke. ("p<O. 001, **p<O.Ol and 

*p<O 05 vs baseline, •••p<O.OOI \.'S post reperfusion and baseline, #p<O 001 vs IS+HG 

\'elude and -p<O.Ol \'S NIS+HG \'ehicle n- 5-6) 
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Figure 6. 7. Contralateral SODJ overexpression improved stroke outcomes after acute 

hyperglycemic stroke. 

Wistar rats were subjected to a stereota.'(iC injection of Cu Zn-superoxide dismutase 

adenovin1s (Ad-r-SODJ/eGFP) in the left hemisphere 2-3 weeks before acute 

hyperglycemic stroke. (A, B)Acute hyperglycemia at time of stroke led to infarct size and 

edema expansion in Wistar rats (MCAO+HG), which lvere significantly reduced by 

contralateral SOD/ overexpression (SOD/ AD+HG). (C, D) llyperglycemic Wistar rats 

showed poor beam ~valk performance and grip strength deficit compared to 

normoglycemic SD after fiR injury. Contralateral SOD/ O\'eretpression (SOD/ AD+HG) 

significantly enhanced behavioral outcomes compared to MCAO+HG. (a,b Pairs of means 

with different letters are significantly different, p<O 05 Tukey 's test n=5-7). 



III. DISCUSSION 

The main fmdings ofthe project can be summarized as follows: 1) 1/R injury has a 

short tem1 global effect impairing myogenic tone in MCAs isolated from both ischemic 

and nonischemic hemispheres, 2) excess peroxynitrite generation and protein nitration 

enhance actin depolymerization leading to loss of tone in both hemispheres, 3) Nox4 is the 

most relevant source of superoxide anion that contributes to peroxynitrite generation and 

actm depolymerization after short periods of oxygen deprivatton, and 4) admission 

hyperglycemia aggravates contralateral myogenic dysfunction, which worsens 

neurovascular outcomes. Our studies identified the novel and cntical role of contralateral 

vascular function following stroke, suggesting that targeting contralateral hemisphere 

could aid in delivering neuroprotective therapies and developing new effective strategies 

to ameliorate stroke outcomes and recovery. 

Early clinical studies have shown that CBF was significantly reduced in non

affected hemtsphere after stroke 6•
110

• However, the mechanism by which IIR injury affects 

the hemtsphere contralateral to infracted reg10n ts sttll clustve. In addition, whether 

contralateral dysfunction could hamper the recovery process needs to be clarified. 

Therefore, the objecttve of the present study was to determme the relattve contribution of 

contralateral myogenic dysfunction to stroke outcomes and the mechanisms by which 1/R 

injury leads to global myogenic impairment. The objectives of the experiments in Aim I 

120 
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were to determine 1) the impact of 1/R injury on myogenic tone in both hemispheres, and 

2) the mechanisms by which oxidative stress contribute to myogenic dysfunction. We 

hypothesized that excess peroxynitrite generation following IIR injury enhances actin 

depolymerization, which leads to myogenic tone impairment in both ischemic and 

non ischemic hemispheres. To test our hypothesis we used the model of transient MCAO 

to determine the impact of 1/R injury on myogenic behavior of ischemic and nonischernic 

hemispheres. Resu lts of these studies showed that IIR injury has a short term global effect, 

impairing myogenic tone in both hemispheres albeit to a different degree (Fig 4.1 A). We 

also reported that nitrotyrosine levels; marker for nitration; were significantly elevated in 

ISolated MCAs from both hemispheres which were restored after treating stroked rats with 

a nitration mh1b1tor (Fig 4.5). Scavenging peroxynitnte w1th FeTPPs or inhibiting nitration 

with epicatechin was able to restore myogemc tone m ischemic and nonischemic 

hemispheres (Fig 4.3 A, B and 4.4 A, B). Taken together, these fmdings provide 

compelling evidence that global myogenic tone impairment follo\\<ing 1/R injury was 

mediated by peroxynitrite through nitration. Previous studies showed that addition of 

peroxynitrite to isolated and pressurized posterior cerebral arteries caused loss of tone 

which was associated with decreased F act in content in vascular smooth muscle cells 112. 

These findmgs led us to hypothesize that peroxynitrite mediated myogenic dysfunction is 

via nitration of the actin cytoskeleton causmg actin depolymerization. To test our 

hypotheSIS we labeled F and G actm in 1solated MCAs with fluorescent probes and 

quantified the relative amount of each type of filament. We found that F: G actm ratio was 

reduced after I R mjury in both hemispheres (Fig 4.7 B and 4.8 B) wh1ch was associated 

with increased mtrotyrosine levels (Fig 4 7 C and 4 8 C) Inhibiting nitration with 
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epicatechin at reperfusion effectively restored actin polymerization in isolated MCAs 

(Fig4. 7 and 4.8). Results from this study demonstrate that, 1/R injury leads to excess 

peroxynitrite generation which induces nitration of actin cytoskeleton causing actin 

depolymenzation and loss oftone in both hemispheres. 

The only successful strategy for ischemic stroke management is via the reopening 

of the occluded vessel to achieve rapid restoration of blood flow. However, reperfusion 

paradoxically generates excess ROS that accelerate the pathogenesis of stroke and 

exacerbate tissue damage 141· 195· 196. Accumulated experimental evidence supported the use 

of antioxidant as an attractive treatment option. However, preclinical studies and clinical 

tnals of antioxidants have failed and one potential reason was thought to be the untargeted 

use of antioxidants 12 13• These facts identified a potential problem w1th the use of non 

specific antiOXIdants in stroke therapy. Therefore, m the current study we were interested 

in identifying the sources of peroxynitrite parent radicals that contribute to actin 

depolymerization. 

Peroxynitrite is a powerful oxidizing and nitrating agent which results from the 

interaction of nitric oxide and superoxide 232• 233. Nitric oxide is a small hydrophobic 

molecule that can readily move through the membranes and between cells without charmels 

or receptors. On the other hand, the direct effect of superoxide in the cells is restricted to a 

lim1tcd region near the subcellular site of its production due to its short half life ( l X l 0-6s) 

234• Therefore, in our project we focused on determining the sources of superoxide 

generation wh1ch can modulate vascular tone dependmg on therr subcellular localization. 

Nox enzymes are the major sources of ROS generation after brain injury 23· 143-145, 

making them good therapeutic targets for stroke management. However, which Nox 
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isoform is relevant for ischemic stroke needs to be determined. Various studies have shown 

an mcrease in the expression ofNox2 and Nox4 after stroke 148-ISI. In addition, knocking 

down Nox2 or Nox4 in different animal models offered neuroprotection after 1/R injury 22
• 

148· 153. Therefore, we examined the contribution ofboth isoforms in our model ofi/R injury 

via detecting their protein expressions in isolated MCAs. We found that there was an 

increase in Nox4 expression after 1/R injury in MCAs isolated from both ischemic and 

nonischemic hemisphere (Fig 7 A), while there was no change in Nox2 expression (Fig 7 

B). These results suggest that Nox4 is involved at early time points in the excess generation 

of ROS and consequently the vascular injury after 1/R injury. Nox enzymes and the 

resultmg ROS mediate several cellular funct1ons dependmg on the subcellular localization 

of the enzymes 214. Nox4 is localized at the focal adhesions 25· 154· 155, which are the major 

sites where transmembrane adhesion receptors hnk intracellular cytoskeletal structural 

proteins and signaling molecules 23
• 

156· IS7. Therefore, there is a strong link between Nox4, 

focal adhesion proteins and actin cytoskeleton. The localization of Nox4 may provide 

insights into its possible role in regulating actin polymerization and in tum the myogenic 

response after stroke. We hypothesized that Nox4 is responsible for excess peroxynitrite 

generation and in turn increased actin nitration and depolymerization. However, since there 

is no commercially available specific Nox4 inhib1tor, we tested our hypothesis in 

HBYSMC v1a knocking down Nox4 expressiOn using s1RNA technique, which blunted the 

mcrease ofNox4 express1on after hypoxia/reoxygenation (F1g 5.4). A major limitation of 

our in \'ttro experiments was the fact that we were not able to mimic the contralateral side 

in cell culture. However, we showed that exposing HBYSMC to 30 min hypoxiaA5 min 

reoxygcnation led to increased nitration and actm depolymcrization (Fig 5.3), which was 
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associated with an increase in Nox4 isoform expression only (Fig 5.2 A-C)). These results 

were in accordance with what we reported in isolated MCAs, which indicates that our in-

vitro hypoxia/reoxygenation insult is a valid method that mimics the effect ofi!R injury on 

ischemic side. Interestingly, we also showed that Nox4 silencing restored superoxide and 

nitrotyrosine levels back to normal after hypoxia/reoxygenation (Fig 5.5 A-C) and 

attenuated hypoxia/reoxygenation induced actin dcpolymcrization (Fig 5.6 A and B). 

Taken together, these findings provide compelling evidence that hypoxia/reoxygenation 

insult upregulates Nox4 expression which contributes to excess pcroxynitrite generation 

via supcroxide production leading to actin depolymcrization in IIBVSMC. 

A 

N0•4 

ACIII\ 

Figure 7. UR injury upregulates Nox4 expression in both hemispheres. 

Wistar rats were subjected to 30 min MCA 0145 min reperfusion. Nox4 and Nox2 were 

determined by using anti-Nox4 antibody and anti- Nox2 antibody, respectively in MCAs 

isolated from both hemispheres. 1/R injury increased Nox4 expression in isolated MCAs 

from ischemic (IS) and nonischemic (NJS) hemispheres compared to sham RT and LT, 

respectively. (C) Nox2 expression was not altered by 1/R injury in vessels isolated from 

both hemispheres. (***p<O.OOJ vs sham RT, *p<0.05 vs sham LT, n=3). 
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Clmical and expenmental evidence suggest that acute elevation of blood glucose at time 

of stroke IS assoc1ated with poor neurological outcomes and increased risk for mortality 28· 

29• Previous studies in our lab demonstrated that acute hyperglycemia could exacerbate 

edema, hemorrhagic transformation and neurological deficit but without infarct size 

expansion 34
• These results shed the light on the fact that admission hyperglycemia could 

accentuate neurological outcomes via augmenting vascular injury. Therefore, in the current 

study, we examined the impact of acute hyperglycemia on myogenic behavior; a crucial 

mechanism that protects against edema and hemorrhage; and hence stroke outcomes. 

Evidence from our flfst aim prompted us to hypothesize that myogemc dysfunction leads 

to poor stroke outcomes and that depleting one of the parent radicals ofpcroxynitritc would 

preserve myogenic tone and improve neuro\ascular outcomes. To test our hypothesis we 

used transgemc rats that over express Cu/Zn superox1de d1smutase, and rats were subjected 

to acute hypcrglycenuc stroke. We found that SOD I rats were able to maintain a well

developed myogemc tone after IIR injury with or without hyperglycemia (Fig 6.2 B) unlike 

the wild type, which experienced complete loss oftone (Fig 6.2 A). Hyperglycemia led to 

infarct SIZe and edema expansion which was associated with poor neurological behavior in 

the wild type (Fig 6.4). On the other hand, SOD 1 overexpression attenuated neurovascular 

injury and enhanced the neurological behavior of stroked rats with or without 

hyperglycemia (Fig 6.4). Several studies have shown the protective role of SOD! in 

improvmg stroke outcomes via modtfying matrix metalloprotemase 9 acttv1tiy, Akt 

activation and others 216· 229• 235. Since we did not measure the effect of SODl 

overexpress10n on an)' of the previously proposed mechanisms, we cannot conclude that 

the enhanced stroke outcomes are solely dependent on myogenic tone. However, the 
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improvements in the behavior of transgenic rats after stroke seem to be due in part to the 

maintenance of a well-functioning myogenic response, as loss of myogenic tone was 

assoc1ated with poor neurovascular outcomes in wild type. 

ln the ftrst aim of the project we demonstrated that liR injury leads to myogenic 

dysfunction in both ischemic and contralateral hemisphere via excess peroxynitrite 

generation. Therefore, better understanding of the cerebrovascular behavior and perfusion 

in both hemispheres after stroke is pivotal for the salvage of the penumbra to improve 

patient's quality of life. Interestingly early clinical evidence suggests that persistent 

reduction in contralateral CBF after stroke leads to poor outcomes o.s. 110. Based on our 

ftndings and what was known in literature we built our overall hypothesis that contralateral 

myogcntc dysfunction worsens stroke outcomes after acute hyperglycemic stroke. To test 

our hypothesis, f~rst we determined the effect of admission hyperglycemia on contralateral 

myogenic function and stroke outcomes. We found that acute elevation of blood glucose 

at time of stroke exacerbated contralateral myogenic dysfunction, but had no additive effect 

on ischemic MCAs (Fig 6.1 A and B). Wistar rats subjected to acute hyperglycemic stroke 

displayed increased infarct size and edema which were accompanied with poor 

neurological behavior (Fig 6.7). Second, we examined whether improving contralateral 

myogemc dysfunct1on only could ameliorate stroke outcomes. Since we successfully 

showed that global SOD I overexpression provides effective vascular protection and 

improves stroke outcomes after acute hyperglycemic stroke, we thought of overexpressing 

SOD I m contralateral hem1sphere only and measure 1ts impact on functional outcomes. 

Contralateral SOD I overexpression was achieved v1a stereotaxic tnjection of SOD 1 

adcnovtnls 2-3 weeks before exposing the rats to acute hyperglycemtc stroke. We 



127 

confirmed contralateral SOD 1 overexpression by measuring SOD 1 levels and activity in 

bram homogenates near the injection site (Fig 6.5 0 and E). An inherent limitation when 

using cerebral macrovessels is their low protem yield. To overcome this problem. we relied 

on unmunostaming to determine protein expression in isolated MCAs. Therefore, to further 

confirm the vascular expression ofSODl, isolated MCAs were pressure fixed and stained 

for SOD 1. Immunofluorescence imaging allowed us to quantify the relative amount of 

SOD 1 expression, which displayed an increase in SOD I levels in vessels isolated from the 

Jell mjcctcd hemisphere compared to the right uninjected side, rats injected with an empty 

vector and control Wistar rats (Fig 8). We found that increased SOD 1 expression in 

nomschemtc hemtsphere significantly improved contralateral myogenic dysfunction after 

acute hyperglycemtc stroke compared to rats inJected wtth an empty vector (Fig 6.5 B). In 

addttion, we showed that myogenic tone improvement was only observed in the injected 

sttc whtch tS the contralateral hemisphere, whtle the ischemic stdc experienced loss of 

myogenic response in all groups (Fig 6.5 C). Interestingly, we found that enhanced 

contralateral myogenic response was accompanied with an increase in CBF after 

repcrfusion in both ischemic and contralateral hemispheres (Fig 6.6 D). Moreover, 

neurovascular function expressed by infarct size, edema, beam walk performance and grip 

strength were significantly impro\ ed after restoring contralateral myogenic behavior 

followmg acute hyperglycemtc stroke (Fig 6.7). These findmgs support our hypothesis that 

contralateral myogemc dysfunction contributes stgnificantly to stroke outcomes m 

condittons assoctated with poor functional outcomes as acute hyperglycemtc stroke. 
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Figure 8. Increased SOD/ expression in isolated MCAs. 
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** 

Wistar rats were subjected to a stereotaxic injection of Cu Ln-superoxide dismutase 

adenovmts (Ad-r-SODI eGFP) or an empty \'ector in the Jeji hemisphere,then rats 

were sact'!f'iced and MCAs were isolated from both hemispheres 2-3 1\'eeks after the 

injection. MCA segments were pressure fixed and stained f(Jr SOD 1 ll'ith anti-SOD I 

primarv antibody and an IgG conjugated to Tems Red secondm)· antibody. 

Contralateral SOD I adeno\'ims injection increased SOD 1 expression in \·essels 

l'iolated from left injected hemisphere (LT SOD .1D) compared to the right 

uninjected 'i1de (RT SOD AD). vessels isolated from rats mjccted with empty vector 

(LT empty vector) and control (CT) rats. (*"'p<O.Ol vs CT. LT empty and RT SOD 
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This thesis project has provided several important pieces of evidence that will advance and 

improve the therapeutic strategies for stroke. First, we showed that 1/R injury has a global 

effect leading to vascular dysfunction not only in the affected hemisphere but also the 

nonischemic side away from the site of injury. Our fmding is critical because in stroke 

studies contralateral hemisphere has long been used as a control. This could be one of the 

potential reasons for the failure of various therapeutic strategies that had proven to be 

successful in experimental models of stroke. Second, we identify peroxynitrite as a main 

player in 1/R injury via impairing myogenic tone through actin nitration and 

dcpolymcrization. Furthermore, our in-vitro studies demonstrated that Nox4 is one of the 

potential sources of pcroxynitrite parent radicals and is responsible for actin nitration and 

depolymerization after hypoxia. Therefore, we suggest that targeting Nox4 after cerebral 

ischemic injury could be used as a vasculoprotective strategy. Future investigation into the 

role of Nox4 on myogenic dysfunction would add to these novel fmdings in order to 

advance the field of stroke therapeutics. Third, we provided evidence that myogenic 

dysfunction can be ame liorated via depleting peroxynitrite parent radical by SOD I 

overexpression, which significantly improves stroke outcomes. Finally, we showed that 

contralateral myogenic dysfunction worsens neurovascular outcomes following acute 

hyperglycemic stroke. Here, we introduce contralateral hemisphere as a novel therapeutic 

target for stroke and we emphasize the essential needs for I) studying the vascular function 

in both hemispheres and 2) developing new clinical treatments that target ischemic and 

contralateral sides to improve patient quality of life. 

In this thesis project we set our experiments to determine I) whether 1/R injury has 

a global effect on both hemispheres, and to identify the possible mechanisms underlying 
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this effect, and 2) the impact of contralateral myogenic dysfunction on stroke outcomes. 

An inherent limitation in our project is that our study examined specifically the short term 

effect of I R injury on vascular function of both hemispheres and hence stroke outcomes. 

However, our lab pre\ iously showed that scavenging peroxynitrite with FeTPPs at 

reperfusion reduced stroke mediated micro and macroscopic bleeding together with 

functional impairment in diabetic rats exposed to 3 hrs ischemia/ 21 hr rcperfusion 236• 

Although, we did not measure myogenic behavior in those rats, in another ex-vivo study 

we showed that MCAs isolated from diabetic rats experienced loss of tone after 20 min of 

OGD. Acute treatment with FeTPPs at reoxygenation prevented that loss of tone 102
• The 

fmdings of both stud1es suggested that scavenging perox.ynitntc m d1abetic stroked rats 

decreased bleedmg and edema via preventing the peroxynitrite medtated loss of myogenic 

reactivity. Further studies need to be done to confirm long term myogenic impairment in 

both hemispheres together with its impact on stroke outcomes and to Identify the 

reasonable time window for restoring myogenic behavtor. 

Translational Relevance 

Stroke is the fourth leading cause of death in the United States, killing more than 

I 29,000 people a year. In addition, stroke is one of the major causes of permanent disability 

world\\ tde237• The stroke center at Universtty Hosp1tal (Newark, NJ) reported that only 

I 0°'o of stroke victtms recover completely, wh1le 40° o expenence moderate to severe 

disab1ht1es which requrre spec tal care, and I 0% will need care in nursing home or other 

long tem1 care fac1hty. The econom1c burden of stroke IS s1gmficant with the expected 

mcrease for stroke related medical costs and d1sab1ht)' from $71 .6 to $184.1 billion 

between 2012 and 2030. Therefore, thorough understandmg o fthe underlying mechanisms 
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of stroke pathogenesis together with identifying new therapeuttc targets and strategies are 

essential to decrease health and economic burden of stroke. 

Regional CBF is the main physiological indicator of brain function following 

stroke. Early clinical and experimental studies have reported repeatedly a reduction ofCBF 

in the non·affected hemisphere after stroke since first described by Kempinsky et al in 1961 

231!·241
• This persistent drop in contralateral CBF proved to contribute to poor outcomes and 

recovery 39• 
40

• In regional CBF SPECT study, they tried to correlate changes in 

contralateral CBF with clinical recovery after stroke. Their results showed that patients 

who experienced an improvement of regional CBF in the contralateral hemisphere at 6 

months after infarction displayed a significant improvement in their neurological 

defictts242
. Recently studtes done by Garbuzova·Davis et al showed various pathological 

dtsturbanccs m the contralateral hemisphere at 7 and 30 days after transtent MCAO. They 

reported vascular damages including 1) pericyte degeneration, 2) perivascular edema, 3) 

parenchymal astrogliosis, and 4) Evans blue extravasation, which indicates subacute and 

chrome blood bram barrier impairment in contralateral hemisphere 230
•
243

. Taken together, 

all previously mentioned studies provide evidence that contralateral hemisphere is 

significantly influenced by 1/R injury. However, contralateral hemisphere is still neglected 

or considered as a control in stroke studies. In addition, little attention has been devoted to 

define the mechanisms underlying contralateral CBF reduction and how its improvement 

could ameliorate stroke outcomes. Therefore, in our proJect we tried to fill this gap in 

knowledge by determining the possible mechamsms by whtch I R InJury imparrs myogenic 

behavior in both hemtspheres, and via tdenttfying new strategtes for rrnproving 

contralateral '-ascular dysfunction and ultimately CBF and stroke outcomes. 



IV. SUMMARY 

Short term 1/R injury impairs myogenic response in ischemic and nonischemic 

hemispheres. The loss of myogenic reactivity and tone observed in both hemispheres are 

due to increased vascular smooth muscle actin depolymerization and nitration via excess 

peroxynitritc generation. Nox4 acts as a potential candidate that contributes to pcroxynitrite 

generation via superoxide production. Depleting peroxynitrite parent radical (superoxide) 

through SOD 1 overexpression improves myogenic tone and leads to better stroke 

outcomes. 

Acute hyperglycemia at time of stroke worsens neurovascular outcomes and 

exacerbates myogenic dysfunction in contralateral hemisphere only. Selective upregulation 

of SOD! expresSIOn and activity in nonischemic hemisphere Significantly improves 

contralateral myogenic dysfunction but has no effect on ischemic side. The enhanced 

myogenic behavior in the contralateral side increases post reperfusion CBF in both 

hemispheres which is accompanied with reduced infarct size, edema and better behavioral 

performance. 

Th1s thcs1s proJect challenges the concept that contralateral hem1sphere could be 

used as a control m precltmcal stroke stud1es, and mtroduces the contralateral hem1sphere 

as a key player in t1ssue fa1lure and reco\ery after stroke 
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