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ABSTRACT 

 Hypertension is involved in the exacerbation of stroke.  Increased blood-brain 

barrier (BBB) permeability and cerebral edema formation are potentially lethal 

complications of cerebral infarction.  It is unclear how BBB tight junction (TJ), ion 

transporter, and protein kinase C (PKC) signaling pathway proteins critical for 

maintaining brain homeostasis contribute to cerebral infarction during hypertension 

development.  The hypothesis of this study is that hypertension leads to molecular 

changes in the BBB which predispose the brain to increased cerebral infarct damage 

following ischemic stroke.  Studies were undertaken to investigate the effect of 

hypertension development on (1) physiological parameters of the spontaneously 

hypertensive rat (SHR) and on the expression levels of BBB TJ, ion transporter, and PKC 

proteins potentially involved in ischemia-induced infarct damage; (2) ischemia-induced 

infarct volume following permanent middle cerebral artery occlusion (MCAO); and (3) 

the effect of inhibition of Na+/H+ exchanger isoform 1 (NHE-1) on ischemia-induced 

infarct volume following permanent MCAO in hypertensive SHR (15 weeks).  Early 

hypertension development was determined in SHR and compared to normotensive, age-

matched Wistar-Kyoto (WKY) rats at 5 (pre-hypertension), 10 (early stage hypertension), 

and 15 (later stage hypertension) weeks of age.  Characterization of BBB TJ and ion 

transporter proteins known to contribute to edema and fluid volume changes in the brain 

show differential protein expression patterns during hypertension development.  Western 

blot analysis of TJ zonula occludens-2 (ZO-2) showed decreased expression while ion 

transporter, NHE-1 was markedly increased in hypertensive SHR (15 weeks) compared 
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to age-matched controls.  Hypertensive SHR (10 and 15 weeks) showed greatly increased 

necrotic volume with impaired neurological deficits and edema formation.  Increased 

NHE-1 expression in hypertensive SHR (15 week) suggests a potential role for this ion 

transporter in the promotion of ischemic brain injury.  Selective inhibition of NHE-1 

using 5-(N,N-Dimethyl)amiloride (DMA) showed significant attenuation in ischemia-

induced infarct volume in hypertensive SHR following MCAO.  These data suggest a 

novel role for NHE-1 at the BBB/neurovascular unit in the regulation of ischemia-

induced infarct volume in hypertensive SHR suggesting that modulation of NHE-1 may 

be a factor important in the potentiation of MCAO infarct size and a novel therapeutic 

target in the prevention of ischemic stroke. 

 

 

 

 

 

 

 

 

 

 

 

 



    
 
 
  14
 
 

 

CHAPTER 1:   STROKE 

 

1.1 Introduction and perspective 

Stroke is the third leading cause of death and a leading cause of serious long-term 

disability and rehabilitation in the United States with approximately 80% of strokes being 

ischemic in nature.  It is estimated that there are >700,000 incident strokes resulting in 

>160,000 deaths in the US each year, with approximately 4.8 million stroke survivors 

alive presently (AHA, 2003; Goldstein et al., 2006).  Of these stroke survivors, many are 

often unable to return to work or to assume their former effectiveness as citizens, 

spouses, friends, and parents, thus the economic, social and psychological costs of stroke 

are enormous (Caplan, 2000).   

As a leading cause of functional impairments, stroke is a life-changing event that 

affects not only the person who may be disabled, but the entire family and other 

caregivers as well.  Approximately 20% of stroke survivors require institutional care after 

3 months, and 15% to 30% are permanently disabled (AHA, 2003; Association, 2003).  

In fact, as recently as 2004, the economic cost of stroke was estimated at $53.6 billion 

(direct and indirect costs), with a mean lifetime cost estimated at $140,048 (Goldstein et 

al., 2006).  Despite the advent of treatment with acute therapies, effective prevention 

remains the best treatment for reducing the burden of stroke (Goldstein et al., 2006).  

Furthermore, extensive evidence is now available to identify a variety of specific factors 

that increase risk of a first stroke with valuable strategies provided for reducing that risk.       
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Defining stroke 

Stroke refers to any damage to the brain or the spinal cord caused by an abnormality 

of the blood supply resulting in neurological deficits (Caplan, 2000; Frizzell, 2005).  The 

three basic subtypes of stroke are ischemia, infarction, and hemorrhage.  Ischemia and 

infarction are typically the result of atherosclerotic development of thrombi and emboli 

which decrease or completely obstruct cerebral circulation thereby causing neuronal 

cellular injury and death (Caplan, 2000; Frizzell, 2005).  Intracerebral hemorrhage is the 

third most common cause of stroke which occurs from a rupture in cerebral vessels often 

as a result of hypertension and is associated with a mortality rate of about a 50% (Smith 

et al., 2005).  While stroke can and does occur in infants and children, stroke typically 

occurs in adults in the middle and later years of life and is responsible for considerable 

morbidity and mortality of older individuals (Frizzell, 2005).  The focus of this 

discussion is in the adult population and in animal models of stroke. 

      

Risk factors for stroke 

 Approximately 700,000 people are diagnosed with a stroke annually in the US 

with approximately 200,000 of them experiencing their second stroke (Frizzell, 2005; 

Goldstein et al., 2006).  There is considerable epidemiological evidence that suggests a 

variety of risk factors that increase the incidence in developing stroke.  Major non-

modifiable risk factors for cerebral ischemia and infarction include age, sex, low birth 

weight, race-ethnicity, and genetic factors.  Also increasing the incidence for developing 

stroke are modifiable risk factors which include but are not limited to hypertension, 
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smoking tobacco, diabetes mellitus, diet and nutrition, dyslipidemia, physical inactivity, 

and obesity (Goldstein et al., 2006).  While age increases the risk of having stroke 

(Goldstein et al., 2006), stroke is generally more prevalent in men than in women (Brown 

et al., 1996).  Smoking also increases the risk of stroke via arterial wall damage and 

atherosclerosis and is involved in the formation or rupture of aneurysms (Frizzell, 2005).  

Other examples such as hormonal contraceptive use (Bradberry and Fagan, 2002) in 

addition to cardiac risk factors of stroke, which include atrial fibrillation, myocardial 

infarction, or prior transient ischemic attack, also increases risk of stroke (Goldstein et 

al., 2006).  Persons of Asian, Hispanic, or African decent also have increased incidence 

for stroke (Frizzell, 2005; Goldstein et al., 2006).  Furthermore, other risk factors also 

include hypertension, trauma, heavy alcohol consumption, cocaine and amphetamine use, 

trauma, and advanced age (Goldstein et al., 2006).   

While non-modifiable risk factors for stroke are difficult to prevent or treat, 

considerable emphasis is placed on identifying and educating individuals on how to 

prevent or treat modifiable risk factors to reduce the likelihood of having a first stroke.  

As a leading risk factor behind age for stroke, hypertension can usually be controlled 

through diet and exercise or through antihypertensive therapy and monitoring (Goldstein 

et al., 2006).  Hypertension and its association as a leading risk factor for stroke will be 

discussed at greater length in Chapter 2.           
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Animal models of stroke 

 The use of appropriate animal models is essential to predict the value and effect of 

therapeutic approaches in diseases that are common in human subjects.  As major causes 

of death and disability worldwide, stroke and cardiac arrest are responsible for the 

leading health care costs of all diseases (Traystman, 2003).  There are several animal 

models designed to enable the investigation of injury mechanisms and neuroprotective 

strategies.  In the case of cerebral ischemia, there are two fundamentally different rodent 

models of cerebral ischemia which lend important insights into the pathophysiology of 

ischemic stroke (Mergenthaler et al., 2004).  One model is focal cerebral ischemia which 

is induced and clinically corresponds to ischemic stroke.  In the other model, global 

cerebral ischemia is produced and models the consequences of cardiac arrest.  The central 

goal of these cerebral ischemia models is to reduce oxygen and nutrient/glucose supply to 

brain tissue.  In this overview, we will mainly focus our brief discussion on models of 

focal cerebral ischemia with an emphasis on highlighting a few examples of rodent 

models.   

 The anatomical structures of the brain such as the cortex, basal ganglia, and 

internal capsule are supplied by the middle cerebral artery (MCA) and its small 

penetrating branches in humans are especially prone to infarction.  Focal or lacunar 

infarcts in the MCA territory are believed to comprise up to 80% of cerebral infarcts, 

indicating that susceptibility of this area is in part due to the small penetrating arteries of 

the brain that are not supported by good collateral circulation (McAuley, 1995).  Thus, 

occlusion of one of these arteries is likely to cause cerebral infarction.  Because of the 
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obvious relevance of the MCA to human ischemic stroke, there is considerable emphasis 

placed on this vessel and the regional territory it supplies resulting in the development of 

several experimental models of focal ischemia. 

 Rodent models have been used extensively as they are economically 

advantageous, the resulting injury reasonably reproducible, and can be physiologically 

controlled (Traystman, 2003).  In addition to providing an invaluable understanding of 

the pharmacology and physiology of ischemic stroke, there are several types which 

include permanent, reversible, and thromboembolic models of focal cerebral ischemia.  In 

general terms, most of the MCA occlusion (MCAO) models that exist are either 

permanent or temporary (reperfusion) occlusion models with MCA occlusion at either the 

proximal or distal part of the vessel.  Tamura et al. (Tamura et al., 1981) devised a 

permanent proximal MCAO in rats involving subtemporal craniotomy resulting in 

infarction of the cortex and caudate putamen areas.  In modifications of this technique 

Bederson et al. (Bederson et al., 1986) demonstrated how the precise site and extent of 

MCAO could influence neurological and neuropathological outcome (Traystman, 2003).  

Using the Tamura model of permanent MCAO, Duverger and MacKenzie (Duverger and 

MacKenzie, 1988) compared the outcome of hemispheric infarct volume on several 

different rat strains including Wistar, Sprague-Dawley, Fisher-344, spontaneously 

hypertensive rats (SHR), and stroke-prone SHR (SHRSP).  Interestingly, they found that 

infarct volumes of SHR and SHRSP strains to be 1.5 times that of the Wistar strain and 

with larger and more consistent infarcts compared to Sprague-Dawley rats, suggesting 

that chronic arterial hypertension was associated with larger infarct volumes.  
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Furthermore, of the strains that remained normotensive, the infarct was largest and most 

consistent in Fisher-344 rats; however, Fisher-344 rats studied at 3, 9, and 20 months of 

age showed no significant differences indicating that age does not change the volume of 

necrosis. 

 Several investigators have also used electrocoagulation (Tamura et al., 1981; 

Tyson et al., 1984; Mohamed et al., 1985; Takagi et al., 1995) and thromboembolization 

(Kudo et al., 1982; Kaneko et al., 1985) techniques of the MCA to produce ischemia.  

With electrocoagulation, the area of reduced CBF corresponds closely to the area of 

neuropathological injury (Traystman, 2003).  In contrast, thromboembolic models inject 

homologous blood clot fragments directly into the common carotid artery or through a 

retrograde catheter placed in an external carotid artery resulting in embolization in rats 

(Kudo et al., 1982; Kaneko et al., 1985).  Though the model is reasonably easy to study, 

the location of the infarction is inconsistent and a major disadvantage with this method. 

 Other models for MCA reperfusion have been developed over the last couple of 

decades.  A simple snare ligature is placed around the MCA to obtain occlusion and 

reperfusion by pulling and releasing the snare (Shigeno et al., 1985).  In addition, a 

variety of modifications to this method have included the use of neurosurgical clips to 

occlude the MCA with removal of the clip resulting in reperfusion through the vessels 

(Weinstein et al., 1986; Traystman, 2003).  Although these models allow for the study of 

reperfusion cell injury, the surgical technique can be demanding and invasive. 

 A relatively simple, noninvasive method to produce either permanent or transient 

MCAO in rodents is with the use of an intraluminal filament.  A very popular technique 
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since the late 1980s, it has been used to study mechanisms of both cellular injury and 

neuroprotection and involves inserting a nylon monofilament suture into the internal 

carotid artery and advancing the thread cranially to impede flow to the MCA (Zea Longa 

et al., 1989).  The thread is advanced 18-20 mm from the origin of the internal carotid 

artery, thus occluding collateral circulation from the anterior communicating arteries (see 

Figure 1.1) (Zea Longa et al., 1989).  Additionally, a laser Doppler flow probe can be 

placed over the expected area of infarction so that a reduction in CBF can be observed 

upon occlusion of the MCA.  While this method was chosen for use in our investigation 

as a permanent model of MCAO where our animals did not survive beyond the 4 hr 

ischemic period, this method can also be used as a reperfusion model where the thread is 

withdrawn and the animals may survive for days, weeks, or months to evaluate functional 

outcomes (DeVries et al., 2001).  Thus, these limited examples of focal cerebral ischemia 

models were developed in an attempt to further our understanding of complex cellular 

cascades that underlie ischemic injury and design possible therapeutic targets for 

prevention and treatment. 
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Figure 1.1  Anatomy of middle cerebral artery occlusion surgery in rat.  This 
illustration shows occlusion on the left common external and internal carotid arteries and 
their branches with the approximate region of MCAO shaded in gray.  This illustration 
was modified from Zea Longa et al. (Zea Longa et al., 1989).  
 

 

 

 



    
 
 
  22
 
 

 

1.2 Pathophysiology of ischemic stroke 

Ischemic stroke occurs as a result of a transient or permanent reduction in cerebral 

blood flow that is restricted to the territory of a major cerebral artery (Dirnagl et al., 

1999).  The reduction in flow is usually due to an occlusion of a cerebral artery either by 

an embolus or a local thrombosis which ultimately leads to a complex sequence of 

pathological events resulting in ischemic brain injury.  A general understanding of acute 

ischemic stroke pathophysiology and its relevance to BBB damage and edema formation 

are highlighted in this discussion. 

 

Collateral circulation 

 In the cerebrum, there are six main arteries that include the right and left anterior, 

middle, and posterior cerebral arteries which are interconnected by two major collateral 

systems, the circle of Willis and Heubner’s anastomoses (Zulch, 1985; Hossmann, 2006).  

The circle of Willis is responsible for redistributing the blood supply during occlusion of 

extracranial vessels, such as the carotid and vertebral arteries; whereas, Heubner’s 

anastamoses consists of the pial network which determines the volume and severity of 

focal ischemia caused by the occlusion of a brain artery distal to its origin from the circle 

of Willis (Zulch, 1985).  If collateral blood flow is unable to sufficiently maintain normal 

blood perfusion pressure within the area of the obstructed artery and compensatory 

mechanisms for autoregulation are subsequently exhausted, then the reduction of blood 

flow restricts the delivery of substrates and begins to impair the energetics required to 

maintain ion gradients (Taylor et al., 1996; Hossmann, 2006).     
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Overview of the pathophysiological mechanisms in focal ischemia 

Brain tissue normally requires a high consumption of oxygen and glucose as 

substrates for energy production through oxidative phosphorylation.  Disruption of the 

circulation in the areas affected by the occlusion can deplete substrates within minutes 

while also potentially accumulating toxic metabolites resulting in an energy deficit within 

the affected cells (Mergenthaler et al., 2004).  In a simplified overview (Figure 1.2), 

when energy sources are depleted, membrane potential is lost and neurons and glia 

depolarize.  Activation of glutamate receptors through excitatory neurotransmitter release 

significantly increases intracellular Ca2+, Na+, and Cl- levels while K+ is released into the 

extracellular space.  Accumulation of glutamate and K+ in the extracellular space 

propagates a series of spreading waves of depolarization known as peri-infarct 

depolarizations (Dirnagl et al., 1999; Traystman, 2003).  As a result of osmotic 

imbalance, water shifts into the intracellular space and cells begin to swell causing edema 

(Rosenberg, 1999).  In addition, intracellular Ca2+, a universal intracellular messenger, is 

increased and upregulates a variety of enzyme systems such as lipases, proteases, and 

endonucleases (Traystman, 2003).  Moreover, as energy-dependent Ca2+ pumps fail as 

adenosine triphosphate (ATP) levels decrease, Ca2+ continues to accumulate inside the 

cells thereby contributing to the intracellular build-up of Ca2+.  This in turn generates free 

radicals which can trigger a variety of biochemical pathways to damage membranes, 

mitochondria and DNA, as well as mediate apoptotic mechanisms.  Furthermore, free 

radicals may also induce the formation of a variety of inflammatory mediators 

(cytokines) which can activate microglia that lead to blood-borne inflammatory cell 
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invasion such as leukocyte infiltration (as reviewed by (Dirnagl et al., 1999)).  

Leukocytes and activated microglia also release proteases that can be toxic to the cell by 

attacking membrane structure (Rosenberg, 1999; Mergenthaler et al., 2004).  Thus, 

proteolysis is a critical event that leads to cell death, and cell survival depends on 

preserving an intact membrane which is lost as a consequence of free radical formation 

and also in response to proteases (Rosenberg, 1999).   
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Figure 1.2   Potential mechanisms of injury from cerebral ischemia.  Schematic 
diagram of some of the steps in the molecular injury cascade associated with cerebral 
ischemia.  Figure adapted from (Dirnagl et al., 1999; Rosenberg, 1999; Traystman, 2003).   
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Blood-brain barrier damage and vasogenic edema   

 Cerebral capillaries comprise a major site of the BBB and are adversely affected 

by ischemia (Hatashita and Hoff, 1990a; Rosenberg, 1999).  Permanent ischemia results 

in less damage to the capillary compared to transient ischemia.  This is likely due to 

reperfusion associated with transient ischemia where the restoration of blood flow allows 

oxygen, glucose, and leukocytes to enter the injured tissue resulting in enhanced 

production of free radicals and the release of proteases (Hatashita and Hoff, 1990b).  

Integrity of the BBB is dependent on the interaction of the cellular matrix which is 

composed of a lining of endothelial cells, surrounding pericytes, the basal lamina, and 

astrocytic end feet that ensheath the cerebral microvasculature (see Chapter 3).  Found 

between the endothelial cells are tight junctions (TJs) which are major sites for the 

restriction of paracellular diffusion of solutes (Huber et al., 2001a).  During cerebral 

ischemia, alterations in BBB permeability occur due to a number of factors.  For 

example, increased permeability has been shown to occur by free radical production 

(Chan et al., 1984) and nitric oxide release via glutamate activation stimulated by 

ischemia (Mayhan and Didion, 1996), factors which have been shown to play an 

important role in opening the blood-brain interfaces.   

Proteases also play an important role in damaging the extracellular matrix around 

the blood vessels which can affect capillary permeability.  Specifically, matrix 

metalloproteinases (MMPs) are comprised of a gene family of zinc-containing enzymes 

that degrade all components of the extracellular matrix (Yong et al., 1998).  There are 

two forms, MMP-2 (gelatinase A, 72 kDa type IV collagenase) and MMP-9 (gelatinase 
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B, 92 kDa type IV collagenase) which degrade type IV collagen in the basal lamina and 

have been implicated in brain tissue injury during ischemic stroke (Rosenberg, 1999; 

Petty and Wettstein, 2001).  Previous reports have shown that MMP expression have 

been correlated with damage to the BBB, increased risk of a hemorrhagic transformation, 

and neuronal damage (Gasche et al., 1999; Heo et al., 1999; Lapchak et al., 2000).  In 

addition, Romanic et al. (Romanic et al., 1998), reported progressively increased MMP 

expression over time in genetically hypertensive SHR following permanent MCAO and 

inhibition of MMP-9 decreased infarct volume.  Furthermore, MMPs are also associated 

with destruction of the basal lamina by permitting the migration of leukocytes leading to 

vasogenic edema formation (Rosenberg, 1999).  In genetic and pharmacological 

inhibition of MMPs, not only was BBB damage reduced but so was ischemia-induced 

infarct volume (Rosenberg et al., 1998; Asahi et al., 2001).  Thus, these data suggest an 

important role for MMPs in mediating BBB disruption and eventual vasogenic edema 

formation as a result of ischemic insult. 

In addition to protease activity in the brain following ischemic insult, major ionic 

shifts can occur between intracellular and extracellular spaces, with notably increased 

intracellular concentrations of Na+, Cl-, and Ca2+ as well as decreased intracellular K+ 

levels occurring as a result of the inverse shift in these ions in the extracellular space 

(Hansen, 1985; Lipton, 1999; Pedersen et al., 2006).  As a result of ischemia, the 

increased intracellular Na+ favors Na+/Ca2+ exchanger-mediated Ca2+ influx and as 

consequence, Ca2+-induced cell damage (Hoyt et al., 1998).  Furthermore, the rapid 

increases in intracellular Na+ and Ca2+ together with swelling of neurons, astrocytes, and 
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endothelial cells are major causes of brain injury associated with ischemia (Pedersen et 

al., 2006). 

During normal conditions, the BBB mediates Na+, Cl-, and water influx into the 

brain interstitial fluid and secretes up to 30% of brain interstitial fluid while the rest is 

produced by the choroid plexus (Cserr et al., 1986).  In the early hours of ischemia, brain 

edema forms by increased secretion of Na+ and water across an intact BBB while 

stimulating ion transporters, such as the NHE-1 and/or NKCC1 to take up Na+, Cl-, and 

water into astrocytes to cause cytotoxic edema (Kimelberg, 1999; Pedersen et al., 2006).  

It is also important to note that BBB breakdown and subsequent uptake of paracellular 

solute and water does not occur until after prolonged ischemia (4-6 hr).  This is due to the 

Na+ and water uptake that occurs in the early hours of ischemic stroke before BBB 

breakdown and suggests the involvement of transcellular and thus transporter-mediated 

mechanisms in playing an important role in the consequent ionic shifts and cell swelling 

elicited by cerebral ischemia which is the basis for edema formation (Betz, 1996). 

There are also a number of important signaling events elicited by ischemia that 

have been associated with brain ischemia and consequent cell damage.  There is evidence 

of involvement of centrally released arginine vasopressin (Shuaib et al., 2002; O'Donnell 

et al., 2005), cytokines and inflammatory mediators released from brain microglia and 

astrocytes (Allan and Rothwell, 2003), increased reactive oxygen species release mostly 

associated with reperfusion injury (Lipton, 1999), in addition to alterations in the activity 

of several protein kinase signaling pathways (Lipton, 1999; Pedersen et al., 2006).  Some 

of these signaling events will be highlighted in chapters of this dissertation.         
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CHAPTER 2:  HYPERTENSION 

 

2.1 Impact and perspective of blood pressure and stroke 

Approximately 1 billion people worldwide are affected with hypertension which 

has been implicated in >7 million deaths each year from ischemic heart disease and 

stroke (Mein et al., 2004).  Previously, it has been well established that there is a 

continuous and linear relationship between elevated blood pressure and risk of 

cardiovascular or cerebrovascular disease (Collins et al., 1990; MacMahon et al., 1990; 

Lindholm, 2002).  In fact, the risk of stroke increases continuously above blood pressure 

(BP) levels of approximately 115/75 mm Hg, with roughly two-thirds of the global stroke 

burden afflicted with hypertension most of which occurs in the middle-aged population 

(45 to 69 years) (Lawes et al., 2004).  While elevated systolic and diastolic hypertension 

confers an increased risk, research has shown that systolic blood pressure now appears to 

be a more important determinant of risk than diastolic BP (Lindholm, 2002).  Thus, 

control of BP is highly associated with the prevention of either a first or recurrent stroke 

event in relation to the benefits of secondary prevention of vascular disease as well as 

cognitive deterioration, dementia, and disability (Gil-Nunez and Vivancos-Mora, 2005). 

 

Blood pressure and stroke 

Hypertension is the most important risk factor for stroke, whether ischemic or 

hemorrhagic, behind age.  A modifiable risk factor, hypertension, is the most prevalent 

and afflicts approximately 50% of the at-risk population (Gorelick, 1997).  Individuals 
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with systolic BP between 120-139 mm Hg or diastolic BP between 80-89 mm Hg are 

considered pre-hypertensive, and these values are based on a linear relationship which are 

important for predicting cardiovascular disease and stroke morbidity and mortality (Gil-

Nunez and Vivancos-Mora, 2005).  Furthermore, there has been compelling evidence for 

more than 30 years that controlling hypertension contributes to the prevention of stroke 

as well as preventing other target-organ damage, including congestive heart failure and 

renal failure (Chobanian et al., 2003; Goldstein et al., 2006).   

In addition to exercise, a healthy diet, and good lifestyle practices, several 

categories of antihypertensive agents, including thiazide diuretics, angiotensin-converting 

enzyme (ACE) inhibitors, angiotensin receptor blockers, β-adrenergic receptor blockers, 

and calcium channel blockers have been employed to reduce both cardiovascular and 

cerebrovascular risk in patients with hypertension (Neal et al., 2000; Turnbull, 2003).  

While blood pressure control is achieved in most patients, the majority require 

combination therapy with ≥2 antihypertensive agents (Black et al., 2001; Cushman et al., 

2002).  Despite the efficacy of antihypertensive therapy, the ease of diagnosis and the 

availability of frequent monitoring, a large proportion of the population continues to go 

undiagnosed or is inadequately treated for hypertension (Hyman and Pavlik, 2001).  

Because the risk of stroke progressively increases with elevations in BP and a substantial 

proportion of individuals have BP levels below current drug treatment thresholds, 

lifestyle approaches instead of drug therapies are now recommended as a means to reduce 

stroke risk in non-hypertensive or pre-hypertensive individuals (Whelton et al., 2002; 

Goldstein et al., 2006). 
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Essential hypertension 

 Essential hypertension is a major public health issue in many countries worldwide 

due to its high prevalence and association with coronary heart disease, stroke, renal 

disease, and other vascular disease disorders (Gong and Hubner, 2006).  Essential 

hypertension has long been defined by physiologists as hypertension of unknown origin 

and comprises roughly 90-95% of all individuals who have hypertension (Guyton and 

Hall, 2000).  In most patients with essential hypertension, a strong hereditary link is 

associated with the increased BP and the same has often been found in genetic strains of 

animals used to study hypertension.  Some of the more common characteristics of 

“severe” essential hypertension include: (1) increased mean arterial pressure by 40-60%; 

(2) decreased renal blood flow by about half of normal; (3) resistance to blood flow in 

kidneys is increased; (4) total peripheral resistance is increased by 40-60% similar to 

arterial pressures; and (5) kidneys will not excrete adequate salt and water unless arterial 

pressure is high (Guyton and Hall, 2000).  These significant vascular changes in the 

kidneys are strongly associated with essential hypertension. 

 

Renin-angiotensin system 

 The renin-angiotensin system was discovered well over 100 years ago when 

Tigerstedt and Bergman first isolated the pressor substance, renin.  Nearly 40 years later, 

two groups of investigators, discovered a second pressor molecule termed angiotensin 

(reviewed by (Basso and Terragno, 2001)).  Since then, the renin-angiotensin system 

(RAS) has been studied in great detail and traditionally has been linked to the regulation 
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of salt and water homeostasis (Culman et al., 2002).  The effector peptide of the RAS, 

angiotensin II (ANG II), is the product of several sequential enzymatic reactions.  

Initially, the proteolytic enzyme renin cleaves angiotensinogen in order to produce the 

decapeptide, angiotensin I.  Angiotensin I is then cleaved by angiotensin converting 

enzyme (ACE) to produce the active molecule ANG II, an octapeptide.  ANG II is 

subsequently cleaved by aminopeptidases to produce ANG III (7 amino acids) and ANG 

IV (6 amino acids).  The physiological relevance of these molecules is still being 

investigated (Husain and Graham, 2000). 

 Whereas peripherally, ANG II is important in regulating cardiovascular function 

and in the maintenance of BP, the actions of ANG II also include vasoconstriction, renal 

salt and water retention, increased myocardial contractility, and activation of the 

sympathetic nervous system in order to enhance the actions of ANG II.  In addition, 

increased levels of ANG II have been shown to have trophic effects in vascular tissue, 

such that elevated levels of ANG II have been linked to cardiac hypertrophy, renal 

insufficiency, endothelial dysfunction, and altered arterial contractility (Husain and 

Graham, 2000).  These actions of ANG II are compensatory mechanisms important for 

preservation of salt and water, maintenance of electrolyte balance and adequate organ 

perfusion in the presence of water and salt loss (Culman et al., 2002). 

 Over the last three decades, there is evidence that ANG II can be formed in 

various tissues including the kidney, heart, blood vessels, and the brain.  In particular, the 

brain has long been considered a site of tissue RAS activity and is known to manufacture 

and contains all the necessary components of the RAS independently of peripheral 
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sources.  When ANG II is administered either peripherally or directly into the brain, it 

elicits a response which aids in maintaining fluid balance and BP regulation (McKinley et 

al., 1996; Phillips and Sumners, 1998).  However, the brain is largely isolated because of 

the blood-brain barrier (BBB) and ANG II in the circulation only acts at sites where there 

is no BBB, such as in the circumventricular organs.  Thus the brain RAS acts 

independently as well as in concert with circulating RAS to exert its effects on fluid 

homeostasis.  Furthermore, several lines of evidence have suggested that inappropriate 

RAS activity in the brain may contribute to the development and maintenance of arterial 

hypertension (Saavedra, 1992; Culman et al., 2002).   

 ANG II has two main receptor subtypes, the ANG II type 1 (AT1) and the ANG II 

type 2 (AT2) receptors, by which it elicits physiological responses (McKinley et al., 

1996).  In recent years, much research has been focused on understanding the neuronal 

effects of ANG II that are not directly related to the central control of fluid and 

electrolyte homeostasis or in the regulation of BP.  Instead, numerous findings have also 

demonstrated that ANG II actions via the AT2 receptor may modulate tissue regeneration 

and protection as well as initiate processes leading to apoptosis (Culman et al., 2002).  

Additionally, AT1 receptors have been involved in the initiation and regulation of 

processes occurring during and after brain ischemia (Culman et al., 2002).  In studies 

with ACE inhibitors or AT1 receptor antagonists, the occurrence of stroke was prevented 

in salt-loaded Dahl salt-sensitive rats or SHR rats, and infarction volume after carotid 

artery occlusion was reduced (von Lutterotti et al., 1992; Stier et al., 1993).  There is also 

some evidence that in SHR, inhibition of AT1 receptors increases vasodilation and 
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prevents the decreased blood flow associated with the ischemic zone by normalizing 

cerebrovascular autoregulatory mechanisms resulting in decreased cerebral edema and 

infarction volume (Nishimura et al., 2000).  Furthermore, AT1 receptor antagonists may 

also improve stroke recovery by mechanisms independent of cerebrovascular 

autoregulation or blood pressure reduction.  For example, chronic blockade of brain AT1 

receptors resulted in improved neurological outcome following focal cerebral ischemia 

through marked reductions in the expression of activator protein-1 (AP-1) transcription 

factors (Dai et al., 1999).  Thus, these examples suggest that blocking AT1 receptors may 

not only improve recovery from stroke by restoring blood flow following ischemia insult, 

but may also be important in inhibiting the actions of metabolic or biochemical signaling 

changes during the events of an ischemic cascade.              

 

2.2 Models of hypertension 

Hypertension is known to be a multifactorial disease that involves complex 

interactions between genetic and environmental factors (Takahashi and Smithies, 2004).  

Thus development of experimental models of hypertension allow for necessary isolation 

of various factors associated with the regulation of blood pressure, inheritance of genetic 

traits, and targeting cellular responses to injury (Lerman et al., 2005).  There are two 

general categories of animal models of hypertension: non-genetic and genetic models.  

The non-genetic models include those obtained by interventions such as the surgically-

induced or the endocrine, metabolic, and diet-induced hypertension.  In contrast, genetic 

models consist of those that are phenotype-driven (e.g. SHR) or the genotype-driven (e.g. 
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null mice) (Lerman et al., 2005).  Brief examples of these animal models are detailed for 

this discussion. 

 

Non-genetic models of hypertension 

In some humans, the underlying origin of secondary hypertension is often related 

to renal vascular injury and less frequently, endocrine and/or metabolic disorders.  

Surgically-induced hypertension was originally pioneered by Goldblatt et al. (Goldblatt 

et al., 1934) as the first animal model of hypertension in dogs.  In this model and in 

subsequent demonstrations in rats (Wilson and Byrom, 1939) and rabbits (Pickering and 

Prinzmetal, 1937), unilateral constriction of the renal artery (2K1C model) was shown to 

lead to development of hypertension (Lerman et al., 2005).  In addition, surgical 

occlusion of both renal arteries, procedures involving renal microembolization or 

total/partial nephrectomy have all been associated with development of hypertension.   

Other non-genetic methods of inducing hypertension involve endocrine or 

metabolic modes of administration to animal models.  For example, a common 

mineralocorticoid, deoxycorticosterone acetate (DOCA), when administered in rats 

results in characterized volume expansion and increased cardiac output, endothelial 

dysfunction, proteinuria, and glomerulosclerosis (Pinto et al., 1998).  Because inherited 

sensitivity to salt has been implicated in essential hypertension, a variety of dietary 

interventions have also been performed in animal models to induce experimental 

hypertension (Skrabal et al., 1984).  Specifically, Dahl (Dahl, 1972) isolated a strain of 

salt-sensitive rats characterized by high blood pressure and low heart rate even with a 
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relatively low sodium diet (0.5% NaCl) which displayed increased sodium and water 

retention and plasma volume, and increased activity of the sympathetic nervous system 

(Somova et al., 1999). 

 

Genetic models of hypertension 

In contrast to these non-genetic models are also examples of genetic models of 

hypertension.  In humans, the most common cause of hypertension is essential 

hypertension, in which multiple genes may contribute to the individual phenotype.  Since 

no single genetic defect can explain the development of essential hypertension in 

humans, several phenotype-driven approaches have been developed (Culman et al., 

2002).  One of the most commonly used experimental rat models of hypertension is the 

SHR and stroke-prone SHR (SHRSP).  These rats are bred from the Wistar-Kyoto strain 

by selective breeding of animals displaying the desired phenotype over several 

generations.  Once the trait is fixed, sibling mating is maintained for roughly 20 

generations to achieve genetic homogeneity (Culman et al., 2002).  In the SHR, genetic 

mechanisms of hypertension have been attributed to both neural and vascular alterations.  

For example, several groups report finding greater vulnerability of SHR to focal cerebral 

ischemia resulting in increased ischemia-induced infarct volumes compared to 

normotensive strains (WKY or Sprague-Dawley rats) (Coyle et al., 1984; Duverger and 

MacKenzie, 1988; Grabowski et al., 1988; Barone et al., 1992).  These findings suggest 

that hypertension may lead to alterations in the cerebral microvasculature which increase 

susceptibility to brain injury associated with stroke.   
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 Significant progress has also been made in investigating the molecular basis of 

hypertension disorders.  Researchers have engineered genotype-driven models to 

contribute to our understanding of the potential genetic basis for hypertension as well 

(Culman et al., 2002).  In fact, several transgenic techniques have been applied in a 

variety of species, however mice remain the most successfully and widely used species to 

investigate gene function.  One example is in the use of both transgenic and knockout 

mice to exploit various components of the RAS pathway.  Specifically, overexpression of 

AT1 (Paradis et al., 2000) or angiotensinogen (Kimura et al., 1992) have been linked to 

the development of high blood pressure and alterations in cardiovascular remodeling, 

while knockouts of ACE alleles (Higaki et al., 2000) have also been implicated in 

increased BP.  Though these examples of hypertensive animal models are often the most 

commonly used in experimental procedures, it is important to note that several additional 

models do exist which have also made important contributions to the field of 

hypertension research and were not included in this discussion.   

 

2.3   Vascular effects of hypertension associated with ischemic stroke 

 The vascular damage caused by cerebral ischemia leads to edema, hemorrhage 

formation, and worsened outcomes in ischemic stroke patients (Fagan et al., 2004).  

During cerebral ischemia, cerebral blood vessel damage occurs early and in a progressive 

fashion and if prolonged, cerebral edema and hemorrhagic transformation likely ensue 

(Cipolla et al., 1997).  Hypertension not only increases the incidence of stroke; changes 

in the intracerebral vasculature as a result of chronic elevations in pressure are the main 
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reason why hypertension is a greater risk factor for stroke than for myocardial infarction 

(Rubattu et al., 1996).   

Hypertension can increase the risk for ischemic stroke through multiple 

mechanisms.  Elevated intraluminal pressures can lead to extensive alterations in 

endothelium and smooth muscle function in intracerebral arteries.  Over time, chronic 

vascular stress as a result of hypertension can lead to increased permeability of the BBB 

and brain edema.  Furthermore, endothelial damage and altered blood cell-endothelium 

interaction may lead to local thrombi formation and ischemic lesions (Johansson, 1999).  

In the acute phase of ischemia, vascular pathophysiology involves hemodynamic and 

metabolic changes that result in BBB disruption and dysregulation of vascular tone 

(Dirnagl et al., 1999).  When coupled to hypertension, these degenerative changes in 

vascular tone are highly linked and the extravasation of plasma constituents occurs with 

altered BBB (Nag, 1984).  If the hypertension is sustained, vasogenic edema will 

eventually develop (Johansson, 1999).   

While the presence of hypertension certainly increases the risk of ischemic lesion 

formation, it can also accelerate the atherosclerosis process in larger resistance vessels.  

In chronic hypertension, the increased workload stimulates smooth muscle cell growth in 

arterial resistance vessels leading to high peripheral resistance, thus reducing collateral 

reserve resulting in severe ischemia distal to an arterial occlusion (Grabowski et al., 

1993; Johansson, 1999).  In addition to the negative consequences of atherosclerosis on 

the adaptive structural changes found in the vasculature, there are several lines of 

evidence that implicate smaller vessels of the BBB in increased permeability and edema 
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formation.  Tamaki et al. (Tamaki et al., 1984) found that osmotic disruption with 

arabinose in SHR, SHRSP, and WKY rats resulted in increased permeability of the BBB 

and decreased survival after osmotic disruption in both SHRSP and SHR as compared to 

WKY.  These observations suggest that in chronic hypertension, the BBB of SHRSP and 

SHR has increased susceptibility to osmotic disruption.  Furthermore, studies measuring 

BBB permeability by occlusion of the distal MCA in addition to CBF and edema 

development in SHR showed increased BBB permeability and edema and decreased CBF 

from the ischemic center to the periphery, respectively, and concluded that SHR appear 

to be more vulnerable to BBB disruption following ischemia (Shima et al., 1994).  

Together, these data suggest an important role for hypertension in mediating adaptive 

vascular changes in the cerebral microvasculature which may enhance the risk for 

ischemic events and exacerbate necrotic brain injury.        
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CHAPTER 3:  THE BLOOD-BRAIN BARRIER 

 

3.1 The blood-brain barrier 

One of the most critical and tightly regulated physiological systems in the human 

body is the central nervous system (CNS).   Stringent regulation of the extracellular 

environment and the maintenance of ion concentrations within narrow ranges are 

necessary in order to maintain proper neuronal function.  The metabolic demands of 

nervous tissue are considerable.  In fact, the CNS accounts for approximately 20% of 

oxygen consumption in humans, and is also extremely sensitive to a wide range of 

chemicals (Rolfe and Brown, 1997; Hawkins and Davis, 2005).  Although much of what 

we consume in our diet is readily metabolized and excreted without harm to peripheral 

organ tissues, many of these substances are actually quite neurotoxic.  For this reason, it 

is essential that the interface between the CNS and the peripheral circulation functions to 

dynamically regulate ion balance, enables nutrient transport, and maintains a barrier to 

potential harmful molecules.  Historically, this highly regulated vascular interface 

between the blood and the brain is referred to as the “blood-brain barrier” (BBB) 

(Hawkins and Davis, 2005).          

 

Brief history of the BBB 

 The original concept of the BBB was initially described in 1885 by German 

scientist Paul Ehrlich, who observed that when water-soluble dyes were parentally 

injected the circulatory system stained all organs except the brain and spinal cord 
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(Ehrlich, 1885).  The early conclusion from these experiments was that a special feature 

of the CNS was a lack or low affinity for the dye (Ribatti et al., 2006).  Ehrlich proposed 

that the dye did not stain because of the lipophilic chemical nature of CNS tissue would 

not allow binding of aniline dyes.  In subsequent experiments, Ehrlich’s student, Edwin 

Goldmann, disproved his mentor by demonstrating that an injection of trypan blue 

directly into the cerebrospinal fluid (CSF) stained all brain tissue yet failed to penetrate 

into the periphery (Goldmann, 1909; Goldmann, 1913).  These observations led 

Goldmann to postulate the existence of a barrier to the dye between the CNS and the 

peripheral circulation.  In 1900, Lewandowsky was the first to introduce the term 

bluthirnschranke (blood-brain barrier) while studying the limited permeability of sodium 

ferrocyanide into the brain via intravenous injection (Lewandowsky, 1900).  

Furthermore, it was shown much later that the principal reason that certain dyes do not 

penetrate from the blood into the brain is because these dyes are bound to albumin 

plasma proteins (Tschirgi, 1950). 

 One of the factors that limited greater understanding of the BBB was that the 

anatomical structure forming the BBB could not be adequately visualized until the 

development of the electron microscope (EM).  By 1967, Reese and Karnovsky (Reese 

and Karnovsky, 1967) showed for the first time using EM that at an ultrastructural level, 

the endothelium of mouse cerebral capillaries constituted a structural barrier to 

horseradish peroxidase.  They determined that the barrier was composed of the plasma 

membrane, the cell body of endothelial cells, and the presence of tight junctions (TJs) 

between adjacent cells.  Furthermore, they observed that the horseradish peroxidase 
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entered up to the interendothelial spaces from the lumen of the capillary but was unable 

to penetrate the interendothelial TJs in cerebral capillaries and beyond (Reese and 

Karnovsky, 1967).  In subsequent studies, Brightman and Reese (Brightman and Reese, 

1969) showed that horseradish peroxidase injected into the brain diffused through the 

astrocytic endfeet gap junctions to the abluminal surface of the endothelium where the 

tracer was again blocked by the endothelial cells, suggesting that astrocytes do not 

significantly contribute to the physical barrier.  Thus, these results provide a valuable 

supplement to the contributions of Reese and Karnovsky (1967) by proposing that the 

anatomical site of the BBB was neither the astrocytic end-feet nor the basement 

membrane but rather the endothelium itself (Reese and Karnovsky, 1967).   

 

Anatomy of the BBB 

 The current understanding of the basic structure of the BBB is based on the 

general findings established by Reese, Karnovsky, and Brightman from the late 1960s.  

The BBB exists as a selective diffusion barrier at the level of the cerebral microvascular 

endothelium and is characterized by the presence of tight junctions that overlap and has a 

lack of fenestrations (as reviewed by (Hawkins and Davis, 2005)).  Figure 3.1 is a 

schematic cross-sectional representation of a typical cerebral capillary.  In this 

illustration, the capillary lumen circumference is enclosed by a single endothelial cell.  

The endothelial cells of the BBB are distinguished from those in the periphery by a 

number of characteristics that include a lack of fenestrations (Fenstermacher et al., 1988), 

minimal pinocytotic activity (Sedlakova et al., 1999), and the presence of tight junctions 
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(Kniesel and Wolburg, 2000).  Additionally, the abluminal membrane of the endothelium 

contains pericytes which are attached at irregular intervals and along with endothelial 

cells are ensheathed by the basement membrane (basal lamina).  The basal lamina 

consists of type IV collagen, heparin sulfate proteoglycans, laminin, fibronectin, and 

other extracellular matrix proteins (Farkas and Luiten, 2001).  Astrocytic endfeet 

surround the cerebral capillaries to form the structural basis of the BBB. 
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Figure 3.1  Schematic cross-sectional representation of a cerebral capillary.  The 
circumference of the capillary lumen is completely surrounded by a single endothelial 
cell with apposing membranes connected by tight junctions.  Pericytes are attached to the 
abluminal surface of the endothelial cell, and both are surrounded by the basement 
membrane (basal lamina).  Astrocytic endfeet processes surround the cerebral capillary to 
form the basis of the BBB. 
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Basic cellular organization of the neurovascular unit 

Neuroscience has largely focused on the neurons of the central and peripheral 

nervous systems and on their interactions with the glial cells that support their function.  

Collectively, these neurons, glia, and microvessels are organized into functional, well-

structured neurovascular units (Abbott et al., 2006).  The neurovascular unit interacts 

with smooth muscle cells and endothelial cells on the microvessels which are capable of 

regulating blood flow and maintaining brain homeostasis and proper neuronal function 

(Lo et al., 2004; Hawkins and Davis, 2005).  The neurovascular unit is broadly defined as 

a segment of the brain microvasculature which is differentiated by specific anatomical 

features that are distinct from peripheral vascular beds (Zhang and Stanimirovic, 2005).  

Composed of functionally integrated cellular elements including brain endothelial cells, 

astrocytes, pericytes, neurons, and extracellular matrix components that form the 

basement membrane (Figure 3.1), the neurovascular unit also serves to regulate cerebral 

blood flow, the BBB, as well as the neuroimmune interface in the face of trauma or 

disease (Zhang and Stanimirovic, 2005).    

BBB functionality of the neurovascular unit has been attributed to specific features 

of cerebral endothelial cells that emphasize the importance of multiple molecular 

interactions that are important for the regulation of BBB phenotype.  The BBB facilitates 

the selective uptake of nutrients into the brain while simultaneously restricting or actively 

extruding toxic metabolic byproducts from the brain in order to maintain proper neuronal 

function and regulation of the central nervous system (CNS) microenvironment (Rubin 

and Staddon, 1999).  This stringent regulation is done through a number of efflux pumps, 



    
 
 
  46
 
 

 

transporters and channels which control the influx and efflux of ions, water, peptides, and 

drugs across the BBB (Fleegal et al., 2005b).  In fact, breaches of the BBB are largely 

responsible for the development of brain edema, tumors, ischemic stroke or trauma 

(Neuwelt, 2004).  To this end, the neurovascular unit also participates in protecting the 

brain from circulating infectious agents and by regulating immune or inflammatory 

processes into the brain.  Furthermore, the neurovascular unit serves to repair the brain 

after injury or disease by restoring blood supply to the affected regions of the brain 

through mechanisms of angiogenesis (Zhang and Stanimirovic, 2005).      

The endothelial cells of the cerebral microvasculature have unique structural and 

functional properties that distinguish them from peripheral endothelial cells (Rubin and 

Staddon, 1999; Begley and Brightman, 2003).  In particular, cerebral endothelial cells are 

joined by both TJs and adherens junctions (AJs) which give rise to a “tight” intercellular 

seal with high transendothelial electrical resistance (1500-2000 Ωcm2) and decreased 

paracellular permeability (Kniesel and Wolburg, 2000; Huber et al., 2001a).  Endothelial 

cells of the BBB also lack vesicular transport and fenestrations and are enriched in 

mitochondria while maintaining high metabolic activity and efflux pumps (Kniesel and 

Wolburg, 2000; Huber et al., 2001a). 

Pericytes have a multifunctional role and extend long cytoplasmic processes over 

endothelial cell surfaces and communicate via gap junctions, TJs, and adhesion plaques at 

points of contact (Balabanov and Dore-Duffy, 1998; Dore-Duffy, 2003).  While less is 

known about pericyte involvement at the BBB, there is some evidence that suggests 

pericytes and endothelial cells are important for maturation, remodeling, and maintenance 
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of the vascular system through growth factor secretion and / or the extracellular matrix 

(Dore-Duffy, 2003).  Furthermore, pericytes have been linked to diseases of the CNS 

including diabetic retinopathy, Alzheimer’s disease, multiple sclerosis, and vascular 

disease such as hypertension (Balabanov and Dore-Duffy, 1998; Dore-Duffy, 2003). 

Astrocytic endfeet ensheathe cerebral capillaries and their interactions with cerebral 

endothelial cells have been implicated in regulating the phenotypic properties of the BBB 

(Rubin and Staddon, 1999; Prat et al., 2001; Abbott et al., 2006).  A number of astrocytic 

mediators have been shown to affect cerebral endothelial cell TJs, angiogenesis, BBB 

expression of transporter proteins, as well as interactions that are important in the 

regulation of the inflammatory response in the brain (Rubin and Staddon, 1999; Zhang et 

al., 2000; Prat et al., 2001; Abbott et al., 2006).  In addition to the role of perivascular 

astrocytes, direct neuronal innervation of the neurovascular unit has also been implicated 

in regulating blood flow through projecting neuronal inputs and cortical interneurons to 

communicate and translate these signals into integrated microvascular responses (Hamel, 

2004; Zhang and Stanimirovic, 2005).  

Important to the structural foundation of the neurovascular unit is the extracellular 

matrix of the basal lamina which interacts with the cerebral microvascular endothelium 

and is believed to serve as an anchor for the endothelium via interaction of laminin and 

other matrix proteins with endothelial integrin receptors (Hynes, 1992; Hawkins and 

Davis, 2005).  Increased BBB permeability during pathological states has also been 

strongly correlated with disruptions of the extracellular matrix (Rosenberg et al., 1992; 

Rosenberg et al., 1993).  It has also been suggested that intracellular signaling is 
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stimulated by cell-matrix interactions and that matrix proteins can also influence the 

expression of TJ proteins (Tilling et al., 1998; Savettieri et al., 2000), indicating that the 

proteins of the basal lamina are intimately involved with endothelial cell TJs in 

maintaining the restrictive nature of the BBB (Hawkins and Davis, 2005).  

Of particular interest are the multiple interactions and molecular mediators that 

involve astrocytes, microglia, and endothelial cell signaling under pathological 

conditions.  Astroglial-endothelial signaling during pathophysiological states, such as 

inflammation or stroke, can lead to BBB opening and dysfunction (Abbott et al., 2006).  

In response to brain trauma, bradykinin is produced and acts on endothelial and astroglial 

bradykinin B2 receptors to trigger increased intracellular Ca2+ concentrations 

(Schwaninger et al., 1999).  Other mediators including substance P, serotonin, and 

histamine, act on astrocytes to form ATP and prostaglandins which regulate vascular tone 

and endothelial permeability (Abbott et al., 2006).  Moreover, infections of the brain can 

also stimulate the release of inflammatory mediators such as tumour necrosis factor-α 

(TNF-α), interleukin-1β, and reactive oxygen species (ROS) which also act to open the 

BBB (Huber et al., 2001b; Didier et al., 2003; Banks, 2005).  As a consequence, 

disruptions of the BBB allow for excitotoxin release and ion shifts from the blood to the 

brain extracellular space.  Furthermore, upregulation of aquaporin 4 occurs on the 

astroglial endfeet and contributes to cell swelling and subsequent neuronal cell death 

(Abbott et al., 2006).  These processes implicate the neurovascular unit in the intricate 

intercellular communications that occur in response to brain trauma and injury.  While 

once thought of as a static structure, it is now understood that the BBB is a dynamic and 
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tightly regulated barrier during physiological and pathophysiological states through the 

modulation of multiple components of the neurovascular unit.  

  

3.2   Physiology and pathophysiology of BBB proteins 

At the junctional complex of the cerebral microvasculature, the interendothelial 

space is characterized by the presence of adherens junctions (AJ) and tight junctions (TJ) 

(Schulze and Firth, 1993; Kniesel and Wolburg, 2000).  The AJ and TJ are formed by 

transmembrane proteins that are linked to specific intracellular proteins which anchor to 

the actin cytoskeleton and assist in stabilizing the junctions between endothelial cells 

(Bazzoni and Dejana, 2004).  The primary function of AJ and TJ is to restrict paracellular 

permeability across the endothelium (Bazzoni and Dejana, 2004).   

AJ are ubiquitously expressed in the vasculature and are formed by transmembrane 

adhesion proteins of the cadherin family which mediate adhesion of endothelial cells to 

one another (Bazzoni and Dejana, 2004; Hawkins and Davis, 2005).  In addition, AJ 

participate in contact inhibition during vascular growth and remodeling, initiate cell 

polarity, and may in part have a role in the regulation of paracellular permeability (Brown 

and Davis, 2002; Bazzoni and Dejana, 2004; Hawkins and Davis, 2005).  Vascular 

endothelial (VE)-cadherin is the predominant cadherin expressed at the AJ and is a Ca2+-

regulated protein that mediates intercellular adhesion via homophilic interactions 

between the extracellular domains of proteins expressed in adjacent tails (Vincent et al., 

2004; Hawkins and Davis, 2005).  The cytoplasmic tail of VE-cadherin binds to β-catenin 

and plakoglobin which links to α-catenin, α-actinin, and vinculin to the actin cytoskeleton 
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to stabilize the AJ (Knudsen et al., 1995; Lampugnani et al., 1995; Watabe-Uchida et al., 

1998; Hawkins and Davis, 2005). 

  Much like the AJ, TJ are also composed of transmembrane proteins that form the 

primary seal through associations with accessory proteins that link to the actin 

cytoskeleton resulting in resticted paracellular permeability and high electrical resistance 

(Huber et al., 2001a).  TJ span the apical region of the intercellular cleft of both epithelial 

and endothelial barrier tissues and function as a protective barrier to limit paracellular 

movement of solutes between cells as well differentiating between the apical and 

basolateral cell membrane constituents (Vorbrodt and Dobrogowska, 2003).   

 

BBB tight junction proteins  

 At the BBB, TJ are composed of both transmembrane and intracellular molecules 

which include junctional adhesion molecule (JAM)-1, occludin, and the claudins.  In 

subsequent sections, key features of the TJ proteins are highlighted (see Figure 3.2). 

 

Integral transmembrane proteins 

Junctional adhesion molecule (JAM)-1 is a 36-41-kDa member of the IgG 

superfamily and is composed of a single transmembrane region and a cytoplasmic tail 

(Martin-Padura et al., 1998).  JAM-1 has been shown to interact with the guanylate 

kinase domain of occludin, the PDZ (protein-protein interaction modules that recognize 

motifs of three amino acids at the C-terminal of transmembrane proteins) domain of ZO-

1, and the amino-terminal of cingulin (Bazzoni et al., 2000).  JAM is believed to mediate 
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homophilic and possibly heterophilic interactions in the TJ region and is thought to be 

involved in TJ organization (Dejana et al., 2000) and mediation of leukocyte 

extravasation (Martin-Padura et al., 1998; Palmeri et al., 2000).  Moreover, recent studies 

suggest that a cell polarity protein (PAR-3) is directly associated with JAM and together 

with atypical protein kinase C (PKC) is believed to mediate TJ formation (Ebnet et al., 

2003).   To date, JAM-1 has been the most extensively studied isoform though four 

distinct JAMs (JAM-1, 2, 3, 4) have been identified (Palmeri et al., 2000; Aurrand-Lions 

et al., 2001; Hirabayashi et al., 2003) and unlike JAM-1, JAM-2, -3, and -4 are found in 

endothelial cell-associated TJ and not in epithelial cells. 

Occludin is a 65-kDa protein that is ubiquitously expressed with four transmembrane 

domains and both the amino and carboxy termini are intracellularly oriented while the 

extracellular loops span the intercellular cleft (Balda et al., 2000).  Occludin was the first 

transmembrane constituent to be identified and its expression correlates with barrier 

function (Furuse et al., 1993).  The cytoplasmic C-terminal domain of occludin forms a 

complex with ZO-1, ZO-2, and ZO-3, which is associated with the actin cytoskeleton 

(Furuse et al., 1994; Fanning et al., 1998).  In addition, tyrosine and glycine residues are 

abundantly localized in the first loop which suggests a role for this domain in cell-cell 

adhesion (Ando-Akatsuka et al., 1996).  Interestingly, even knockout studies showed the 

development of normal tight junction strands indicating that it was not essential for 

formation of the TJ (Saitou et al., 2000).  Moreover, decreased occludin expression has 

also been associated with disrupted BBB function in several disease states linked to 

components of stroke and inflammation (Huber et al., 2002; Brown and Davis, 2005).  
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Furthermore, occludin interacts with a variety of structural proteins at the TJ and has 

multiple sites for phosphorylation which may regulate a wide array of signaling 

pathways.  Thus, it is evident that the role of occludin is more complex than originally 

proposed (Sakakibara et al., 1997; Wong, 1997; Tsukamoto and Nigam, 1999). 

Claudins are 20- to 24-kDa proteins that have similar membrane topography to 

occludin with no sequence homology (Furuse et al., 1998).  In addition, claudins are 

believed to be essential components for the formation of TJ due to their homophilic and 

heterophilic binding to adjacent cells (Furuse et al., 1998; Furuse et al., 1999).  Twenty 

four claudins have been identified to date, however only claudin-1, -3, -5, and -15 have 

been detected in mammalian endothelial cells with reports indicating claudin-3 and -5 are 

expressed in brain capillary endothelial cells (Morita et al., 1999; Liebner et al., 2000; 

Lippoldt et al., 2000b; Wolburg et al., 2003).  A recent investigation suggests that 

claudin-5 may be important for vessel permeability and angiogenesis through a promoter 

function involved in pro-matrix metalloproteinase (MMP)-2 activation by membrane-

type MMP (Miyamori et al., 2001).  Specific knockout models demonstrate a critical role 

for claudins in the formation of TJs (Gow et al., 1999).   

 

Cytoplasmic proteins 

 There are several cytoplasmic accessory proteins associated with transmembrane 

components of the TJ.  The zonula occludens (ZO) proteins are members of the 

membrane-associated guanylate kinase-like (MAGUK) homolog family.  MAGUK 

proteins are likely involved in intracellular signaling (Anderson et al., 1993) and are 
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characterized by multiple postsynaptic density protein-95/discs-large/ZO-1 (PDZ) 

binding domains, a Src homolog-3 domain (SH3), and a guanylate kinase-like domain 

that enable multiple protein-protein interactions (Hawkins and Davis, 2005).  Both the 

PDZ and the SH3 domains are essential for linkage to the actin cytoskeleton (Fanning et 

al., 1998) which is likely critical for stability and function of the TJ.  Furthermore, the 

PDZ domains of the ZO proteins have been shown to bind directly to the C-terminals of 

several claudins (Itoh et al., 1999) and occludin (Furuse et al., 1994; Fanning et al., 

1998).     

The first TJ-associated protein identified was ZO-1, a 210-225 kDa protein 

(Stevenson et al., 1986) present in both epithelial (Stevenson et al., 1986) and endothelial 

cells (Rubin et al., 1991; Rubin, 1992).  Years later, ZO-2 (160 kDa) and ZO-3 (130 kDa) 

were also identified (Jesaitis and Goodenough, 1994; Haskins et al., 1998) and are found 

to interact with ZO-1 by forming heterodimeric complexes with one another via the PDZ 

motifs (Haskins et al., 1998).  Additionally, ZO-1 has been shown to associate with ZO-2 

and has been found in brain endothelial cells (Gumbiner et al., 1991; Schulze et al., 

1997).  Dissociation of ZO-1 from the junctional complex has been linked to increased 

permeability during conditions associated with stroke (Abbruscato et al., 2002; Fischer et 

al., 2002; Mark and Davis, 2002).  Furthermore, ZO-1 localization to the nucleus has 

been observed during conditions of proliferation and injury (Gottardi et al., 1996), in 

response to nicotine (Hawkins et al., 2004), and following Ca2+ depletion (Riesen et al., 

2002), in addition to colocalization with transcription factors (Balda and Matter, 2000) 

and G-proteins (Meyer et al., 2002). 



    
 
 
  54
 
 

 

ZO-2 is a 160 kDa phosphoprotein with high sequence homology to ZO-1 that 

binds to the structural components of the TJ, signaling molecules (Betanzos et al., 2004; 

Jaramillo et al., 2004), and localizes into the nucleus during stress and proliferation (Islas 

et al., 2002; Traweger et al., 2003).  Although less is known about the functional role of 

ZO-2, the localization of ZO-2 has been shown at cell-cell contacts in cultured brain 

microvessel endothelial cells (Mark and Davis, 2002) and appears to be diffusely 

distributed throughout the endothelial cells of cerebral microvessels (Hawkins et al., 

2004).  ZO-3, a 130 kDa homolog has been found in some tissues containing TJ but not 

at the BBB (Inoko et al., 2003; Hawkins and Davis, 2005).  Furthermore, other proteins 

lacking the PDZ domain have been recruited to the TJ, including cingulin (140-160 kDa) 

(Citi et al., 1989) and 7H6 antigen (155 kDa) (Zhong et al., 1993).  Cingulin is 

structurally similar to myosin and has been shown to interact with ZO-1, suggesting a 

probable interaction with actin filaments (Cordenonsi et al., 1999).  7H6 is a 

phosphoprotein which is thought to play an important role in regulating paracellular 

barrier function in both endothelial and epithelial cells (Satoh et al., 1996).  Thus, there 

are multiple roles for TJ-associated cytoplasmic proteins in regulating structure and 

function through a variety of signaling interactions. 
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Figure 3.2  Illustration of the types of proteins expressed at the BBB.  Each of the 
structures represented in this illustration have been demonstrated or are potentially 
modified during ischemic stroke.  Source: (Fleegal et al., 2005b).    
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BBB ion transporters NHE-1 and NKCC1 

Brain microvessel endothelial cell expression of transporters and channels is 

important for maintaining BBB structure and function.  Specifically, these proteins are 

responsible for regulating transcellular transport across the BBB and many have distinct 

localization to either the luminal or abluminal portion of the endothelial cell.  Because 

transcellular diffusion is largely dependent on the molecular size and lipophilicity of a 

compound (Buchwald and Bodor, 1998), the BBB is composed of a wide array of 

transporters and channels to regulate the ion gradients, enable nutrient delivery, and 

removal or protection from metabolic toxins to ensure proper neuronal function.  Thus, 

the activities of these transporters and channels are tightly regulated to ensure that 

physiological and metabolic brain homeostasis remains intact (Fleegal et al., 2005b).   

The BBB regulates ion gradients through a combination of ion channels, ion 

exchangers, ion co-transporters, and energy-dependent transporters (Betz, 1986).  In 

addition, nutrients such as glucose and amino acids cross the BBB via sodium-dependent 

or –independent facilitated diffusion (Hargreaves and Pardridge, 1988; Miller et al., 

1994; Allen and Smith, 2001).  Active transport out of the brain occurs through the 

actions of efflux transporters localized at the BBB, including P-glycoprotein (Pgp), 

members of the multi-drug resistance-associated protein (MRP) family, and organic 

anion transporting polypeptide (Oatp) (Huai-Yun et al., 1998; Gao et al., 1999).  Because 

paracellular diffusion between endothelial cells is limited by the presence of TJ 

complexes, transport via this route generally indicates a perturbation of cerebral 

endothelial cell TJs (see Figure 3.2).  For the remainder of this section, we will focus our 
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discussion on the Na+/H+ exchanger (NHE) and the Na+/K+/2Cl- (NKCC1) cotransporter 

which are important for regulating ion homeostasis, cellular acidosis, and fluid and 

volume balance in the brain.  Dysregulation of these ion transporters has often been 

associated with cell swelling and edema formation that may lead to necrotic tissue injury 

following brain trauma or stroke.    

 

NHE-1 

The NHE (~87-91 kDa) is a ubiquitous, integral membrane protein which 

exchanges one intracellular H+ ion for an extracellular Na+ ion, thereby protecting cells 

from intracellular acidification and participating in the regulation of sodium fluxes and 

cell volume (Fliegel, 2005).  To date, nine isoforms of the NHE have been identified with 

the first originally cloned in 1989 (NHE-1) (Sardet et al., 1989).  NHE-1 has been 

reported to reside in the plasma membrane on the abluminal side of the cerebral 

microvasculature (Betz, 1983; Cornford and Hyman, 2005), however there is some 

controversy as to whether NHE-1 localizes to the luminal or abluminal side of the BBB 

cells (Ennis et al., 1996; Tran et al., 2004).  Structurally, it contains 815 amino acids 

which are arranged in two domains, an integral membrane domain and a cytosolic tail 

(Figure 3.3) (Fliegel, 2005).  The C-terminal domain is the primary site of regulation of 

NHE-1 function that contains binding sites for a number of proteins and lipid mediators 

and exhibits considerable sequence variation between species (Pedersen et al., 2006).  

Some of these examples that bind and interact with the C-terminal domain include the 

plasma membrane-cytoskeleton linker ezrin (ezrin/radixin/moesin protein family), 
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calcineurin homolog protein (CHP), protein phosphatase I (PP1), calmodulin, carbonic 

anhydrase II (CAII), phospholipid phosphatidyl-inositol(4,5)bisphosphate (PIP2) as well 

as multiple protein kinase consensus sites (Putney et al., 2002; Orlowski and Grinstein, 

2004; Pedersen and Cala, 2004; Misik et al., 2005).  In addition, the N-terminal integral 

membrane domain of the NHE is responsible for cation movement and contains 12 

integral membrane segments which are important in the function of this protein (Fliegel, 

2005).  NHE is also known to be sensitive to inhibition by amiloride derivatives 

(Orlowski and Grinstein, 2003).     

The activity of the NHE is stimulated by a variety of factors, most notably are 

alterations in cell volume and acidic intracellular pH (Orlowski and Grinstein, 2004; 

Pedersen, 2006).  In addition, other roles for NHE-1 have been described which may in 

some cases be unrelated to ion transport that include stimulation by hormones, growth 

factors, and modulation of cell morphology, migration, and invasion (Putney et al., 2002; 

Orlowski and Grinstein, 2004; Pedersen et al., 2006).  NHE-1 has also been reported to 

be involved in cell growth and differentiation and plays an important role in myocardial 

damage during ischemia and reperfusion (Fliegel, 2005; Pedersen, 2006).  Much of the 

research on the role of this exchanger in ischemia/reperfusion is targeted towards 

myocardial damage.  However, a number of inhibitors of the NHE are also being 

investigated in the brain which may prove useful in the clinical treatment or prevention of 

ischemia-induced injury (Masereel et al., 2003).  NHE-1 regulation has also been 

explored in knockouts which resulted in a variety of abnormalities including locomotor 

disorders, retardations in growth, abnormal membrane excitotoxicity and Na+ 
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permeability of hippocampal CA1 neurons, and early mortality (Bell et al., 1999; Gu et 

al., 2001).  In contrast, these knockouts exhibited significant protection from ischemic 

damage in both the heart and the brain, suggesting that to some extent, the absence or 

downregulation of NHE-1 activity is neuroprotective in stroke (Vornov et al., 1996; 

Wang et al., 2003).  Furthermore, selective inhibition of NHE-1 blocked endothelial cell 

injury and prevented disruption of the BBB, indicating that the protective effects of NHE 

inhibition may be partially due to maintaining BBB function (Horikawa et al., 2001a).       

 

NKCC1 

 The Na+/K+/2Cl- cotransporter (NKCC1) is expressed in the majority of cell types 

however the cloned isoform, NKCC2, is restricted to the kidney (Russell, 2000).  NKCC1 

is usually found on the basolateral membrane of secretory epithelial cells (Russell, 2000) 

with the exception of microvascular endothelial cells of the BBB.  In this case, NKCC1 is 

located in the apical (luminal) membrane and secretion of Na+ and Cl- occurs from the 

blood into the brain in an apical to basolateral fashion (O'Donnell et al., 2004).  

Structurally, NKCC1 (130 kDa) contains approximately 1,200 amino acids and has 12 

central transmembrane domains and cytosolic N- and C-terminal regions with two 

glycosylation sites in the fourth extracellular loop (Gerelsaikhan and Turner, 2000; Haas 

and Forbush, 2000; Russell, 2000).  In addition, NKCC1 is believed to form homodimers 

(Moore-Hoon and Turner, 2000) and both the cytosolic N- and C-terminal domains 

contain protein kinase consensus sites while the N-terminal has been shown to bind PP1 
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(Darman et al., 2001) and the stress-related kinase, ste20-related proline- and alanine-rich 

kinase (SPAK) (Piechotta et al., 2002).   

 The activity of NKCC1 is stimulated by a wide array of hormones and growth 

factors, osmotic shrinkage (Lytle, 1997), laminar stress (Suvatne et al., 2001), and 

hypoxia (Muzyamba et al., 1999), and nicotine (Abbruscato et al., 2002; Abbruscato et 

al., 2004).  Whereas NHE-1 activity is stimulated with acidic intracellular pH, NKCC1 is 

inhibited at intracellular pH levels below 7.0 (Paris and Pouyssegur, 1986; Russell, 

2000).  NKCC1 plays important roles in the regulation of intracellular calcium, epithelial 

Cl- secretion, and cell volume (Russell, 2000).  Additionally, NKCC1 is stimulated by 

osmotic shrinkage in most cell types (Russell, 2000).  In the case of the BBB, NKCC1 is 

believed to secrete NaCl from blood into the brain.  Furthermore, there are several lines 

of evidence that suggest increased NKCC1 activity in the BBB contributes to cerebral 

edema formation in ischemia (O'Donnell et al., 2004; Foroutan et al., 2005; O'Donnell et 

al., 2005).  Similar to the findings reported with knockouts of NHE-1 (Pedersen et al., 

2006), NKCC1 knockout mice have been shown to exhibit signs of deafness, motor 

imbalance, and decreased Cl- secretion in the intestine and trachea (Delpire et al., 1999; 

Flagella et al., 1999), as well as attenuated brain damage associated with stroke (Chen et 

al., 2005).  Interestingly, selective inhibition with bumetanide treatment at the BBB 

demonstrated that NKCC1 was localized in the luminal membrane and that its inhibition 

attenuated edema formation and infarct volume following focal cerebral ischemia 

(O'Donnell et al., 2004).   
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There are several reports that suggest the increased NKCC1 activity involved in 

the regulation of cell volume and ion homeostasis in brain endothelial cells as a result of 

ischemia are likely mediated in a Ca2+- and PKC-dependent manner via increased 

phosphorylation (O'Donnell et al., 2005; Pedersen et al., 2006).  Moreover, ketoacids 

have been reported to induce NKCC1 activation and subsequent release of endothelin-1 

(ET-1) resulting in increased intracellular Ca2+ levels in brain microvascular endothelial 

cells which may be important in the cerebral edema formation associated with diabetic 

ketoacidosis (Lam et al., 2005).  Furthermore, cytokine activity has been associated with 

ischemic brain damage and increased NKCC1 activity.  For example, interleukin-6 (IL-6) 

released by astrocytes reportedly activated NKCC1 in brain endothelial cells and the 

immunosuppressant actions of FK506, not only blocked IL-6 upregulation in astrocytes 

and microglia but attenuated infarct volume in rats following MCAO (Zawadzka and 

Kaminska, 2005).  These studies suggest an important role for increased NKCC1 activity 

in the formation of edema and potential interactions with mediators of brain injury 

associated with stroke.       
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Figure 3.3   Basic structure of Na+/H+ exchanger isoform 1 (NHE-1).  The topology of 
the protein and major regions important in regulation are illustrated.  PI(4,5)P2, 
phosphatidylinositol(4,5)bisphosphate; CAII, carbonic anhydrase II; PP1, protein 
phosphatase 1; CaM, calmodulin; calcineurin homolog protein (CHP).  Illustration was 
adapted from (Slepkov and Fliegel, 2002; Pedersen et al., 2006).     
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Protein kinase C isozymes 

 Regulation of the BBB likely involves the modulation of TJ proteins through 

post-translational modification (phosphorylation) as well as alterations in TJ protein 

expression and localization (Krizbai and Deli, 2003).  There are several signaling 

mechanisms and molecules that are involved in mediating these responses which include 

cAMP, cGMP, Ca2+, tyrosine kinases, small G-proteins, mitogen-activated protein 

kinases (MAPK), nitric oxide (NO) and protein kinase C (PKC) (Krizbai and Deli, 2003).   

 PKC is an enzyme which phosphorylates serine and threonine residues on 

numerous target proteins.  Phosphorylation of PKC confers conformational changes and 

stability while dephosphorylation leads to degradation (Stuart and Nigam, 1995).  At 

present, there are eleven known isoforms of PKC that all possess a phospholipid-binding 

domain for membrane interaction which are further classified into three groups differing 

in enzyme cofactor requirements (Fleegal et al., 2005a).  Conventional isoforms (PKC-α, 

PKC-βI, PKC-βII, and PKC-γ) require calcium and diacylglycerol (DAG) and activation 

of conventional PKC isozymes involves translocation from the cytosol to the cell 

membrane by binding to phosphotidylserine which is facilitated by increased intracellular 

calcium and DAG.  Novel isoforms (PKC-δ, PKC-ε, PKC-θ, and PKC-η) are calcium-

independent but require DAG, while atypical isoforms (PKC-λ and PKC-ζ) do not require 

DAG.  Finally, PKC-µ is usually classified as a novel PKC as it is calcium-independent 

however it is unclear whether DAG or other phospholipids stimulate its activity (Jaken, 

1996; Hofmann, 1997).  The protein expression of the eleven PKC isozymes has been 

demonstrated in rat BBB endothelial cells in culture as well as in rat cerebral 
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microvessels with the exception of atypical PKC-λ (Fleegal et al., 2005a), suggesting an 

important role for PKC in regulating cellular functions at the BBB.   

 Recently, several studies have demonstrated the importance of PKC in regulating 

the function of TJ at the BBB.  Previous reports demonstrate that PKC phosphorylation 

of occludin at the Ser/Thr residues controls localization of the protein, while 

phosphorylation of Tyr residues on occludin may target this protein for degradation 

leading to increases in cellular permeability (Andreeva et al., 2001; Rao et al., 2002; 

Krizbai and Deli, 2003).  In addition, phosphorylation of occludin is believed to influence 

its interactions with TJ-associated cytoplasmic proteins, ZO-1, ZO-2, and ZO-3 (Kale et 

al., 2003).  Furthermore, there is also evidence suggesting both increased phosphorylation 

of TJ proteins and increased permeability occur in kidney (Madin-Darby canine kidney, 

MDCK) and brain (bovine brain microvessel endothelial cells, BBMEC) endothelial cell 

models (Hirase et al., 1997; Tsukamoto and Nigam, 1999); Fleegal, 2005 #262}.   

Several studies have also suggested that PKC-α is important in regulating cell 

permeability following ischemia and inflammatory stimulation while others suggest a 

prominent role for PKC-β in modulating endothelial cell permeability (Yuan, 2002).  In 

addition to potential roles for PKC in ischemia and inflammation, there are also reports 

suggesting that PKC may be linked to NHE-1 activation.  For example, PKC-α has been 

implicated in the induction of NHE-1 activation in fibroblasts (Maly et al., 2002) and 

renal proximal tubule epithelial cells (Liu and Gesek, 2001) in culture.  Furthermore, it 

has also been suggested that in essential hypertension, enhanced external Ca2+ entry 

stimulates NHE-1 through protein kinase/phosphatase and Ca2+/calmodulin systems, 
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thereby increasing NHE-1 activity (Aviv, 1996).  Thus PKC has the potential for multiple 

levels of regulation and that the differences in PKC isoforms mediate their unique actions 

on different cellular processes. 

 

3.3   Potential interactions between ischemic stroke, hypertension and the BBB 

In the previous chapters, I have attempted to present a general understanding of the 

physiological and pathophysiological nature of how cerebral ischemia, hypertension, and 

the BBB, are all potentially linked via multiple interactions that may be involved in 

exacerbating necrotic injury.  In subsequent chapters I will attempt to integrate our 

current understanding of these principles with new findings in animal models of disease 

to provide a more comprehensive approach to how the brain responds to cerebrovascular 

pathology.  A schematic of the potential interactions of ischemia, hypertension, and the 

BBB are summarized in Figure 3.4.   
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Figure 3.4  Potential interactions between stroke, hypertension and the BBB.  
Schematic summary of the potential interactions between ischemic stroke and the edema 
formation that subsequently leads to cerebral infarction (solid arrows) and how 
hypertension, a leading risk factor for stroke, may lead to altered BBB permeability, 
endothelial transport, and cytoskeletal properties (TJ) (dotted arrows).  
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CHAPTER 4:  OVERVIEW, HYPOTHESIS, AND SPECIFIC AIMS OF THE 

PRESENT STUDY 

  

The overall hypothesis of this dissertation is that hypertension leads to 

molecular changes in the BBB which predispose the brain to increased cerebral 

infarct damage following ischemic stroke.  Specifically, BBB tight junction (TJ), ion 

transporter, and protein kinase C (PKC) isozymes expressed at the cerebral capillary 

endothelium act as modulators of blood-brain barrier integrity and are altered during 

hypertension development, thereby contributing to increased cerebral infarction and/or 

edema associated with ischemic stroke.  To address this hypothesis, spontaneously 

hypertensive rats (SHR) and normotensive Wistar-Kyoto rats (WKY) were compared at 

5, 10, and 15 weeks of age.  A brief physiological characterization of this model system 

is presented in Chapter 6.  The specific aims were:  (1) to investigate the effect of 

hypertension development on physiological parameters of the SHR and to characterize 

the expression levels of BBB TJ, ion transporter, and PKC signaling pathway proteins 

potentially involved in ischemia-induced infarct damage during hypertension 

development; (2) to investigate the effect of hypertension on ischemia-induced infarct 

volume following permanent middle cerebral artery occlusion (MCAO); (3) to investigate 

the effect of NHE-1 inhibition on ischemia-induced infarct volume following permanent 

MCAO in hypertensive SHR (15 weeks). 
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Specific Aim 1:  Characterize the effect of hypertension development on 

physiological parameters of the SHR and expression levels of BBB tight junction, 

ion transporter, and protein kinase C (PKC) signaling pathway proteins potentially 

involved in ischemia-induced infarct damage.  

Hypertension, a leading risk factor for vascular disease, is known to play an 

important role in the pathogenesis of stroke.  Clinically, is has been widely known that 

hypertension increases the occurrence and severity of ischemic stroke (Li et al., 2005b; 

Liu et al., 2005) with cerebral infarct damage more frequently reported in hypertensive 

individuals than for those with normal blood pressure (Kannel et al., 1970; Stokes et al., 

1989; Sacco et al., 1991; Barone et al., 1992).  Sharing many characteristics of human 

hypertension is an animal model of chronic hypertension, the SHR, which was developed 

by systematic inbreeding of the WKY rat strain resulting in physiologically elevated 

blood pressures (Okamoto and Aoki, 1963; Barone et al., 1992).  Since SHR generally 

appear to be more sensitive to cerebral ischemia, this strain was selected to help 

understand the role of hypertension in the cerebral microvasculature following ischemic 

stroke.    

 While changes in the cerebral vasculature have been linked to infarct size 

following stroke, much of the research focuses on the cellular mechanisms associated 

with neuronal damage.  Recent research implicates blood-brain barrier (BBB) integrity as 

a leading factor in the clinical outcome of stroke patients (Ayata and Ropper, 2002).  

Moreover, ischemia has been linked to alterations in BBB permeability and vasogenic 

edema formation, thereby contributing to neurological damage.  The brain microvessels 
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forming the BBB are lined with specialized endothelial cells that intricately interact with 

astroglia, pericytes, and neurons to form a neurovascular unit which is essential for 

maintaining brain homeostasis and proper neuronal function (Lo et al., 2004; Hawkins 

and Davis, 2005).  It is unclear what role hypertension, a pathophysiological stressor, has 

on the cerebral microvascular endothelium and whether it modulates BBB proteins 

during development and to what degree.  Furthermore, little is understood about whether 

molecular components of the BBB such as the TJ, ion transporters, and PKC isozymes 

which are important for maintaining proper neuronal function, are altered during states of 

hypertension development.   

 To address this specific aim, SHR and WKY were monitored daily during 

development from age 4-25 weeks.  Blood pressures were measured and profiled during 

this developmental period to determine at what age SHR would exhibit hypertension.  

From this profile, groups were selected to represent pre-hypertension (5 week), early 

stage hypertension (10 week), and later stage hypertension (15 week).  All other 

physiological measurements were based on these three age groups.  In addition, the 

expression of the TJ-associated proteins (occludin, claudin-5, actin, ZO-1/-2), ion 

transporter proteins (NKCC1 and NHE-1), and PKC isozymes (Ca2+-dependent: PKC-α, 

PKC-βI, PKC-βII, and PKC-γ) in cerebral microvessels from 5, 10, and 15 week SHR 

were compared to age-matched normotensive WKY controls using Western blot analysis.  

These studies are presented in Chapter 6.         
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Specific Aim 2:  Investigate the effect of hypertension on ischemia-induced infarct 

volume following permanent middle cerebral artery occlusion (MCAO). 

Several groups have shown that SHR exhibit more severe neurological deficits 

than normotensive animals following permanent focal cerebral ischemia (Grabowski et 

al., 1988; Barone et al., 1992).  In addition, SHR demonstrate diffuse and extensive 

cerebral infarct damage with increased frequency compared to normotensive WKY strain 

controls following ischemic insult (Coyle, 1986; Duverger and MacKenzie, 1988; 

Grabowski et al., 1988; Barone et al., 1992).  Unlike stroke-prone SHR, the SHR does 

not exhibit spontaneous stroke and for that reason, MCAO was performed to induce 

stroke.  Although models of rat focal ischemia are variable and depend on strain and 

surgical procedures, MCAO performed on rats are useful approximations of the ischemic 

hemispheric infarctions that occur in humans (Barone et al., 1992).  While both SHR and 

hypertensive patients appear to be more sensitive to cerebral ischemia, it remains unclear 

why elevated blood pressures are linked to increased cerebral infarct damage in both 

humans and animal models of hypertension. 

  To address this specific aim, ischemia-induced cerebral infarct volume was 

assessed by permanent 4 hr MCAO in 5, 10, and 15 week old SHR compared to age-

matched WKY control rats.  This technique allows for a relatively non-invasive small-

animal model of regional cerebral ischemia in rats without craniectomy and induces 

infarction in the territory of the left middle cerebral artery by extracranial vascular 

occlusion (Zea Longa et al., 1989).  This study is presented in Chapter 7.     
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Specific Aim 3:  Investigate the effect of inhibition of NHE-1 on ischemia-induced 

infarct volume following permanent MCAO in hypertensive SHR (15 weeks). 

 Previously, several other groups have reported an increase in ischemia-induced 

infarct size in SHR following MCAO, suggesting a correlation between 

pathophysiological brain injury and hypertension development (Coyle, 1986; Duverger 

and MacKenzie, 1988; Barone et al., 1992).  What is less clear is the role that 

hypertension has on BBB transporter and regulatory proteins and what effect these 

proteins have on ischemia-induced infarct damage.  There are a number of BBB proteins 

with transporter and regulatory functions.  In this investigation, we have previously 

characterized the expression levels of five BBB TJ proteins, four PKC isozymes, and two 

ion transporters believed to be involved in edema formation and BBB breakdown 

following ischemic injury.  Interestingly, this study showed a marked increase in the 

expression of the ubiquitous NHE-1 in the 15 week old hypertensive SHR compared to 

age-matched controls, suggesting a possible role for this exchanger at the BBB.  Recent 

reports have demonstrated that inhibitors of NHE have protective effects against 

excitotoxicity in cultured cortical neurons (Matsumoto et al., 2004), cerebral ischemia 

infarct volume (Kitayama et al., 2001), brain injury in neonatal mice following insult to 

hypoxia ischemia (Kendall et al., 2006).  Thus, it is possible that the effect of 

hypertension on ischemia-induced infarct damage in SHR may also be mediated by the 

NHE-1 expressed on the endothelium of the BBB and inhibition of this exchanger may 

result in functional neuroprotection of the cerebral microvasculature.  This would present 

a pathway for modulation of the BBB and a potential therapeutic target. 
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Based on the results we obtained from our current study in which we showed an 

association between increased NHE-1 expression and increased ischemia-induced infarct 

volume in hypertensive SHR (see Chapters 6 and 7), the role of NHE-1 was further 

characterized by investigating the effect of NHE-1 inhibition on ischemia-induced infarct 

volume in hypertensive SHR (15 weeks) compared to normotensive, age-matched 

controls.  To address this specific aim, the functional inhibition of NHE-1 on ischemia-

induced infarct volume was investigated by intracerebroventricular (i.c.v.) administration 

of 5-(N,N-Dimethyl)amiloride hydrochloride (DMA), a selective inhibitor.  This 

investigation examined the effect of the inhibitor on ischemia-induced infarct volume on 

15 week SHR compared to normotensive WKY controls following sham or permanent 4 

hr MCAO in four study groups.  This study is presented in Chapter 8.  Finally, an 

integrated discussion of these studies is presented in Chapter 9.   
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CHAPTER 5:  EXPERIMENTAL METHODS 

 

5.1   Materials 

The protease inhibitor (Complete Mini tablet/10 mL) used in all buffers was 

purchased from Roche Biochemicals (St. Louis, MO, USA).  Nitrocellulose and Tris-HCl 

Criterion gels were purchased from BioRad Laboratories (Hercules, CA, USA).  Western 

Lightning Chemiluminescence Reagent Plus was purchased from NEN/Perkin Elmer Life 

Sciences (Boston, MA, USA).  Mouse anti-claudin-5, rabbit anti-occludin, rabbit anti-

ZO-1/-2 and anti-mouse peroxidase conjugated secondary antibody (used only with T4 

antibody) were purchased from Zymed Laboratories, Inc. (South San Francisco, CA, 

USA).  Mouse anti-actin was purchased from Sigma (St. Louis, MO, USA).  Mouse anti-

NHE-1 was purchased from BD Transduction Laboratories (San Jose, CA, USA).  T4 

monoclonal antibody (recognizes the Na-K-2Cl isoform-1 cotransporter protein; NKCC1) 

was obtained from the University of Iowa Developmental Studies Hybridoma Bank 

(Iowa City, IA, USA).  Rabbit anti-PKCα, rabbit anti-PKCβI, rabbit anti-PKCβII, and 

rabbit anti-PKCγ were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA).  

Anti-mouse and anti-rabbit peroxidase conjugated secondary antibodies for all tight 

junction and ion transporter proteins were obtained from Amersham Biosciences Corp. 

(Piscataway, NJ, USA).  Anti-rabbit peroxidase conjugated secondary antibody for PKC 

isozymes were purchased from Sigma (St. Louis, MO, USA).  All other chemicals and 

supplies were purchased from Sigma (St. Louis, MO, USA). 
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5.2   Animals and treaments 

 All of the following experimental protocols used in this study were approved by 

the University of Arizona Institutional Animal Care and Use Committee (IACUC) and 

abide by NIH guidelines.  Male Wistar-Kyoto (WKY) and spontaneously hypertensive 

rats (SHR) were purchased from Taconic Farms (Germantown, NY, USA) and housed 

under standard 12 hr light-dark conditions and received food and water ad libitum.  All 

rats were handled frequently/daily for one week prior to entering the experimental 

protocol to minimize stress and ensure consistency.  Because hypertension development 

in SHR is dependent on age rather than size, we matched age rather than weight in our 

experimental paradigm to control for the weight-based strain variations.  The treatment 

groups investigated consisted of comparing normotensive (WKY) versus hypertensive 

(SHR) age-matched strains at 5 (pre-hypertension), 10 (early stage hypertension), and 15 

(later stage hypertension) weeks of age.  The study groups were subjected to either sham 

or permanent 4 hr MCAO or cerebral microvessel protein was isolated for Western blot 

analyses.     

 

5.3   Non-invasive blood pressure measurements 

 Blood pressure measurements were taken using a non-invasive tail cuff blood 

pressure system following acclimation and stabilization in the restrainer (NIBP-1; 

Columbus Instruments, Columbus, OH, USA).  Once restrained, the conscious rat was 

placed under the tail warmer to dilate arterial vessels in the tail to obtain a sufficient pulse 
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wave for measurement.  Systolic, diastolic, mean blood pressures (SBP, DBP, MBP, 

respectively), and heart rate were recorded for each rat four times and averaged.  

 

5.4   Femoral artery cannulation for blood gas/chemistry measurements 

 Rats were anesthetized with an intramuscular (i.m.) injection of rat cocktail (1 

ml/kg) composed of acepromazine (0.6 mg/ml), ketamine (78.3 mg/ml), and xylazine (3.1 

mg/ml).  Blood gas and chemistry measurements were performed on blood collected 

from the right femoral artery.  Measurements of pO2, pCO2, hematocrit (HCT), ion 

concentration (Na+, K+, Cl-, Ca2+), O2 saturation, and pH were performed.  Briefly, the 

right femoral artery was surgically exposed and cannulated using a heparinized micro-

cannula.  The catheter was flushed and an arterial blood sample was drawn (~100 µl 

aliquots) via a heparinized syringe and immediately analyzed.  Blood volume was 

maintained with equal injections of 0.9% saline to avoid hypovolemia.  Alternatively, 

terminal blood gas measurements following permanent 4 hr MCAO were obtained by 

exposing the descending aorta and collecting the arterial blood using a blood collection 

set into a heparinized VACUTAINER (BD Biosciences, USA).  Blood gas and blood 

chemistry were measured using the Radiometer ABL 77 blood gas analyzer (Radiometer; 

Copenhagen, Denmark) and recorded.    

 

5.5 Cerebral blood flow measurements 

Laser Doppler flowmetry (MBF3D, Moor Instruments; Wilmington, DE, USA) 

was used to verify occlusion of the MCAO by monitoring local cortical microvascular 
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perfusion in the primary ischemic zone of the cortex receiving blood supply from the 

MCA (Barone et al., 1992).  The Moor laser Doppler uses laser radiation generated by a 

semiconductor laser diode (wavelength, ~780 nm; maximum accessible power, 1.6 mW).  

Animals were placed in the prone position and the head was firmly immobilized in a 

stereotaxic frame (Stoelting; Wood Dale, IL, USA).  A cranial window (~5 mm in 

diameter) was drilled through the skull leaving the dura intact above the cortical area 

receiving blood supply from the MCA (centered at AP=0 mm and L=3 mm from bregma 

with level skull according to (Paxinos and Watson, 1998)).  Two small holes were drilled 

into the skull and cranial screws were placed both anterior and posterior to the cranial 

window to aid in the stabilization of the mounted probe to the skull.  Once a blood vessel 

was visualized, the laser Doppler probe (P10S-TCG single fiber probe, Moor 

Instruments; Wilmington, DE, USA) was mounted and permanently fixed with dental 

acrylic.  Occlusion was confirmed using laser Doppler where cerebral blood flow (CBF) 

was continuously monitored before MCAO, during placement of the occluding filament 

at the MCA, and following occlusion (Figure 5.1).  In the experimental groups related to 

the inhibition study (see Chapter 8), laser Doppler flowmetry was also recorded before, 

during, and after intracerebroventricular (i.c.v.) injection of the vehicle or drug into the 

right lateral cerebroventricle and CBF continued to be monitored throughout the MCAO 

procedure.  Measurement of flux during and after occlusion was normalized to initial 

baseline values for each animal.  Flux (expressed as laser Doppler units; LD units) takes 

into account the product of the average speed and concentration of moving red blood 
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cells in the tissue-sample volume in the region of the MCA (Vongsavan and Matthews, 

1993).   
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Figure 5.1   Representative measurement of laser Doppler cerebral blood flow 
(CBF; flux) observed before, during, and after occlusion of the middle cerebral 
artery using an intraluminal nylon monofilament.  Flux (AU, arbitrary units) takes 
into account the product of the average speed and concentration of moving red blood 
cells in the tissue sample volume. 
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5.6   Middle cerebral artery occlusion      

   Rats were anesthetized using rat cocktail as described previously.  Body 

temperature was monitored using a rectal temperature probe and maintained at 37˚C 

using a heating pad (Stoelting Physiology Research Instruments, Wood Dale, IL, USA).  

The intraluminal thread occlusion of the middle cerebral artery in the rat is a model based 

on that of Zea Longa et al. (Zea Longa et al., 1989).  Briefly, a midline neck incision was 

made and the left common carotid artery was exposed.  Following dissection of the 

external carotid artery (ECA) and internal carotid artery (ICA), the pterygopalatine artery 

of the ICA was exposed and the occipital and superior thyroid branch arteries of the ECA 

were exposed and cauterized.  The ECA was tied with a 5-0 silk suture and coagulated 

just below the lingual/external maxillary artery branch.  The ECA/ICA juncture was 

clamped and a small incision was made in the ECA.  The filament (rounded end of a 30 

mm segment of 3-0 nylon monofilament for 10 and 15 week rats; or 4-0 nylon 

monofilament for 5 week rats) was inserted retrograde into the ECA through the small 

hole and a 5-0 silk suture was tied around the vessel and the filament to prevent bleeding.  

The clamp was removed and the ECA cut below the coagulation and repositioned to 

allow the filament to be advanced 19 mm into the ICA (or 14 mm for 5 week old rats) or 

until a subtle bending of the filament was visualized, indicating that the blunted filament 

tip has reached the MCA and distal flow into the artery was occluded.  Once the filament 

had been positioned, the neck incision was sutured and the rats were allowed to recover.  

All rats underwent post-operative neurological assessment at 1, 2 and 4 hr following 
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surgery.  After a 4 hr period of ischemia, the rats were re-anesthetized using an i.m. 

injection of rat cocktail and then the brain was removed for further analysis. 

 

5.7   Neurological scoring 

 All rats were evaluated at 1 and 2 hr following surgery and scored at 4 hr after 

sham or permanent 4 hr MCAO, based on a method described in detail by Ruehl et al. 

(Ruehl et al., 2002).  The four categories of behavior scored were:  (a) level of 

consciousness; (b) spontaneous circling; (c) front limb symmetry; and (d) front limb 

paresis.  Neurological function was graded on a scale of 0 to 3 for each category based on 

the level of neurological impairment with rats exhibiting no neurological deficits and 

showing normal behavior/no impairment receiving a score of 0, whereas severely 

impaired rats received a score of 3.  The scores from each category were added together 

to yield a total neurological score.  A total neurological score was assigned according to 

the criteria outlined and SHR were compared to age-matched control for differences in 

neurological impairment following surgery.  For sham MCAO rats, a total neurological 

score of greater than 4 resulted in exclusion from the study.  Of the sham rats used in this 

study, none exceeded the scoring criteria and all were included.  Rats that underwent 

permanent 4 hr MCAO were excluded from the study if the total neurological score was 

less than 5 or greater than 10.  Following the scoring criteria for MCAO rats, less than 

5% of all rats exceeded the scoring criteria and were excluded from the study.     

 

5.8   TTC staining and fixing 
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 Following decapitation, rat brains were quickly removed and place in iced 

phosphate buffered saline and put in a -20˚C freezer for 10 minutes.  The brain was 

transferred to a rodent brain matrix (World Precision Instruments, Sarasota, FL, USA) 

and sectioned at 2 mm intervals from the frontal pole to the occipital pole to yield seven 

coronal slices.  The brain slices were then immersed in 2% 2,3,5-triphenyltetrazolium 

chloride (TTC) and incubated at 37˚C for 20 minutes, with slices being flipped after 10 

minutes for consistent staining of anterior and posterior faces.  Slices were fixed in 2% 

paraformaldehyde overnight.  The slices were then scanned using a CanoScan FB 630P 

scanner (Canon Computer Systems, Inc., Costa Mesa, CA, USA) and Adobe Photoshop 

software (Adobe, San Jose, CA, USA).  The images were converted to a digital format at 

a resolution of 300 dots per inch (dpi).  The digitized images of the brain slices for each 

of the experimental groups were analyzed for infarct size, hemispheric swelling, and 

infarct volume using Image-J analysis software (public domain software developed at 

NIH and available on the Internet at http://rsb.info.nih.gov/nih-image/).    

 

5.9   Brain infarct volume and pattern of infarct  

   In each brain slice, the areas of noninfarcted gray matter (i.e. the areas with 

optical density greater than the threshold values) were measured by the image analysis 

system in each hemisphere.  The infarct area (mm2) was expressed as a percentage area in 

each brain slice to profile a pattern of infarction by individual sections (equation A).  

Brain infarct volume (mm3) was calculated by summing the infarct area (mm2) in each 

section and multiplying by the distance (mm) between sections for each hemisphere.  The 

http://rsb.info.nih.gov/nih-image/
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infarct volumes of the lesioned structures were expressed as a percentage volume of the 

structures in the control hemispheres (equation B).  This analysis was based on a 

semiautomated infarct volume method by Swanson et al. (Swanson et al., 1990).  Thus, 

for each structure the formula is as follows: 

 

  [A] Percent (%) infarct = 100 x ((AC – AI)/AC) 

[B] Percent (%) total infarct = 100 x ((VC - VI)/VC) 

 

where AC is the area of normal gray matter in the control hemisphere, AI is the area of 

normal gray matter in the ipsilateral (lesioned) hemisphere, VC is the volume of the 

contralateral hemisphere and VI is the volume of the ipsilateral hemisphere.  This analysis 

method uses an image analysis system to recognize and measure the areas of stained 

sections having optical densities greater than a threshold value.  This method is noted to 

minimize observer bias, is highly reproducible, and is unaffected by edema (Swanson et 

al., 1990).   

 

5.10   Gravimetric analysis of brain water content 

 Following permanent 4 hr MCAO, brain edema associated with hemispheric 

swelling was determined by comparison of wet/dry weight as previously described 

(Barone et al., 1992; O'Donnell et al., 2004).  Briefly, brains were removed and the 

forebrain isolated at the cerebellar cortical junction and separated into left and right 

hemispheres.  The wet weight of each hemisphere was determined within 2 min after 
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decapitation and the tissue was dried for 72 hours at 100˚C and then reweighed to 

determine dry weight.  Percent brain water content for each hemisphere was determined 

as: 

 Percent (%) brain water content = ((wet weight – dry weight)/wet weight) x 100    

 

5.11   Isolation of rat cerebral microvessels 

 Cerebral microvessels were isolated from rat cortical gray matter for analysis of 

TJ, ion transporter, and PKC protein expression.  Rats were anesthetized and the brain 

removed and immersed in ice-cold buffer A containing (in mM) 103 NaCl; 4.7 KCl; 2.5 

CaCl2; 1.2 KH2PO4; 1.2 MgSO4; 15 HEPES; pH 7.4; protease inhibitor.  The meninges 

and choroid plexus were removed and the cortical mantles were weighed and 

homogenized in a Teflon homogenizer in a 5-fold volume of buffer B containing (in mM) 

103 NaCl; 4.7 KCl; 2.5 CaCl2; 1.2 KH2PO4; 1.2 MgSO4; 15 HEPES; 25 NaHCO3; 10 

glucose; 1 Na pyruvate; dextran (MW 64,000) 1 g/100 mL; pH 7.4; protease inhibitor.  

After homogenization, the sample was filtered through a 70 µm mesh and an equal 

volume of 26% dextran was added to the filtrate, vortexed and centrifuged at 5,800 x g at 

4˚C for 10 minutes.  The supernatant was discarded and the pellet resuspended in 10 ml 

of buffer B and the suspension was passed through a 100 µm mesh.  The filtrate was then 

centrifuged at 2,700 x g for 10 min, supernatant decanted and resuspended in 1 ml of 6M 

urea lysis buffer containing (in mM) 10 Tris; 1 dithiothreitol; 5 MgCl2; 5 EGTA; 150 

NaCl; 6M urea; pH 8.0; protease inhibitor and stored overnight at 4˚C.  The next day, the 

sample was centrifuged at 16,000 x g for 5 min at 4˚C and the supernatant was saved and 
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stored at -80˚C.  Protein concentrations were determined using the bicinchoninic acid 

protein assay (Pierce, Rockford, IL, USA) with BSA as a standard.   

 

5.12   Gel electrophoresis and Western blotting 

 Isolated cerebral microvessel lysates were prepared for Western blot studies and 

analyzed for expression of ZO-1, ZO-2, occludin, actin, claudin-5, NKCC, NHE-1, 

PKCα, PKCβI, PKCβII, and PKCγ.  Briefly, protein samples from cerebral microvessels 

(20 µg) were separated using an electrophoretic field on either 10%, 7.5%, 4-15% or 4-

20% Tris-HCl gels at 200V for 1 hr and transferred to nitrocellulose using a BioRad 

Trans-Blot apparatus at 100V at 4˚C for 1 hr.  Appropriate positive controls were also run 

along side samples to ensure the protein band of interest was being detected by each 

antibody.  Membranes were blocked using 5% non-fat milk/TBST (20 mM Tris base, 137 

mM NaCl, 0.1% Tween-20, pH 7.6) overnight at 4˚C.  Following blocking, membranes 

were incubated with either mouse anti-claudin-5 (1:1000), mouse anti-actin (1:3000), 

rabbit anti-occludin (1:3000), rabbit anti-ZO-1 (1:1000), rabbit anti-ZO-2 (1:1000), 

mouse anti-NHE-1 (1:250), mouse anti-T4 (NKCC1) (1:2000), rabbit anti-PKCα 

(1:3000), rabbit anti-PCKβI (1:1000), rabbit anti-PKCβII (1:3000), or rabbit anti-PKCγ 

(1:2000) diluted in 5% non-fat milk/TBS buffer for 1-2 hrs at room temperature or 

overnight at 4˚C.  The membranes were washed 5 times at 5 min each with 5% non-fat 

milk/TBS buffer and incubated with either HRP-conjugated anti-mouse secondary 

antibody (1:3000 to 1:15000) or HRP-conjugated anti-rabbit secondary antibody (1:2000 

to 1:16,000) for 30 min at room temperature.  Membranes were developed using the 
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enzyme chemiluminescence assay and protein bands were visualized on X-ray film.  

Semi-quantitative analysis of the protein was done using Scion Image (Scion, Frederick, 

MD, USA) on all films and gels.  For each Western blot, each condition was run in at 

least duplicate lanes and multiple separate experiments were conducted for each 

condition tested.  Gel staining was used for normalization of protein loading and the 

results were reported as percent expression of control.  

 

5.13  Intracerebroventricular (i.c.v.) injections 

 Adult male rats (15 week WKY or SHR) were anesthetized with ketamine rat 

cocktail (1 ml/kg) i.m. and placed in a rat stereotaxic frame.  Using stereotaxic 

coordinates (bregma -1.30 mm, lateral 1.50 mm) obtained from Paxinos and Watson 

(Paxinos and Watson, 1998) a hole was drilled in the skull over the right lateral 

cerebroventricle.  Intracerebroventricular (i.c.v.) injections of artificial cerebrospinal fluid 

(aCSF, 2 μl vehicle injection) or 5-(N,N-Dimethyl)amiloride hydrochloride (DMA; 10 

mM/2 μl aCSF) were made via a blunt-tipped Hamilton microsyringe (needle gauge: 26; 

total volume of syringe: 10 μl) that was lowered into position through the hole (from 

skull -4.60 mm).  One minute post injection the syringe was removed, the hole was sealed 

with bone wax, and the wound site cleaned and closed using stainless steel wound clips.  

Approximately 5 hours after the i.c.v. injection, rats were sacrificed and their brains 

removed.  The brain was prepared for coronal slicing and TTC staining as previously 

described.   
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5.14  Functional inhibition of NHE-1  

DMA, a selective inhibitor of NHE-1, was used to investigate the functional 

inhibition of NHE-1 on ischemia-induced infarct volume.  This investigation focused on 

the normotensive WKY controls and hypertensive SHR at 15 weeks.  Four study groups 

were examined and the groups consisted of the following: group I, sham + aCSF vehicle; 

group II, sham + DMA; group III, MCAO + aCSF vehicle; group IV, MCAO + DMA 

(see Table 5.1 and Chapter 8).    

Prior to anesthesia, each rat was weighed and non-invasive blood pressure 

measurements were obtained.  Following anesthesia (as previously described), blood 

pressures were again measured and the incision sites for MCAO and the skull were 

shaved, scrubbed, and prepped for surgery.  Briefly, each rat underwent laser Doppler 

probe placement and cerebral blood flow (CBF) was continuously monitored.  Once the 

probe was set, the site was again prepared for i.c.v. injection of either drug (DMA) or 

vehicle (aCSF) as previously described.  Following i.c.v. injection, the wound site was 

closed and blood pressures were measured.  The rat was prepped for MCAO or sham 

surgery as previously described.  Occlusion of the MCAO was verified by laser Doppler 

and the rat was allowed to recover.  One hour post-MCAO surgery, blood pressures were 

again measured.  Once the 4 hr ischemic period was met, the rat was neurologically 

scored and then anesthetized.  A terminal blood gas was obtained via the descending 

aorta to collect terminal blood ion chemistry.  The rat was sacrificed and the brain was 

prepped for slicing, staining, and fixing of tissues as previously described. 
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5.15  Statistical analysis 

 All values are presented as mean ± SEM.  For each Western blot, each lane 

represents one animal and the total n-values are indicated in the figure legends.  All 

conditions were tested in at least triplicate.  All statistical analyses were done using 

Sigma Stat software, V2.0 (Systat Software, Inc., Point Richmond, CA, USA).  All data 

shown were analyzed using either two-way ANOVA followed by Tukey’s HSD post hoc 

analysis or Student’s t-test as indicated in the figure legends.  P values less than 0.05 

were considered to indicate significant difference. 
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Table 5.1  Summary of treatment groups to investigate the inhibition of NHE-1.  
Each group (I-IV) consisted of experiments performed in both strains (15 week WKY 
and SHR; n=6 per strain per group).  Two-way analysis of variance was compared across 
strains in Groups I and II (sham surgery) and Groups III and IV (MCAO surgery) 
followed by Tukey’s HSD post hoc analysis.  The results from our findings from Groups 
I and II and Groups III and IV were presented separately in Chapter 8. 
 

 

 

 

 

 

 

 

 

 

 

 

Summary of treatment groups to investigate inhibition of NHE-1

Group                Surgery Treatment

Group I sham aCSF vehicle
Group II sham                           (+) DMA in aCSF vehicle
Group III             MCAO                         aCSF vehicle
Group IV             MCAO     (+) DMA in aCSF vehicle

Summary of treatment groups to investigate inhibition of NHE-1

Group                Surgery Treatment

Group I sham aCSF vehicle
Group II sham                           (+) DMA in aCSF vehicle
Group III             MCAO                         aCSF vehicle
Group IV             MCAO     (+) DMA in aCSF vehicle
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CHAPTER 6:  CHARACTERIZATION OF HYPERTENSION DEVELOPMENT 

IN SHR AND BBB TJ, ION TRANSPORTER, AND PKC PROTEIN 

EXPRESSION 

 

6.1 Introduction 

Much of stroke research focuses on the cellular mechanisms associated with 

neuronal damage with current therapy aimed at reducing neurological complications by 

modulating neuronal intracellular mechanisms (Fleegal et al., 2005b).  However, new 

emphasis is being placed on ischemia/reperfusion implicating BBB integrity as a primary 

factor in the clinical outcome of stroke patients.  It is now known that the BBB plays an 

important role in the pathophysiology of several diseases including stroke (O'Donnell et 

al., 2004), human immunodeficiency virus (HIV) dementia (Kanmogne et al., 2005), 

inflammation (Huber et al., 2001b; Brooks et al., 2005), Alzheimer’s disease (Kalaria, 

1999), diabetes (Banks et al., 1997), hypoxia/post-hypoxic reoxygenation (Abbruscato 

and Davis, 1999; Mark and Davis, 2002; Witt et al., 2003; Fleegal et al., 2005a), and 

hypertension (Al-Sarraf and Philip, 2003; Al-Awadi et al., 2006).  From these examples, 

it is clear that the extent of BBB dysfunction has profound effects on pathophysiologies 

associated with the central nervous system (Fleegal et al., 2005b).         

Changes in the cerebral microvasculature have been linked to cerebral infarctions 

following stroke.  In the early stages of ischemic stroke, cerebral edema formation 

initially involves the net uptake of Na+ and water across an intact BBB.  As ischemia 

progresses, BBB disruption occurs usually three hours or more after ischemic insult 
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eventually resulting in vasogenic edema formation (Menzies et al., 1993; Betz et al., 

1994).  These changes in vascular permeability can lead to eventual breakdown of the 

BBB (Klatzo, 1987; Rosenberg, 1999; Ayata and Ropper, 2002).     

Hypertension is known to increase the occurrence and severity of ischemic stroke 

with cerebral infarct damage more frequently reported in hypertensive patients than those 

with normal blood pressures (Kannel et al., 1970; Stokes et al., 1989; Sacco et al., 1991; 

Barone et al., 1992; Li et al., 2005a; Liu et al., 2005).  Essential hypertension is described 

as a series of pathophysiological changes in the body that lead to sustained elevation of 

blood pressure (BP) (Dickhout and Lee, 1998).  Similar to humans with essential 

hypertension, the SHR is a suitable animal model to study hypertension development 

because it has a genetic predisposition to high BP without a specific etiology, increased 

total peripheral resistance without volume expansion, and similar responses to drug 

treatment (Frohlich, 1986; Dickhout and Lee, 1998).  Furthermore, a precise knowledge 

of early BP development is essential for understanding hypertension as a disease process 

and identifying potential therapeutic targets for the treatment or prevention of stroke. 

Although the BBB is an important metabolic and physical barrier involved in 

regulating the passage of materials between the peripheral circulation and the central 

nervous system (Huber et al., 2001a), it remains unclear whether hypertension 

development in SHR has an effect on BBB proteins and signaling molecules necessary to 

regulate barrier function.  While proteins of the TJ interact to form structural and 

functional protein complexes necessary for normal function of the BBB, compromising 

the integrity of the TJ through paracellular opening of the junctional cleft is a critical 
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event in the progression of cerebral ischemia and the ensuing edema formation 

contributing to the pathogenesis of stroke (Ballabh et al., 2004).  Furthermore, alterations 

in ion transporter function can lead to edema formation, a potentially lethal complication 

of brain infarction.  For example, BBB Na+-K+-2Cl- isoform-1 cotransporter (NKCC1) is 

driven by factors present during ischemia which suggests the involvement of this 

cotransporter with increased Na+ uptake in brain edema (Kawai et al., 1996; O'Donnell et 

al., 2005).  Moreover, numerous reports of increased NHE-1 activity have been found in 

several organ tissues of the SHR which suggests the involvement of this exchanger in 

hypertension (Kelly et al., 1997; Orlov et al., 2000; Kobayashi et al., 2004).   

There is also much research channeled towards understanding the intracellular 

signaling pathways that mediate the cellular response to stroke.  To that end, PKC has 

been implicated in mediating ischemic and reperfusion damage in multiple tissues, 

including the brain (Bright and Mochly-Rosen, 2005; Fleegal et al., 2005a).  Multiple 

cellular processes are rapidly activated in response to ischemic/reperfusion-induced stress 

and the ischemic core undergoes rapid, anoxic cell death within minutes of ischemia 

onset (Bright and Mochly-Rosen, 2005).  Furthermore, some characteristics of necrotic 

cell death include mitochondrial collapse, rapid energy depletion, and ion pump failure 

which result in large increases in intracellular calcium, extracellular potassium, and 

edematous cell swelling (Bright and Mochly-Rosen, 2005).   

In ischemic penumbra (i.e. tissue with residual energy stores), rapid alterations may 

occur in the activity of many signaling pathways which involve diverse protein kinase 

families (Bright and Mochly-Rosen, 2005).  In particular, PKC is an enzyme that 
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phosphorylates serine and threonine residues on numerous target proteins.  Presently, 

eleven isoforms have been identified all of which possess a phospholipid-binding domain 

for membrane interaction and are divided into three groups: conventional, novel, and 

atypical isoforms (Fleegal et al., 2005a).  These isozymes are classified based on their 

mode of activation, which may require intracellular calcium for activation (Jaken, 1996; 

Hofmann, 1997; Fleegal et al., 2005b).   

Of particular interest to our investigation are the conventional PKC isozymes as they 

require calcium and diacylglycerol (DAG).  Following stroke, increased intracellular 

calcium is thought to initiate a series of cytoplasmic and nuclear events that profoundly 

impact the development of necrotic tissue injury by activating proteolytic enzymes to 

degrade cytoskeletal proteins and extracellular matrix proteins.  Intracellular calcium 

accumulation also has an important role in reactive oxygen species (ROS) formation and 

cell damage associated with ischemia (Dirnagl et al., 1999).  Recently, several studies 

have implicated PKC-α in regulating cell permeability following ischemia and 

inflammatory stimulation and PKC-β in modulating endothelial cell permeability (Yuan, 

2002).  Additionally, a number of groups have also demonstrated that PKC is important 

in regulating the function of BBB tight junctions.  Previous studies have shown that PKC 

phosphorylation of occludin at Ser/Thr residues controls localization of the protein, 

whereas phosphorylation of Tyr residues on occludin appear to target this protein for 

degradation and lead to increases in cell permeability (Andreeva et al., 2001; Rao et al., 

2002; Krizbai and Deli, 2003).  These structural and functional alterations caused by 

phosphorylation of occludin may lead to increases in cell permeability (Fleegal et al., 
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2005b).  Moreover, post-translational modifications can lead to changes in TJ structure at 

varying degrees and times making the regulation of TJ complexes extremely complicated 

(Fleegal et al., 2005b).  Thus, it remains unclear whether the role of PKC is involved in 

cell survival signaling or if it mediates detrimental processes in cerebral ischemia and 

reperfusion injury (Bright and Mochly-Rosen, 2005).     

While elevated intraluminal pressures in blood vessels have been linked to increased 

stress on cerebral endothelia, it is not clear how hypertension affects critical BBB TJ, ion 

transporters, and PKC signaling molecules that regulate CNS homeostasis.  For this 

specific aim, the effect of hypertension development on physiological parameters of the 

SHR was measured from 4-25 weeks and compared to age-matched WKY controls.  

Additionally, the molecular expression of BBB TJ proteins (actin, occludin, ZO-1, ZO-2, 

and claudin-5), ion transporters (NKCC1 and NHE-1), and PKC isozymes (PKC-α, PKC-

βI, PKC-βII, and PKC-γ) were characterized in correlation to the development of 

hypertension in the SHR at 5, 10, and 15 weeks (pre-hypertension, early stage 

hypertension, and later stage hypertension, respectively).  Understanding and 

characterizing the role of these molecules at the BBB may lead to targeting potential 

therapeutics to improve the clinical outcome of stroke patients.    
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6.2 Results 

Physiological profile 

 The first series of experiments investigated the approximate time frame in which 

the SHR develops hypertension.  Heart rate, systolic (SBP), diastolic (DBP), and mean 

blood pressures (MBP) of juvenile SHR and age-matched WKY controls were measured 

several times per week from 4-25 weeks of age using a non-invasive tail cuff method.  

The profile of body weight and heart rate (Figure 6.1) in age-matched SHR were 

compared to normotensive WKY at 4-25 weeks of age.  Body weights for both strains 

continued to increase with age with WKY rats exceeding SHR in total body weight by 

approximately 150 gm by 25 weeks of age (Figure 6.1A).  Heart rates of both WKY and 

SHR exhibited signs of normalizing at 6-7 weeks of age and maintained a range of 375-

450 bpm by 25 weeks of age (Figure 6.1B).  The SBP and DBP of SHR were slightly 

elevated at 4 weeks of age and continued to increase with development as compared to 

normotensive WKY rats (Figure 6.2).  By 15 weeks of age, the SBP and DBP were 

higher (60-80 mm Hg and 20-30 mm Hg, respectively) in SHR than in age-matched 

WKY controls (Figure 6.2A-B).      

To profile spontaneous hypertension development in the SHR, baseline MBP 

were chronicled as well (Figure 6.3).  SHR at 4-5 weeks are within pre-hypertensive 

range (~115 mm Hg) and by 6-10 weeks of age, gradual increases in MBP are observed 

compared to age-matched WKY.  By week 10, SHR are exhibiting clinical signs of early 

stage hypertension compared to normotensive WKY (MBP = 145 mm Hg and 120 mm 

Hg, respectively).  Continued development of the SHR by 15 weeks resulted in MBP in 
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excess of 160 mm Hg while WKY controls remained in the normotensive range.  

Measurements from 15-25 weeks of age show stabilization of MBP in both strains, with 

SHR and WKY exhibiting MBP of >160 mm Hg and 130 mm Hg, respectively.  For the 

remainder of this study, 5, 10, and 15 weeks of age (in boxes; Figure 6.3) were chosen to 

represent pre-hypertension, early stage hypertension, and later stage hypertension, 

respectively.  Furthermore, body and whole brain weights of SHR were significantly less 

than that of age-matched controls at all age groups; however, a significant increase in 

heart rates was observed in pre-hypertensive SHR (5 week) compared to age-matched 

WKY (Table 6.1). 

 

Blood pressures 

 SBP, DBP, and MBP (Figure 6.4) were significantly increased with age 

(F2,179=101.859, p<0.001; F2,179=90.613, p<0.001; F2,179=133.908, p<0.001) and strain 

(F1,179=206.848, p<0.001; F1,179=44.676, p<0.001; F1,179=143.610, p<0.001).  

Additionally, there were significant interactions between age and strains with SBP 

(F2,179=31.653, p<0.001), DBP (F2,179=17.387, p<0.001) and MBP (F2,179=30.832, 

p<0.001).  We determined that SHR showed significant increases in SBP as compared to 

age-matched controls in all age group, whereas DBP and MBP exhibited significant 

increases at only 10 and 15 weeks.  In comparison, WKY showed significant differences 

within strain in all age group interactions except between 10 and 15 weeks in SBP, DBP, 

and MBP.  Furthermore, there were significant differences in SBP, DBP, and MBP in all 

age groups within SHR. 
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Figure 6.1  Body weight and heart rate development in age-matched SHR and 
WKY.  (A) Profile of body weight (grams, gm) and (B) heart rate (beats per min, bpm) in 
age-matched SHR compared to normotensive WKY at 4-25 weeks of age.  Each point on 
the graph shows the mean ± SEM for body weight and heart rate in SHR and WKY rats 
during development (n=3 for each strain; n=4 measurements per rat per time point). 
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Figure 6.2  Systolic (SBP) and diastolic (DBP) blood pressures during development 
in age-matched SHR and WKY.  (A) Profile of SBP (mm Hg) and (B) DBP (mm Hg) 
were compared in age-matched SHR compared to normotensive WKY at 4-25 weeks of 
age.  Each point on the graph shows the mean ± SEM for SBP and DBP in SHR and 
WKY rats during development (n=3 for each strain; n=4 measurements per rat per time 
point).    
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Figure 6.3  Profile of mean blood pressure (MBP) showing hypertension 
development in age-matched SHR compared to normotensive WKY at 4-25 weeks of 
age.  Non-invasive MBP (mm Hg) were measured in the methods section.  The boxed 
regions indicate the age and stage of development which are categorized as pre-
hypertension (5 weeks), early stage (10 weeks) and later stage (15 weeks) hypertension.  
Each point on the graph shows the mean ± SEM for MBP in SHR and WKY rats during 
development (n=3 for each strain; n=4 measurements per rat per time point).  
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Figure 6.4  Comparison of systolic (SBP), diastolic (DBP), and mean blood pressures 
(MBP) in SHR and WKY at 5, 10 and 15 weeks of age.  Blood pressures (mm Hg) 
were measured non-invasively at 5, 10 and 15 weeks as previously indicated.  The values 
are expressed as mean ± SEM (n=30 per group).  *p<0.05 as compared to age-matched 
normotensive control; ^p<0.05 as compared within WKY strain; +p<0.05 as compared 
within SHR strain. 
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Table 6.1   Body weight (g), whole brain weight (g), and heart rate (bpm) in SHR 
compared to age-matched WKY control at 5, 10, and 15 weeks of age.  Data 
presented as mean ± SEM in the SHR and normotensive age-matched WKY control 
using Student’s t-test.  *p<0.05 compared to age-matched WKY (n=22).  
 
 

 

 

 

 

 

 

 

 

 

 

 

 

Body weight, brain weight, and heart rate  
 
                  5 weeks                                 10 weeks                                       15 weeks 

 
Treatment group      WKY              SHR         WKY SHR            WKY       SHR 

 
Body weight (g)     169 ± 5.5           112 ± 3.4*          414 ± 6.4          275 ± 6.0*            490 ± 8.5       331 ± 5.0* 
Brain weight (g)     1.85 ± 0.0          1.57 ± 0.0*         2.06 ± 0.0         1.81 ± 0.0*           2.15 ± 0.0           1.89 ± 0.0* 
Heart rate (bpm)                     458 ± 8.0           486 ± 8.0*         455 ± 10            451 ± 8               432 ± 10              444 ± 7.0  
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Hypertension development and expression of BBB TJ and ion transporter proteins, 

and PKC isozymes 

 The expression of BBB TJ proteins, ZO-1, ZO-2, occludin, actin, and claudin-5 

were examined for changes in 5, 10, and 15 week SHR and age-matched WKY.  In 15 

week hypertensive SHR, expression of ZO-2 was significantly decreased compared to 

age-matched normotensive control (Table 6.2; Figure 6.5).  In contrast, ZO-1, occludin, 

actin, and claudin-5 showed no change in protein expression among all treatment groups 

(Table 6.2).   

 Next, expression levels of two BBB ion transporter proteins, NKCC and NHE-1 

in brain microvessels from SHR and WKY at 5, 10, and 15 weeks were also evaluated.  

There were no alterations in NKCC expression among all groups (Table 6.2).  However, 

a significant increase in protein expression was observed for NHE-1 in hypertensive 15 

week SHR compared to age-matched WKY (Table 6.2, Figure 6.5).  These results show a 

differential regulation in the protein expression of NKCC and NHE-1 coincident with 

established hypertension. 

 The final set of experiments investigated whether the expression levels of Ca2+-

dependent PKC isozymes were altered during hypertension development in cerebral 

microvessels from SHR and WKY at 5, 10, and 15 weeks.  There were no significant 

alterations in protein expression of PKC-α, PKC-βI, PKC-βII, or PKC-γ in cerebral 

microvessels among all groups (Table 6.2). 

 
 
 



    
 
 
  102
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 6.2   Effect of hypertension development on BBB TJ, ion transporter, and 
PKC isozyme expression in brain microvessels of SHR compared to WKY at 5, 10, 
and 15 weeks of age.  Data presented as mean ± SEM percentage control of normalized 
optical density of SHR compared to normotensive, age-matched WKY control using 
Student’s t-test.  *p<0.05 compared to age-matched WKY (as indicated by circled 
values).  All TJ, PKC, and NKCC proteins (n=6 per treatment group); NHE-1 (n=12 per 
treatment group).  
 
 
 
 
 
 
 
 
 
 
 
 
 

Tight junction, ion transporter, PKC isozyme protein expression 
  
                   5 weeks                                  10 weeks                        15 weeks 

TJ proteins (MW)      WKY              SHR       WKY                SHR            WKY       SHR

ZO-1 (220 kD)                    100 ± 3.6           99.2 ± 1.6         100 ± 3.1           122.7 ± 16.6        100 ± 18.4          72.5 ± 11.5 
 
ZO-2 (160 kD)     100 ± 4.9           112 ± 8.6          100 ± 4.3          103.4 ± 9.3           100 ± 4.3            81.6 ± 5.2* 
 
Occludin (65 kD)                       100 ± 3.4           96.5 ± 2.6         100 ± 4.2          105.2 ± 15.2         100 ± 4.1            125.1 ± 11.4 
 
Actin (42 kD)     100 ± 7.2           101.1 ± 8.5      100 ± 3.1           103.5 ± 7.0          100 ± 7.2            108.5 ± 5.2 
 
Claudin-5 (22-24 kD)         100 ± 1.9           99.2 ± 7.5         100 ± 7.7           91.2 ± 12.7         100 ± 17.7           92.0 ± 4.2 

Ion transporter proteins (MW) 

        
NKCC (145-202 kD)    100 ± 3.8          114.5 ± 15.4      100 ± 3.3          119.2 ± 21.7        100 ± 7.3           119.7 ± 10.8 
 
NHE-1 (92 kD)     100 ± 7.2          106.3 ± 8.2        100 ± 2.2           87.8 ± 8.4           100 ± 6.5           196.8 ± 35.1* 
 

PKC isozymes (MW) 

        
PKC α (80 kD)        100 ± 3.3          99.0 ± 5.9          100 ± 1.9          118.5 ± 10.8        100 ± 2.9           109.8 ± 4.9 
 
PKC β1 (80 kD)     100 ± 3.5          112.9 ± 9.6        100 ± 1.2          108.1 ± 4.3          100 ± 3.8           110.8 ± 6.5 
 
PKC β2 (80 kD)       100 ± 4.6          106.0 ± 7.2        100 ± 2.7           97.0 ± 4.9           100 ± 6.0           118.9 ± 6.6 
 
PKC γ (80 kD)     100 ± 2.4          104.3 ± 7.3        100 ± 1.5           99.6 ± 5.4           100 ± 3.1           94.6 ± 5.9 

Tight junction, ion transporter, PKC isozyme protein expression 
  
                   5 weeks                                  10 weeks                        15 weeks 

TJ proteins (MW)      WKY              SHR       WKY                SHR            WKY       SHR

ZO-1 (220 kD)                    100 ± 3.6           99.2 ± 1.6         100 ± 3.1           122.7 ± 16.6        100 ± 18.4          72.5 ± 11.5 
 
ZO-2 (160 kD)     100 ± 4.9           112 ± 8.6          100 ± 4.3          103.4 ± 9.3           100 ± 4.3            81.6 ± 5.2* 
 
Occludin (65 kD)                       100 ± 3.4           96.5 ± 2.6         100 ± 4.2          105.2 ± 15.2         100 ± 4.1            125.1 ± 11.4 
 
Actin (42 kD)     100 ± 7.2           101.1 ± 8.5      100 ± 3.1           103.5 ± 7.0          100 ± 7.2            108.5 ± 5.2 
 
Claudin-5 (22-24 kD)         100 ± 1.9           99.2 ± 7.5         100 ± 7.7           91.2 ± 12.7         100 ± 17.7           92.0 ± 4.2 

Ion transporter proteins (MW) 

        
NKCC (145-202 kD)    100 ± 3.8          114.5 ± 15.4      100 ± 3.3          119.2 ± 21.7        100 ± 7.3           119.7 ± 10.8 
 
NHE-1 (92 kD)     100 ± 7.2          106.3 ± 8.2        100 ± 2.2           87.8 ± 8.4           100 ± 6.5           196.8 ± 35.1* 
 

PKC isozymes (MW) 

        
PKC α (80 kD)        100 ± 3.3          99.0 ± 5.9          100 ± 1.9          118.5 ± 10.8        100 ± 2.9           109.8 ± 4.9 
 
PKC β1 (80 kD)     100 ± 3.5          112.9 ± 9.6        100 ± 1.2          108.1 ± 4.3          100 ± 3.8           110.8 ± 6.5 
 
PKC β2 (80 kD)       100 ± 4.6          106.0 ± 7.2        100 ± 2.7           97.0 ± 4.9           100 ± 6.0           118.9 ± 6.6 
 
PKC γ (80 kD)     100 ± 2.4          104.3 ± 7.3        100 ± 1.5           99.6 ± 5.4           100 ± 3.1           94.6 ± 5.9 
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Figure 6.5   Representative Western blot analysis showing the changes in expression 
of the ion transporter protein NHE-1 and TJ protein ZO-2 with hypertension 
development in untreated brain microvessels of SHR compared to WKY at 5, 10, 
and 15 weeks of age.  *p<0.05 indicates significance from age-matched WKY control 
(NHE-1, n=12 per group; ZO-2, n=6 per group).  Table 6.2 summarizes the data from all 
Western blot analysis.  
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6.3 Discussion 

Hypertension is known to be an important risk factor for the pathogenesis of 

ischemic stroke.  Following stroke, the incidence and magnitude of cerebrovascular 

lesions is greater among hypertensive patients, and typically hypertensive individuals 

have poorer outcomes and prognosis following ischemic insult (Arboix et al., 2004).  

Although genetic factors associated with blood pressure regulation appear to play a 

contributory role in the pathogenesis of cerebrovascular accidents in both human and 

animal model systems of hypertension, it is still unclear how the BBB responds to 

hypertension and whether other factors contribute to the marked infarct damage typically 

seen in hypertensive individuals following stroke. 

As seen in the clinic, the SHR, an accepted model of genetic hypertension, and 

stroke-prone substrains (SHRSP) demonstrate greater magnitude of cerebrovascular 

damage to stroke (Rubattu and Volpe, 1999; Mein et al., 2004).  For our studies, we 

chose to use the SHR to determine whether TJ, ion transporter, and PKC signaling 

pathway proteins important in maintaining BBB integrity are modulated and/or altered in 

protein expression during hypertension development.  Similar to previously published 

studies (Dickhout and Lee, 1998; Fukuda et al., 2004; Moura et al., 2005), SHR showed 

signs of spontaneous hypertension development at approximately 9-10 weeks of age with 

elevated MBP stabilizing after 15 weeks compared to age-matched WKY.  Based on 

MBP, we chose 5, 10, and 15 weeks which corresponded to pre-hypertension, early and 

later stage hypertension, respectively.  In addition, SBP, DBP, and MBP demonstrated a 

progressive increase in blood pressure with age compared to WKY control.  The 
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inclusion of SBP and DBP and the elevation of these pressures with progressing age 

correlate well with human patients where SBP>140 mm Hg and DBP>90 mm Hg are 

considered clinically hypertensive (Carretero and Oparil, 2000).   

 Interestingly, there were some physiological differences between the SHR and 

WKY with body, whole brain weights, and heart rates at 5, 10, and 15 weeks of age.  In 

our study, the SHR and WKY showed similar trends in weight gains and heart rates 

during development which correlate well with previously reported values (Dickhout and 

Lee, 1998; Fukuda et al., 2004).  It is unclear whether the differences in body and whole 

brain weight between WKY and SHR are due to variations between strains, lines, and 

individuals or if these parameters are also affected by environmental variance occurring 

in the colony, random error, or inaccuracies of measurement.  Differences in body weight 

have been found between young SHR and WKY with young SHR being lighter than age-

matched WKY (Buchanan et al., 1992; Swislocki and Tsuzuki, 1993; Dickhout and Lee, 

1998).  The reason for this difference is unclear but in studies investigating the F2 

progeny of crossbred SHR and WKY, this trait and the disease were consequently 

transmitted together to the next generation (Myers, 1991).  This could be a sign of some 

underlying metabolic irregularity in the SHR that could lead to hypertension.   

Another aspect that may also be important in the pathogenesis of hypertension is 

the change in heart rate during SHR development (Dickhout and Lee, 1998).  Previous 

groups have reported observing prehypertensive tachycardia in SHR (Rioux and 

Berkowitz, 1977; Tucker and Johnson, 1984).  In fact, some studies have reported that at 

an early age, SHR show an increased cardiac index which later returned to normal, 
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however increased mean arterial pressure and total peripheral resistance remained (Smith 

and Hutchins, 1979).  In early development, Dickhout et al. (Dickhout and Lee, 1998) 

found that heart rate was elevated in 3 week old SHR over age-matched WKY before any 

difference in blood pressure could be detected and the increase in heart rate was 

positively correlated to the level of blood pressure attained by individual animals by 6 

weeks of age.  Moreover, the early elevations in heart rate were highly predictive of 

hypertension occurrence in the animal population that was studied (Dickhout and Lee, 

1998).  Taken together, the increase in heart rate in prehypertensive SHR in our current 

study, along with the previously reported findings (Dickhout and Lee, 1998) suggest that 

prehypertensive tachycardia may be an important first step during hypertension 

development in SHR.    

 The function and structure of the BBB are maintained by several mechanisms.  

Paracellular diffusion is limited by the presence of TJ proteins (claudin-5, occludin, ZO-

1/-2, actin) while transcellular movement is regulated by transporters, including ion 

transporters (NKCC1 and NHE-1) and channels (aquaporins) that maintain cellular ion 

gradients and fluid volume in the brain.  It has also been suggested that phosphorylation 

of the TJ proteins can affect the functionality of the TJ and that several intracellular 

signaling molecules have been shown to regulate TJ protein phosphorylation, including 

tyrosine kinases, MAPK, and PKC (Farshori and Kachar, 1999; Tsukamoto and Nigam, 

1999; Andreeva et al., 2001; Krizbai and Deli, 2003; Fleegal et al., 2005a).  Several in 

vitro (Mark and Davis, 2002; Fischer et al., 2004; Brown and Davis, 2005; Fleegal et al., 

2005a; O'Donnell et al., 2005) and in vivo (Witt et al., 2003; O'Donnell et al., 2004) 
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studies have shown that these mechanisms are altered during conditions associated with 

cerebral ischemia (i.e., hypoxia, aglycemia, reoxygenation, and edema formation) and 

that they are linked to compromised BBB integrity.   

 A unique aspect of our present study is our attempt to characterize the expression 

levels of BBB TJ, ion transporter, and Ca2+-dependent PKC signaling pathway proteins 

potentially involved in different stages of hypertension development in the SHR.  This 

study demonstrated no change in the expression of the TJ proteins claudin-5, occludin, 

actin, and ZO-1 in SHR as compared to age-matched WKY.  Lippoldt et al. (Lippoldt et 

al., 2000a) previously reported no change in the expression of claudin-5, occludin, and 

ZO-1 in brain capillaries of stroke-prone SHR prior to the induction of stroke.  These data 

along with ours from this current study suggests that these proteins, in terms of total 

expression, are not modulated by hypertension.  It is important to note that a lack of 

expression modulation does not necessarily mean there is no change in function.  

Previously Hawkins et al. (Hawkins et al., 2004) investigated the effects of continuous 

nicotine administration on BBB permeability and found no change in TJ protein 

expression; however, nicotine treatment was associated with altered cellular distribution 

of ZO-1 and diminished junctional immunoreactivity of claudin-3, suggesting nicotine-

induced changes in BBB permeability via altered localization of TJ proteins.  Whereas in 

our current investigation we observed no changes in total protein expression of occludin, 

actin, claudin-5, or ZO-1, this does not eliminate the possibility for hypertension-induced 

TJ modulation via localization mechanisms in these proteins thereby leading to a 

functional change in the BBB.  Thus, future studies will likely address whether 
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alterations in distribution or localization of these proteins may also occur during 

hypertension development.  

Interestingly, we found decreased ZO-2 expression in 15 week SHR compared to 

control, suggesting that down-regulation of this protein associated with prolonged 

exposure to hypertension may contribute to alterations in BBB integrity.  Similar to ZO-

1, ZO-2 acts as a signaling molecule to communicate the state of cell-cell contact of the 

TJ and is important for maintaining structural integrity of endothelial cells at the TJ 

complex (Hawkins and Davis, 2005).  However, the functional role of ZO-2 during 

conditions of stress and disease has not been well established at the BBB.  Our data 

suggests that the decreased expression of ZO-2 may be an adaptive response to stress 

(i.e., hypertension development) and/or disease.  In support of this theory, a recent study 

investigating gut epithelial barrier function found that acute stress induced morphological 

alterations in TJ epithelia by decreasing mRNA encoding expression of ZO-2 and 

occludin (Demaude et al., 2006).  Additionally, in brain microvessel endothelial cells, 

amyloid β-peptide1-42  (Aβ1-42), a major component of senile plaques and cerebrovascular 

deposits in Alzheimer’s disease has recently been shown to alter TJ protein distribution 

of claudin-5 and ZO-2 with relocation to the cytoplasm (Marco and Skaper, 2006).  

Furthermore, treatment with Aβ1-42 also altered protein expression with ZO-2 showing 

decreased expression after 1 day exposure, suggesting that Aβ1-42 may alter BBB integrity 

mediated by alterations on TJ protein complexes (Marco and Skaper, 2006).   

Studies investigating the effect of human immunodeficiency virus 1 (HIV-1) on 

the BBB also reported an increase in BBB permeability and a decrease in ZO-2 
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expression in brain microvessel endothelial cells (Andras et al., 2003; Kanmogne et al., 

2005).  Furthermore, the effect of hypoxia on the TJ and on BBB permeability showed 

that while ZO-2 expression did not change, there was increased localization of ZO-2 in 

the cytosol following hypoxia (Mark and Davis, 2002).  More recently, Hawkins et al. 

(Hawkins et al., 2004) demonstrated that ZO-2 localization in cerebral microvessels was 

altered following nicotine treatment.  Though the mechanism by which ZO-2 expression 

is reduced in hypertensive SHR and whether this change contributes to ischemic cerebral 

infarction remains unclear, our findings suggest an interaction between decreased ZO-2 

expression and prolonged hypertension in the TJ of brain microvessels.   

One possible explanation for the decreased ZO-2 expression is that ZO-2 has 

recently been demonstrated to contain nuclear localization and exportation signals and 

shuttles between the nucleus and the TJ region in epithelial cells and is regulated by the 

degree of intercellular contact (Islas et al., 2002).  In these studies, ZO-2 was 

conspicuously observed at the cell nuclei in sparse or mechanically injured monolayers, 

suggesting that subcellular localization to the nucleus is highly sensitive to the state of 

cell-cell contact displayed by the monolayer (Islas et al., 2002).  Furthermore, ZO-2 has 

also been associated with regulating gene expression not only at the nucleus but also at 

the TJ region via transcription factors, c-Jun, c-Fos and C/EBP (Betanzos et al., 2004).  

This suggests that ZO-2 modulation of different gene promoters could theoretically affect 

the expression of various proteins necessary to activate the same or converging signaling 

pathways to regulate cell-cell contact at the TJ (Betanzos et al., 2004).  This may be an 

important adaptation in response to chronic elevations in blood pressure where increased 
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intraluminal shear stress on blood vessel endothelia may trigger translocation of ZO-2 to 

the nucleus to regulate the activity of TJ constituents under conditions of diminished cell-

cell contact induced by stress.  While the functional role of ZO-2 at the BBB is not clear, 

future studies to characterize the distribution and functional significance of ZO-2 in brain 

microvessels of SHR are critical for elucidating the physiological role of this protein in 

maintaining the BBB during hypertension. 

 Another aspect of brain edema involves the mechanisms by which ion transport 

pathways are modulated during ischemic stroke.  Immediately following stroke, edema 

formation initially involves the net uptake of ions and water from the blood into the brain 

across an intact BBB, leading to barrier disruption 4-6 hours after the onset of ischemia 

(Menzies et al., 1993; Kimelberg, 1995; O'Donnell et al., 2005).  During physiological 

conditions, the NKCC1 is critical for maintaining homeostatic ion gradients and cellular 

fluid volume regulation by moving ions and water across the intact BBB.  Previous 

studies have indicated that the NKCC1 in BBB endothelial cells is a significant 

component of ischemia-induced edema formation (O'Donnell et al., 2004; O'Donnell et 

al., 2005) as well as a contributor to the increased risk for stroke with nicotine 

(Abbruscato et al., 2004; Yang et al., 2006).  In this study, there was no change in protein 

levels of NKCC1 in SHR compared to control, suggesting that hypertension does not 

change NKCC1 expression. 

 The apparent decrease in ZO-2 expression in the TJ of hypertensive SHR, suggest 

there may be mechanisms that may affect the functionality of the TJ.  Earlier reports have 

begun to investigate the mechanisms by which different PKC isozymes regulate the 
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expression and function of the TJ proteins (Jaken, 1996; Hofmann, 1997; Fleegal et al., 

2005a).  Moreover, there are a number of studies linking PKC isozymes with 

transmembrane proteins sensitive to interactions with several intracellular signaling 

regulators such as calcium, phosphotidylinositol 3-kinase, and calcium/calmodulin 

signaling pathways (Sauvage et al., 2000; Maly et al., 2002; Bright and Mochly-Rosen, 

2005).  Although in our current study there were no differences in expression levels of all 

four conventional, Ca2+-dependent PKC isozymes in the SHR at all age groups compared 

to age-matched controls, this does not eliminate the possibility that there may be other 

interactions / alterations occurring with these molecules through functional activity, in the 

presence of other stressors, or in other isozymes that were not measured.   

The role of PKC in cerebral ischemia is complex and it is important to note that 

individual PKC isozymes can mediate different and sometimes opposing functions even 

after activation by the same stimulus (Chen et al., 2001; Bright and Mochly-Rosen, 

2005).  Specifically, there may be post-translational modifications of these proteins, 

which can significantly alter function.  In fact, other intracellular mechanisms besides 

alterations in protein expression may be involved in regulating PKC activity.  For 

example, PKC itself is phosphorylated on activation and translocates from the cytoplasm 

to the membrane upon activation (Ron and Kazanietz, 1999; Fleegal et al., 2005a).  

Although these studies showed no changes in Ca2+-dependent PKC isozyme protein 

expression, there may be alterations in translocation and/or phosphorylation of these 

isozymes occurring during hypertension development.  Furthermore, there is some 

suggestion that the relationship between cytosolic free Ca2+, PKC, and the NHE-1 may be 
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linked to the causes and origin of essential hypertension by potentially exerting trophic 

effects on the vasculature (Aviv, 1994).  Thus, further studies are required to determine 

the activation of these isozymes (translocation and/or phosphorylation) and their role in 

regulating BBB function during disease processes.    

 While the NKCC1 and PKC Ca2+-dependent isozymes in our model did not 

demonstrate a change in expression, there was a significant increase in brain microvessel 

NHE-1 expression in 15 week SHR.  The SHR has been widely reported to possess 

increased activity of both the ubiquitous and renal cell-specific isoforms of NHE and 

NKCC1 (Orlov et al., 1999).  Additionally, there is growing evidence which supports a 

relationship between primary hypertension and increased NHE activity in several cell 

types and disease states including blood cells (as reviewed by (Siffert and Dusing, 

1995)), various organ tissues (Kelly et al., 1997; Kobayashi et al., 2004), hypoxia (Cutaia 

et al., 1998), and ischemia/reperfusion models (Allen and Xiao, 2003; Kintner et al., 

2005).  While we did not measure NHE-1 activity, we did observe a nearly 2-fold 

increase in NHE-1 expression during later stage hypertension (15 week SHR).  This 

likely plays an important role in enhanced NHE-1 activity associated with hypertension 

and suggests a role in increased susceptibility to stroke.  However, it is important to note 

that NHE-1 activity may also be modulated by growth factors, hormones, and 

neurotransmitters, as well as by hypertonic shrinking and mechanical stimuli (Karmazyn, 

1999). 

 Despite the increase in NHE-1 expression in later stage hypertension, it is still 

unclear how this increased expression mediates a greater susceptibility to stroke.  It is 
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possible that there is a membrane defect in Na+ transport.  NHE-1 normally utilizes the 

extra- to intracellular Na+ gradient to drive H+ efflux from cells and plays an important 

role in the maintenance and regulation of Na+, intracellular pH, and cellular fluid volume 

(Siffert and Dusing, 1995).  Membrane defects in the transport of Na+ have been 

attributed to increased cellular NHE activity in a number of cell types and in both human 

and SHR models of hypertension (Ng, 1998).  A second hypothesis is that increased 

NHE-1 expression causes vascular remodeling.  Increased activity and phosphorylation 

of NHE-1 has been reported in immortalized lymphoblasts from hypertensive patients 

and may reflect an upregulation of upstream signaling pathways that could account for 

the cellular proliferation or hypertrophic responses attributed to the vascular remodeling 

associated with hypertension (Ng, 1998).  Finally, it may be that there is increased 

cellular swelling during hypertension which is exacerbated by ischemia.  Ischemia 

stimulates intracellular acidosis by increased anaerobic glycolysis (Allen and Xiao, 

2003).  Additionally, it has been demonstrated that ischemic injury can be caused by 

stimulation of NHE-1 to extrude H+ for Na+ along with energy depletion due to decreased 

Na+/K+-ATPase activity (Saesue et al., 2004).  The subsequent rise in intracellular Na+ 

concentrations promotes cellular swelling and stimulates the Na+/Ca2+ exchanger to 

exchange Na+ for Ca2+, thus resulting in increased intracellular Ca2+ concentrations which 

can then activate Ca2+-dependent second messenger signaling pathway molecules to 

further promote cellular damage (Allen and Xiao, 2003; Pedersen et al., 2006).  

 In summary, the genetic animal model of essential hypertension, the SHR, was 

used to determine the effect of hypertension development on BBB proteins potentially 
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involved in ischemia-induced infarct damage.  Characterization of expression levels of 

BBB TJ, ion transporter, and PKC signaling pathway proteins were examined in brain 

microvessels of SHR compared to age-matched WKY at 5, 10, and 15 weeks of age.   

This study has shown differential alterations in protein expression of the TJ (ZO-2) and 

ion transporter (NHE-1) in hypertensive SHR suggesting that these two proteins may 

contribute to the increased susceptibility of the strain to stroke damage and why 

hypertension is a risk factor often associated with increased cerebral infarction.  The 

molecular mechanisms by which TJ and ion transporter proteins of the BBB are 

modulated / altered during hypertension development to regulate the brain 

microenvironment still remain under investigation.  These data suggest that modulation 

of expression of both TJ and ion transporter systems during hypertension development in 

the BBB may be factors important in the potentiation of MCAO infarct size.  
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CHAPTER 7:  EFFECT OF HYPERTENSION ON ISCHEMIA-INDUCED 

INFARCT VOLUME FOLLOWING PERMANENT MCAO 

 

7.1 Introduction 

Stroke is the third leading cause of death and disability in industrialized countries 

worldwide.  Ischemic stroke pathophysiology consists of a number of molecular events 

that contribute to brain injury including nutrient deprivation, cellular excitotoxicity, 

reactive oxygen species formation, tissue acidosis, inflammation, and BBB disruption 

(Rosenberg, 1999; Zemke et al., 2004).  During ischemic stroke, a cessation of blood 

flow depletes energy substrates for the brain causing membrane ion pumps to fail leading 

to accumulation of neurotoxic substances which promote cellular swelling and edema.  

This cascade of events contributes to neurological deficits associated with cerebral 

infarction (Rosenberg, 1999; Ayata and Ropper, 2002).   

Recently, emphasis has been placed on identifying various categories of ischemic 

stroke and the clinical epidemiological aspects of different stroke subtypes, such as 

atherothrombotic, cardioembolic, lacunar, unusual etiology, and undetermined causes of 

stroke (Barnett et al., 1998).  Interestingly, the ratio of cerebral infarctions to 

intracerebral hemorrhages is usually 5:1, indicating that in cases of stroke, ischemic 

strokes clearly outnumber hemorrhagic strokes in frequency and in the resulting type and 

magnitude of cerebral tissue damage (Arboix et al., 2004).  Among these subtypes of 

cerebrovascular disease, researchers are attempting to understand the potential role for 

vascular disease markers, such as endothelial dysfunction which may contribute to the 
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pathogenesis of cerebrovascular accidents (Cosentino and Volpe, 2005).  In particular, 

elevations in blood pressure as observed with hypertension have long been recognized as 

a leading risk factor for stroke and the implications of endothelial dysfunction at the BBB 

are complex and multifaceted (Cosentino and Volpe, 2005).  It is realized however, that 

the pathophysiology of cerebral infarction is not uniform and continues to remain poorly 

defined (Arboix et al., 2004).   

While cerebral ischemia is a clinical problem of great magnitude and severity, 

considerable research effort has been employed towards understanding the 

pathophysiology and therapy of this disease.  One of the major risk factors for acute 

cerebrovascular disease is hypertension and its prevalence has been shown to occur in 

more than 50% of patients with ischemic stroke (Bogousslavsky et al., 1988; Bornstein et 

al., 1996; Arboix et al., 2000).  It has been widely reported that hypertension increases 

the occurrence and severity of ischemic stroke (Li et al., 2005b; Liu et al., 2005)  with 

cerebral infarctions more frequently reported in hypertensive individuals than for those 

with normal blood pressures in the clinic (Kannel et al., 1970; Stokes et al., 1989; Sacco 

et al., 1991; Barone et al., 1992).  These observations have also been seen in the SHR, a 

genetic model of hypertension sharing similar characteristics to the human 

pathophysiological condition.  Furthermore, it has been suggested that SHR exhibit more 

severe neuropathic effects than normotensive animals following permanent focal cerebral 

ischemia (Barone et al., 1992).      

A number of research groups have reported evidence for increased ischemia-

induced cerebral infarction associated with models of genetic or acute hypertension 
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(Coyle, 1986; Duverger and MacKenzie, 1988; Grabowski et al., 1988; Takaba et al., 

2004).  It remains unclear, however, why elevated blood pressures are linked to increased 

cerebral infarctions in both hypertensive patients and animal models.  Furthermore, our 

understanding of what happens to the BBB during the early stages of hypertension 

development and whether alterations in the cerebral microvascular endothelium 

precipitate the increased cerebral infarctions observed in hypertensive SHR compared to 

the normotensive WKY strain remains limited.     

 For this specific aim, the effect of hypertension development on ischemia-

induced infarct volume following permanent 4 hr MCAO was determined in 5, 10, and 15 

week SHR compared to age-matched WKY controls.  To that end, we evaluated 

neurological deficits, infarct volume, and edema formation (i.e. gravimetric analysis of 

brain water content) in the brain following MCAO, as these are accepted methods for 

diagnosing ischemic stroke in animal models (Barone et al., 1992).   
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7.2 Results 

Blood gas analysis 

 Following either sham or permanent 4 hr MCAO, SHR and WKY rats were 

subjected to blood gas analysis and neurological scoring at 5, 10, and 15 weeks (Table 

7.1).  Blood gas parameters (pH, pO2, pCO2, hematocrit, Na+, K+, Ca2+, Cl-, sO2) showed 

no difference with age or between strains before or after sham or permanent 4 hr MCAO 

and were within normal physiological range.  For rats undergoing sham surgery, blood 

gas analyses show no major physiological effects on all parameters measured.  However, 

slight reductions in Na+ and Cl- ion concentrations in terminal blood gas samples were 

observed in sham SHR compared to age-matched WKY controls.  After permanent 4 hr 

MCAO, 5 week SHR show a slight increase and decrease in hematocrit and Na+, 

respectively, compared to age-matched control.  At 10 weeks, SHR showed slight 

alterations in pH, pO2, pCO2, hematocrit, and Na+ levels though all values were well 

within physiological range.  Furthermore, a slight decrease in Na+ levels were observed 

in 15 week SHR compared to age-matched WKY controls.  All other blood gas 

parameters showed no difference in SHR compared to WKY control (Table 7.1).   
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Blood gas analysis 
                 5 weeks                        10 weeks                15 weeks

 
Treatment group      WKY              SHR       WKY                SHR            WKY       SHR 

 
Sham                                     
pH      7.45 ± 0.01        7.39 ± 0.03       7.43 ± 0.02        7.41 ± 0.00         7.37 ± 0.01          7.42 ± 0.02  
pO2 (mm Hg)     87.5 ± 4.4          94.5 ± 3.7         90.3 ± 4.3          101 ± 3.1            81.8 ± 1.1            90.5 ± 6.8  
pCO2 (mm Hg)     30.8 ± 1.5          34.0 ± 2.4         34.3 ± 1.0           31.8 ± 1.4          44.5 ± 0.9            32.5 ± 3.9*  
Hematocrit (%)     36.5 ± 0.9          36.8 ± 0.6        38.8 ± 2.4          41.5 ± 0.5           42.3 ± 0.5            46.0 ± 1.7   
Na+ (mmol/L)                               137 ± 0.7          132 ± 0.6*         136 ± 0.6           133 ± 0.3*           138 ± 0.8             134 ± 0.7* 
K+ (mmol/L)     3.6 ± 0.1            3.9 ± 0.1           3.9 ± 0.2             3.9 ± 0.1            4.3 ± 0.2              4.3 ± 0.3 
iCa2+ (mmol/L)                             1.2 ± 0.0            1.2 ± 0.0           1.3 ± 0.0            1.2 ± 0.0             1.3 ± 0.0              1.1 ± 0.0* 
Cl- (mmol/L)                                 106 ± 0.8          104 ± 0.6*         108 ± 0.3           104 ± 0.9*           106 ± 0.8             105 ± 1.3 
sO2 (%)       97.2 ± 0.4         97.2 ± 0.6          97.2 ± 0.4          98.0 ± 0.2           95.6 ± 0.3            97.0 ± 0.8 
 
MCAO 4 hr 
pH      7.38 ± 0.01        7.36 ± 0.01        7.45 ± 0.01       7.39 ± 0.01*         7.41 ± 0.01        7.40 ± 0.02 
pO2 (mm Hg)          102 ± 4.7           97 ± 4.1             80 ± 1.5            95 ± 5.8*            85 ± 4.5      88 ± 5.4 
pCO2 (mm Hg)                            37 ± 1.5             39 ± 2.6             35 ± 1.1            40 ± 2.1*              40 ± 2.0             38 ± 2.7   
Hematocrit (%)     34.2 ± 0.5          36.8 ± 1.0*       40.8 ± 0.6         44.3 ± 0.6*            41.5 ± 0.7          42.3 ± 0.9 
Na+ (mmol/L)     136 ± 0.5           133 ± 0.7*         136 ± 0.8          134 ± 0.7*             138 ± 0.3          134 ± 0.3* 
K+ (mmol/L)     3.4 ± 0.2            3.8 ± 0.1            3.9 ± 0.2           3.9 ± 0.1               4.4 ± 0.4           4.0 ± 0.1 
iCa++ (mmol/L)     1.3 ± 0.0            1.3 ± 0.0            1.2 ± 0.0           1.2 ± 0.0               1.2 ± 0.0           1.2 ± 0.0 
Cl- (mmol/L)                                106 ± 1.0           104 ± 0.7           107 ± 1.0          105 ± 0.7              106 ± 0.6          106 ± 0.8 
sO2 (%)                                       97.6 ± 0.5          97.1 ± 0.5          96.4 ± 0.2         97.0 ± 0.6             96.2 ± 0.7         96.4 ± 0.6   

 

Table 7.1   Summary of blood gas analysis in SHR and WKY at 5, 10 and 15 weeks 
of age following sham or permanent 4 hr MCAO.  Data presented as mean ± SEM in 
the SHR was compared to normotensive, age-matched WKY control using Student’s t-
test.  *p<0.05 compared to age-matched WKY control (n=4-6 rats per group). 
 

 

 

 

 

 

 

 



    
 
 
  120
 
 

 

Neurological profile following sham or permanent 4 hr MCAO 

 All rats subjected to sham or permanent 4 hr MCAO underwent neurological 

scoring.  A significant increase in total neurological score was observed in all groups 

following MCAO compared to sham within age-matched strain (Table 7.2A).  Following 

sham, there were no differences in neurological scores in SHR compared to age-matched 

controls.  However, following MCAO, 15 week SHR demonstrated a slight decrease in 

the total neurological score as compared to age-matched control. 

 

Gravimetric analysis of brain water content 

 To determine whether the lesioned hemisphere is accompanied by the 

development of edema, gravimetric analysis of brain water content in both ipsilateral and 

contralateral hemispheres (infarcted and noninfarcted, respectively) was evaluated (Table 

7.2B).  Following sham surgery, there were no differences in brain water content among 

ages, between strains, or within strain between ipsilateral and contralateral hemispheres, 

indicating no edema development in sham rats.  However, brain water in the ipsilateral 

hemispheres were increased by 1-2% over that of the contralateral hemispheres in WKY 

and SHR at 10 and 15 weeks of age compared to age-matched controls following MCAO 

(Table 7.2B), indicating the initial presence of edema formation in these animals.  

Interestingly, there was no effect on the brain water content of 5 week SHR or WKY 

controls, suggesting edema formation is not prevalent in pre-hypertensive rats (Table 

7.2B).  Our findings indicate that infarcted tissue of SHR show signs of edema associated 
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with brain water content, but not significantly more so than infarcted tissue from WKY 

rats (Table 7.2B).    
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Table 7.2   Summary of total neurological scoring (A) and gravimetric analysis of 
brain water content (B) of SHR and WKY at 5, 10, and 15 weeks of age following 
sham or permanent 4 hr MCAO.  Data presented as mean ± SEM in the SHR as 
compared to normotensive, age-matched WKY control using Student’s t-test.  *p<0.05 
compared to age-matched WKY control; #p<0.05 compared to age-matched sham 
control; §p<0.05 compared within age-matched strain of the ipsilateral hemisphere 
compared to the contralateral hemisphere.  Total neurological score, n=13-14 per group 
for MCAO 4 hr; gravimetric analysis, n=6 per group for MCAO 4 hr; all sham, n=4 per 
group. 
 

 

 

 

 

 

(A) Total neurological score 
 
                  5 weeks                                 10 weeks                                       15 weeks 

 
Treatment group      WKY              SHR         WKY  SHR             WKY       SHR 

       
Sham MCAO                              1.9 ± 0.1          1.8 ± 0.3              1.9 ± 0.1            2.0 ± 0.0             2.0 ± 0.2              1.8 ± 0.3 
                                                       
MCAO 4 hr     7.0 ± 0.4#        6.7 ± 0.2#            8.1 ± 0.2#          7.8 ± 0.3#           8.4 ± 0.3#            7.4 ± 0.2*# 

 
 
(B) Gravimetric analysis of brain water content 
 
                    5 weeks                                 10 weeks                                       15 weeks 

 
Treatment group      WKY              SHR         WKY  SHR             WKY       SHR 

        
Sham MCAO                                    
 
Ipsilateral hemisphere (%)   79.3 ± 0.0          79.3 ± 0.1           78.8 ± 0.0          78.6 ± 0.1            78.2 ± 0.2        78.4 ± 0.1   
Contralateral hemisphere (%)    79.4 ± 0.1          79.4 ± 0.1           78.7 ± 0.0          78.6 ± 0.0            78.1 ± 0.2           78.3 ± 0.1 
 
MCAO 4 hr 
 
Ipsilateral hemisphere (%)         79.9 ± 0.2          79.5 ± 0.0           80.0 ± 0.3§        80.4 ± 0.5§          79.8 ± 0.6§         79.5 ± 0.3§ 
Contralateral hemisphere (%)    79.7 ± 0.1          79.5 ± 0.0           78.6 ± 0.1          78.9 ± 0.3            78.3 ± 0.1           78.4 ± 0.1 
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Cerebral infarction profile and total infarct volume 

 Cerebral infarction profile and total infarct volume were compared among all 

groups in coronal brain slices stained by TTC.  Figure 7.1A is an illustration of the 

coronal slices measured on a rat brain from the anterior to posterior direction.  In Figure 

7.1B, representative coronal brain slices show a typical pattern of infarction produced by 

permanent 4 hr MCAO in SHR and age-matched WKY at 5, 10, and 15 weeks.  In 5 

week SHR and WKY, total neurological scores (6.7 ± 0.2 vs. 1.8 ± 0.3, MCAO vs. sham, 

respectively; Table 7.2A) indicated occlusion of the MCA; however, the extent of the 

ischemia-induced infarct damage in these coronal slices were less pronounced and not as 

obvious when stained by TTC as compared to 10 and 15 week old animals (Figure 7.1B).  

In hypertensive SHR (10 and 15 weeks), the infarctions were typically restricted to the 

frontal and parietal areas with more enhanced and diffuse damage observed throughout 

the slices as compared to normotensive, age-matched WKY.   

Semiautomated analysis of infarct area in the seven coronal brain slices were 

shown in Figures 7.2A, 7.3A, and 7.4A (n=7-8 rats per slice) to determine the forebrain 

infarction profile following permanent 4 hr MCAO in all age groups.  No cortical 

infarctions or neurological deficits (Table 7.2A) were observed following sham surgery 

for all groups indicating that the surgical procedure alone did not contribute to ischemia-

induced tissue damage or neurological deficits.  In pre-hypertensive SHR (5 week), the 

percent infarct from each brain slice in the anterior to posterior forebrain was used for 

comparison against individual normotensive, age-matched slice controls.  The profile of 5 

week old animals showed that there were no changes in infarct size in individual slices of 



    
 
 
  124
 
 

 

SHR compared to age-matched WKY slice control (Figure 7.2A).  Additionally, the 

percent total infarct of 5 week SHR showed no difference as compared to age-matched 

WKY controls (Figure 7.2B).  However, in both early stage (10 week) and later stage 

hypertensive SHR (15 week), the infarction occupied most of the forebrain areas with 

significantly increased damage occurring in slices 1, 5, 6, and 7 as compared to 

normotensive, age-matched slice controls (Figures 7.3A and 7.4A, respectively).  The 

infarction profile for these 10 and 15 week hypertensive SHR show more diffuse damage 

in the posterior portion and extreme anterior portion of the forebrain (Figures 7.3A and 

7.4A, respectively).  Furthermore, the percent total infarct of both 10 and 15 week SHR 

demonstrated a 40% increase in infarct volume compared to age-matched WKY controls 

(Figure 7.3B and 7.4B, respectively).  Overall, both a larger infarction profile and percent 

total infarct was observed in the hypertensive SHR strain at 10 and 15 weeks as 

compared to age-matched WKY controls.  These data suggest that the greatest increase in 

infarct volume in the SHR occurs at 10 and 15 weeks of age which correlate to early and 

later stage hypertension and has been determined to be a critical time period for 

spontaneous hypertension development in this strain.  
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Figure 7.1   Representative brain coronal slices following permanent 4 hr MCAO in 
SHR and WKY at 5, 10, and 15 weeks of age.  (A) Representative model of rat brain 
coronal slices (2 mm thickness) identified as sections 1-7 in the anterior to posterior 
direction as previously described in the methods section.  (B)  Representative brain slices 
showing cerebral infarction in seven coronal forebrain sections stained with 2% TTC 
following permanent 4 hr MCAO in age-matched SHR and WKY at 5, 10, and 15 weeks.  
Each planar image corresponds to a 2 mm section surface.  The unstained regions of the 
brain indicate ischemic infarction due to occlusion of the MCA.  Coronal slices were 
prepared for all groups (n=7-8 per group). 
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Figure 7.2   Permanent 4 hr MCAO infarction profile and corresponding percent 
(%) total infarct in SHR and WKY at 5 weeks of age.  (A) Profile of cerebral 
infarction in coronal sections and shown as percent (%) infarct in SHR and WKY at 5 
weeks.  Measurements were determined using image analysis and expressed in reference 
to the noninfarcted contralateral hemisphere as described in the methods.  (B) 
Corresponding graph showing percent (%) total infarct as described in the methods 
section in SHR compared to WKY at 5 weeks.  Values are expressed as mean ± SEM 
using Student’s t-test.  *p<0.05 indicates significance from age-matched WKY control 
(n=7 per group). 
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Figure 7.3   Permanent 4 hr MCAO infarction profile and corresponding percent 
(%) total infarct in SHR and WKY at 10 weeks of age.  (A) Profile of cerebral 
infarction in coronal sections and shown as percent (%) infarct in SHR and WKY at 10 
weeks.  Measurements were determined using image analysis and expressed in reference 
to the noninfarcted contralateral hemisphere as described in the methods.  (B) 
Corresponding graph showing percent (%) total infarct as described in the methods 
section in SHR compared to WKY at 10 weeks.  Values are expressed as mean ± SEM 
using Student’s t-test.  *p<0.05 indicates significance from age-matched WKY control 
(n=8 per group). 
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Figure 7.4   Permanent 4 hr MCAO infarction profile and corresponding percent 
(%) total infarct in SHR and WKY at 15 weeks of age.  (A) Profile of cerebral 
infarction in coronal sections and shown as percent (%) infarct in SHR and WKY at 15 
weeks.  Measurements were determined using image analysis and expressed in reference 
to the noninfarcted contralateral hemisphere as described in the methods.  (B) 
Corresponding graph showing percent (%) total infarct as described in the methods 
section in SHR compared to WKY at 15 weeks.  Values are expressed as mean ± SEM 
using Student’s t-test.  *p<0.05 indicates significance from age-matched WKY control 
(n=8 per group). 
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7.3 Discussion 

In this study, it was hypothesized that hypertension could lead to increased 

ischemia-induced infarct size following permanent 4 hr MCAO in SHR compared to age-

matched normotensive WKY controls.  It has long been recognized that chronic arterial 

hypertension is closely associated with cerebrovascular accidents in humans (Gautier, 

1983; Duverger and MacKenzie, 1988).  Our present study demonstrates that MCAO 

provokes a greatly increased necrotic volume in stroke-resistant SHR compared with 

normotensive WKY controls during early (10 week) and later stage (15 week) 

hypertension development.   

Following permanent 4 hr MCAO, both SHR and WKY show significant 

neurological impairment and cortical infarctions with early and later stage hypertensive 

rats displaying more severe tissue damage as compared to age-matched normotensive 

WKY.  This increase in infarct volume is consistent with reports by a number of groups 

which have also shown increased cerebral infarctions in SHR (Coyle et al., 1984; 

Duverger and MacKenzie, 1988; Grabowski et al., 1988; Barone et al., 1992) thus, 

corroborating a link in the susceptibility of hypertensive animals to increased 

cerebrovascular injury associated with hypertension.  Interestingly, neurological deficits 

were observed in 5 week SHR following MCAO but the deficits did not correlate to 

increased or pronounced infarct size as compared to age-matched controls.  The lack of a 

well-defined infarction profile in 5 week SHR and WKY may be due to the immaturity of 

the skull and the flexibility of the cranial bones at this stage of development.  Normally 

following ischemic injury, cellular swelling reduces brain extracellular space leading to 
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cellular necrosis (Rosenberg, 1999).  Perhaps, in the 5 week old rats, the tissue damage is 

in part circumvented due to cranial expansion thereby attenuating ischemic tissue 

damage.  Furthermore, the capacity for neurogenesis diminishes with age, and perhaps in 

the 5 week old rats, the process by which new neurons may be generated to replace those 

lost or impaired by focal ischemia is preserved as compared to older rats (10 and 15 

week) (Jin et al., 2004). 

  Another consequence of stroke is the propensity of ischemic brain tissue to 

develop swelling and edema which are major causes of death in patients with sizeable 

infarctions (Ayata and Ropper, 2002).  Ischemic brain edema is complicated by an 

intracellular shift of water resulting in cell swelling (cytotoxic edema) and the 

extracellular movement of water through the BBB into the extravascular compartment 

(vasogenic edema) (Klatzo, 1987; Ayata and Ropper, 2002).  Both forms of edema occur 

by different mechanisms and in some instances, are not easily differentiated (Klatzo, 

1987).  While cytotoxic edema usually results in intracellular swelling due to the effect of 

noxious agents on cellular elements of the brain parenchyma, vasogenic edema features 

increased BBB permeability and a net accumulation of fluid in the extravascular spaces 

(Klatzo, 1987; Kimelberg, 1995). 

In our study, edema was present in the occluded hemispheres of SHR (5 week) 

and in both WKY and SHR (10 and 15 weeks) compared to their non-occluded 

hemispheres using gravimetric analysis of brain water content.  One interesting 

observation was that though the infarcted tissue of SHR show signs of edema associated 

with increased brain water content, the increase was not significantly more so than in 
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infarcted tissue from WKY rats, despite noted increases in total infarct volume in 

hypertensive SHR.  One possible explanation may be that our experimental protocol may 

allow insufficient time for the brain to develop vasogenic edema.  Previous studies have 

reported that increases in brain water were observed by 3 hours with maximal increases 

in edema by 48 hours and maximal increased permeability by 8 to 10 days following 

permanent MCAO (Katzman et al., 1977; Hatashita and Hoff, 1990a), suggesting that the 

early increase in water content was more than likely caused by cytotoxic edema.  

Extending this time period beyond the 4 hr period used in our experimental design may 

allow for extravascular accumulation of water and an eventual breakdown of the BBB, 

perhaps resulting in greater differences in edema formation in this strain. 

While the increased infarct volume observed in hypertensive SHR (10 and 15 

weeks) did correlate to edema formation in the infarcted hemisphere, there was no 

difference in edema formation in SHR compared to WKY.  Because the increased infarct 

volume in hypertensive SHR did not correlate to further increases in edema, it suggests 

that cytotoxic rather than vasogenic edema may be the predominant factor contributing to 

ischemic tissue damage in our model.  There are several possibilities as to why cytotoxic 

edema may be more prevalent than vasogenic edema.  Normally, cytotoxic edema 

manifests as intracellular swelling without increased permeability of the BBB 

(Kimelberg, 1995).  This is done by allowing transitory water movement in and out of the 

brain parenchyma without increasing brain water (Klatzo, 1987).  Because the retention 

of water is essential for the development of vasogenic edema where solute and water 

entry into the brain is increased due to a compromised BBB (Klatzo, 1987; Kimelberg, 
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1995) and no further increases in brain water were observed in hypertensive SHR 

compared to normotensive WKY, we speculate that this may be one reason cytotoxic 

edema is more prevalent in this study.  Additionally, capillaries of the BBB endure 

greater damage with reperfusion injury associated with transient ischemia rather than by 

permanent ischemia alone (Xiao, 2002), suggesting that the onset of vasogenic edema is 

more likely associated with reperfusion.  

Although we have shown increased infarct volume in hypertensive SHR 

following ischemic stroke, it remains unclear how the BBB is altered in hypertension or 

how such alterations might contribute to these events.  With prolonged exposure to 

hypertension, blood vessels regulate vascular tone and undergo structural changes known 

as vascular remodeling to maintain circulatory homeostasis (Itoh and Nakao, 1999).  

Endothelial cells of the BBB also play a central role in sensing vascular stresses and 

respond by secreting autocrine / paracrine factors for vascular remodeling to take place 

(Itoh and Nakao, 1999).  It has been speculated that prolonged exposure to vascular 

stresses (hypertension) can impair endothelial function leading to dysregulation of 

vasoactive substances and the eventual formation of proliferative vascular lesions and 

injury in the brain.  Perhaps SHR may be more vulnerable to vascular remodeling or 

changes in the cerebral endothelium as a relevant adaptation to compensate for the 

progressive increase in blood pressure observed during hypertension development in this 

strain.   

Our previous findings (Chapter 6) show that BBB TJ and ion transporter proteins, 

ZO-2 and NHE-1, respectively, demonstrate differential protein expression levels in 



    
 
 
  133
 
 

 

hypertensive SHR.  These findings along with our current results implicate hypertension 

development in exacerbating the necrotic injury volume in the SHR following MCAO 

(Chapter 7).  Furthermore, our data supports the idea that the BBB may be a contributor 

to the increased ischemia-induced cerebrovascular injury associated with hypertension.  

What is more difficult to answer is if the incidence of stroke increases with hypertension, 

then what mechanisms are present during SHR hypertension development to exacerbate 

the neuropathological consequences of ischemic insult? 
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CHAPTER 8:   EFFECT OF INHIBITION OF NHE-1 ON ISCHEMIA-INDUCED 

INFARCT VOLUME FOLLOWING PERMANENT MCAO 

 

8.1 Introduction 

Cerebral ischemia is associated with a marked decrease in cellular ATP levels and 

intracellular acidosis as a result of anaerobic glycolysis (Lipton, 1999; Kitayama et al., 

2001; Pedersen et al., 2006).  Several studies have reported that intracellular acidosis 

stimulates pH regulating systems, including the NHE (Grinstein et al., 1992; Noel and 

Pouyssegur, 1995).  The major function of NHE-1 is the regulation of intracellular pH 

and is primarily activated by decreases in intracellular pH.  For this reason, NHE-1 has 

several important biological functions and plays a role in the pathology of several 

diseases.  In addition, NHE-1 activity may also be stimulated by numerous hormones 

which can activate protein kinases and act through auxiliary proteins producing a variety 

of downstream events (Fliegel, 2005).  In the CNS, NHE-1 is also expressed in both 

neurons and glial cells (Siesjo, 1992b; Ma and Haddad, 1997) and has been shown to be 

highly expressed in cerebral cortical tissue (Ma and Haddad, 1997).  

During cerebral ischemia, intracellular acidosis stimulates the activation of NHE-1 

to produce a marked influx of Na+ into the cells.  As a consequence of ischemia, a 

reduction in Na+ extrusion via Na+/K+-ATPase occurs due to ATP depletion, thus Na+ 

overload occurs within the cell.  The increased intracellular Na+ stimulates the Na+/Ca2+ 

exchanger (NCE) which causes intracellular retention of Ca2+.  The subsequent Na+ and 

Ca2+ overload as a result of stimulating the activity of NHE-1 may have detrimental 
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consequences in progressing ischemic cell injury (Du et al., 1997; Trudeau et al., 1999; 

Kitayama et al., 2001). 

Recent evidence has suggested that inhibiting the actions of NHE-1 results in mild 

to moderate corrections of intracellular pH which have been shown to be remarkably 

neuroprotective in both in vitro and in vivo models of cerebral ischemia (Tang et al., 

1990; Vornov et al., 1996; Horikawa et al., 2001a; Kitayama et al., 2001; Suzuki et al., 

2002).  Furthermore, in transient and focal models of cerebral ischemia (Kuribayashi et 

al., 1999; Kitayama et al., 2001; Suzuki et al., 2002) utilizing a variety of specific 

inhibitors of NHE demonstrated reductions in cerebral infarct volume, suggesting that 

NHE inhibition may suppress Na+ overload and enable cell survival despite ischemic 

insult. 

While much of stroke research focuses on the cellular mechanisms associated 

with neuronal damage, recent research implicates BBB integrity as a leading factor in the 

clinical outcome of stroke patients (Ayata and Ropper, 2002).  In addition, elevations of 

intraluminal pressures in blood vessels have been linked to increased stress on cerebral 

endothelia; however, it remains unclear how hypertension affects critical BBB proteins 

necessary for regulating CNS homeostasis.  Previously we have demonstrated that 

hypertension development is linked to increased NHE-1 expression in brain microvessels 

of 15 week SHR (Chapter 6).  Similarly, we have demonstrated that hypertension 

development also increases ischemia-induced infarct volume following permanent 4 hr 

MCAO in 10 and 15 week SHR (Chapter 7), corroborating the findings in many 

previously reported studies (Coyle, 1986; Duverger and MacKenzie, 1988; Grabowski et 
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al., 1988; Barone et al., 1992).  To investigate whether increased NHE-1 expression in 

brain microvessels correlates to increased ischemia-induced infarct volume in 

hypertensive SHR at the BBB, we examined the inhibition of NHE-1 by DMA (5-(N,N-

Dimethyl)amiloride), a selective NHE-1 inhibitor, in 15 week SHR and WKY rats on 

ischemia-induced infarct volume via direct injection into the lateral ventricle of the brain.   
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8.2 Results 

Timeline of experimental events and cerebral blood flow 

 Figure 8.1A is a timeline showing the sequence of experimental events for all rats 

used in the investigation of the functional inhibition of NHE-1 on ischemia-induced 

infarct volume using DMA, a selective inhibitor of NHE-1.  All rats used in this study 

aim were 15 week SHR and WKY and four study groups were examined (see methods, 

Chapter 5.14; Table 5.1).  At time 0, body weight and pre-anesthesia blood pressures 

were measured (SBP, DBP, MBP).  Following anesthesia, surgery for i.c.v. injection of 

drug or vehicle was begun along with placement of the laser Doppler probe to measure 

CBF.  After 40 min, injection of the drug or vehicle was administered over 30 sec while 

CBF was continuously monitored.  The skull was closed and MCAO surgery started.  

Occlusion of the MCA occurred approximately 35-45 min after i.c.v. injection of drug or 

vehicle.  The MCAO site was closed, and the rat was allowed to recover during the 4 hr 

ischemic period.  Neurological assessment and terminal blood gas chemistry were 

measured prior to sacrifice after 4 hr ischemia.  The brain was processed as previously 

described (Chapter 5) to determine the effect of the inhibitor on ischemia-induced infarct 

volume.  Blood pressure measurements were obtained (designated I-IV on the timeline) 

throughout the course of the experiment on each rat and recorded.  No changes in blood 

pressures were observed with i.c.v. injection. 

 Figure 8.1B represents a laser Doppler trace showing CBF flux during i.c.v. 

injection of DMA or aCSF vehicle (top trace) and the occlusion of the MCA (bottom 

trace).  CBF flux measurements were determined immediately before MCAO and again 
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immediately after occlusion.  All rats that underwent permanent 4 hr MCAO in this study 

showed reduced CBF to an average of 25-35% preocclusion CBF.  I.c.v. injection had no 

effect on CBF. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



    
 
 
  139
 
 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.1   Timeline showing sequence of experimental events and corresponding 
representative laser Doppler cerebral blood flow trace.  (A) Timeline of experimental 
events.  I-IV illustrates blood pressure measurements obtained during the course of the 
experimental procedure.  (B) Representative laser Doppler cerebral blood flow trace with 
major procedural events marked.  Actual trace illustrating 30 sec i.c.v. injection of drug 
as indicated on CBF trace 40 min after start of i.c.v. surgery and laser Doppler probe 
placement (DMA or aCSF vehicle; top trace) and subsequent occlusion of the middle 
cerebral artery (bottom trace).  
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Blood gas analysis and neurological profile following sham or MCAO 

 Following either sham or permanent 4 hr MCAO, 15 week old SHR and WKY 

rats were subjected to terminal blood gas analysis and neurological scoring.  Terminal 

blood gas measurements and total neurological scores were measured prior to sacrifice 

and the results reported in Table 8.1 (sham surgery, Groups I and II) and Table 8.2 

(permanent 4 hr MCAO, Groups III and IV).  The blood gas parameters (pH, pO2, pCO2, 

hematocrit, Na+, K+, Ca2+, Cl-, sO2) showed some minor differences in pH, hematocrit, 

and Cl- in sham Groups I and II of Table 8.1 (significance is detailed in table legend) and 

again in pH, pCO2, hematocrit, and Cl- in Group IV of Table 8.2 (see table legend).  

Although significant differences were shown in a few of these physiological parameters, 

all values were well within normal physiological limits.  No significant differences were 

observed in total neurological scoring of sham rats or MCAO rats (Table 8.1 and 8.2).  

Additionally, rats that underwent MCAO demonstrated significant neurological 

impairment while sham rats did not.  Furthermore, DMA administration did not have any 

significant effects on CBF or on mean BP.    
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Table 8.1  Summary of blood gas analysis and total neurological score in SHR and 
WKY at 15 weeks of age following sham surgery (Group I: (-) DMA / aCSF; Group 
II: (+) DMA / aCSF).  Data presented as mean ± SEM in the SHR compared to WKY 
control using two-way analysis of variance followed by Tukey’s HSD post hoc analysis.  
*p<0.05 indicates significance from WKY control in Group I; #p<0.05 indicates 
significance from WKY control in Group II; †p<0.05 indicates significance in the effect 
of drug within WKY strain; §p<0.05 indicates significance in the effect of drug within 
SHR strain.  No significant difference was observed in total neurological score, p>0.05. 
 

 

 

 

 

 

 

 

 

 

Blood gas analysis & total neurological score (15 week rats) 
 
                                            (-) DMA / aCSF                                          (+) DMA / aCSF 
                               Group I – SHAM                                 Group II – SHAM 

 
                       WKY                        SHR                         WKY                    SHR       

pH                             7.38 ± 0.01                        7.35 ± 0.01*                      7.37 ± 0.01                         7.36 ± 0.02               
pO2 (mm Hg)                      79.0 ± 4.1                          85.7 ± 4.1                          80.0 ± 4.5                           90.5 ± 2.0                 
pCO2 (mm Hg)                    41.8 ± 1.0                         40.2 ± 2.2                          42.8 ± 0.9                            41.3 ± 2.3                 
Hematocrit (%)                   41.3 ± 0.8                         47.0 ± 1.1*                         42.8 ± 0.8                           45.2 ± 0.5 
Na+ (mmol/L)                      138 ± 0.7                          137 ± 1.7                           139 ± 0.6                             137 ± 0.8                 
K+ (mmol/L)             3.8 ± 0.2                           3.9 ± 0.2                             3.9 ± 0.2                             3.4 ± 0.2                   
iCa2+ (mmol/L)                    1.2 ± 0.0                           1.2 ± 0.0                            1.3 ± 0.0                              1.2 ± 0.0                   
Cl- (mmol/L)                        108 ± 0.4                          110 ± 0.4*                         110 ± 0.4†                            109 ± 0.4                  
sO2 (%)                                95.1 ± 0.6                         95.7 ± 0.6                          95.0 ± 0.8                            96.6 ± 0.2 
 
Total 
neurological score             0.5 ± 0.0                           0.6 ± 0.1                            0.6 ± 0.1                              0.6 ± 0.1                 
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Table 8.2  Summary of blood gas analysis and total neurological score in SHR and 
WKY at 15 weeks of age following permanent 4 hr MCAO (Group III: (-) DMA / 
aCSF; Group IV: (+) DMA / aCSF).  Data presented as mean ± SEM in the SHR 
compared to WKY control using two-way analysis of variance followed by Tukey’s HSD 
post hoc analysis.  *p<0.05 indicates significance from WKY control in Group III; 
#p<0.05 indicates significance from WKY control in Group IV; †p<0.05 indicates 
significance in the effect of drug within WKY strain; §p<0.05 indicates significance in 
the effect of drug within SHR strain.  No significant difference was observed in total 
neurological score, p>0.05. 
 

 

 

 

 

 

 

 

 

Blood gas analysis & total neurological score (15 week rats) 
 
       (-) DMA / aCSF                                        (+) DMA / aCSF 
                             Group III – MCAO                              Group IV - MCAO

 
                       WKY                        SHR                         WKY                    SHR       

pH                             7.42 ± 0.01                       7.42 ± 0.01                        7.41 ± 0.01                         7.37 ± 0.01§# 
pO2 (mm Hg)                      78.7 ± 4.9                         82.5 ± 0.7                          77.0 ± 1.3                           79.3 ± 4.2 
pCO2 (mm Hg)                    36.8 ± 2.3                        35.2 ± 1.8                           40.0 ± 1.0                          42.7 ± 1.5§ 
Hematocrit (%)                   42.8 ± 0.9                        44.8 ± 0.9               41.7 ± 0.6                          45.3 ± 0.8#    
Na+ (mmol/L)                      139 ± 0.4                         137 ± 0.6                            138 ± 0.7                            138 ± 0.6 
K+ (mmol/L)             4.2 ± 0.1                          4.1 ± 0.1                             4.2 ± 0.1                            4.1 ± 0.2 
iCa2+ (mmol/L)                    1.2 ± 0.0                          1.2 ± 0.0                             1.2 ± 0.0                            1.2 ± 0.0 
Cl- (mmol/L)                        109 ± 0.6                         109 ± 0.7                            107 ± 0.9†                         107 ± 0.6 
sO2 (%)                                95.3 ± 1.1                        96.3 ± 0.2                           95.4 ± 0.2                          95.0 ± 1.1 
 
Total 
neurological score             8.3 ± 0.2                          8.3 ± 0.2                             8.0 ± 0.3                            7.7 ± 0.2   
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Effect of NHE-1 inhibition with DMA on cerebral infarct profile and total infarct 

volume 

 Cerebral infarction profile and total infarct volume were compared among all 

groups in coronal brain slices stained by TTC.  Figure 8.2 shows representative coronal 

brain slices which illustrate a typical pattern of infarction produced by permanent 4 hr 

MCAO in SHR and WKY at 15 weeks (Groups III and IV).  When injected with aCSF 

vehicle (i.c.v.), the pattern of infarction appears greater in SHR compared to WKY 

(Group III).  However, we observed an overall attenuation in infarct volume in SHR 

following injection with the NHE-1 inhibitor, DMA (Group IV).  Interestingly, though 

infarct volume was attenuated in SHR treated with DMA, we observed two different 

patterns of infarcted tissue (Group IV).  In one portion of SHR, the infarcts were small, 

focused lesions that were unstained by TTC.  On the other hand, some of the rats also 

appeared to partially stain for TTC and the infarcted area was rather pink in color.  This is 

perhaps indicative of some viable tissue that survived within the lesioned area (see last 

row, Figure 8.2).  No ischemic tissue was detected in sham rats (Group I and II). 

 Semiautomated analysis of infarct area in the seven coronal brain slices were 

shown in Figures 8.3A-B (n=6 rats per slice) to determine the forebrain infarction profile 

following permanent 4 hr MCAO.  No cortical infarctions or neurological deficits (Table 

8.1) were observed following sham surgery for all groups indicating that the surgical 

procedure or administration of drug or aCSF vehicle did not contribute to ischemia-

induced tissue damage or neurological deficits.  In group III, the percent infarct from 

each brain slice in the anterior to posterior forebrain was used for comparison against 
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individual normotensive, group-matched WKY slice controls.  The infarction profile of 

15 week SHR injected with aCSF vehicle (Group III) showed that the infarction occupied 

most of the forebrain region with significant increases in infarct size occurring in slices 1, 

5, 6, and 7 as compared to normotensive, group-matched slice controls (Figure 8.3A).  

However, SHR treated with DMA (Group IV) showed attenuated infarct damage with a 

marked decrease in slice 2 as compared to normotensive, group-matched slice controls 

(Figure 8.3B).   

Figure 8.4 shows the percent total infarct of 15 week SHR and WKY rats treated 

with aCSF vehicle or DMA (Group III or IV, respectively) following permanent 4 hr 

MCAO.  In addition, laser Doppler was recorded for all rats to confirm occlusion and a 

reduction in CBF to an average of 25-35% preocclusion CBF.  In SHR treated with aCSF 

vehicle (Group III), a 40% increase in ischemia-induced infarct volume was observed 

compared to group-matched WKY control.  Furthermore, a significant decrease of nearly 

3-fold was observed in SHR treated with DMA when compared within SHR treated with 

aCSF vehicle control, indicating inhibition of NHE-1 attenuated ischemia-induced infarct 

volume.  These data suggest that overall, 15 week SHR treated with aCSF vehicle (Group 

III) showed similar increases in infarction pattern and percent total infarct compared to 

WKY controls as was previously observed in hypertensive SHR (15 week; Chapter 7).  

Moreover, upon inhibition with DMA (Group IV), SHR show marked attenuation in total 

infarct volume as compared to SHR treated with aCSF vehicle.  Thus, these data suggest 

that inhibition of NHE-1 results in partial protection from ischemia-induced neuronal 

tissue damage following stroke.         
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Figure 8.2   Representative brain coronal slices following permanent 4 hr MCAO in 
SHR and WKY at 15 weeks of age (Group III: (-) DMA / aCSF; Group IV: (+) 
DMA / aCSF).  Representative brain slices showing cerebral infarction in seven coronal 
forebrain sections stained with 2% TTC following permanent 4 hr MCAO in 15 week 
age-matched SHR and WKY.  Each planar image corresponds to a 2 mm section surface.  
The unstained regions of the brain indicate ischemic infarction due to occlusion of the 
MCA.  The last row indicates an observational difference in 50% of the rats measured 
(Group IV SHR (+) DMA / aCSF) where the infarct area is partially stained and appears 
pink in color indicating possible tissue viability in the presence of DMA.  Coronal slices 
were prepared for all groups (n=6 per group). 
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Figure 8.3   Infarction profile of brain coronal slices showing the effect of functional 
inhibition of NHE-1 using (-/+) DMA dissolved in aCSF vehicle on ischemia-induced 
infarct volume following permanent 4 hr MCAO in SHR and WKY at 15 weeks of 
age.  (A) Profile of cerebral infarction in coronal sections was shown as percent (%) 
infarct in SHR and WKY at 15 weeks (Group III; (-) DMA / aCSF).  (B) Profile of 
cerebral infarction in coronal sections and shown as percent (%) infarct in SHR and 
WKY at 15 weeks (Group IV; (+) DMA / aCSF).  All measurements were determined 
using image analysis and expressed in reference to the noninfarcted contralateral 
hemisphere as described in the methods.  Values are expressed as mean ± SEM using 
Student’s t-test.  *p<0.05 indicates significance from age-matched WKY slice control 
(n=6 per group). 

A

B

Coronal brain slice

Pe
rc

en
t (

%
) i

nf
ar

ct

-10

0

10

20

30

40

50

60

70

21 3 4 5 6 7

Anterior Posterior

*
*

*
*

15 week SHR
(-) DMA / aCSF
Group III

15 week WKY
(-) DMA / aCSF
Group III

Coronal brain slice

Pe
rc

en
t (

%
) i

nf
ar

ct

0

10

20

30

40

50

60

*

21 3 4 5 6 7

Anterior Posterior

15 week WKY
(+) DMA / aCSF
Group IV

15 week SHR
(+) DMA / aCSF
Group IV

A

B

Coronal brain slice

Pe
rc

en
t (

%
) i

nf
ar

ct

-10

0

10

20

30

40

50

60

70

21 3 4 5 6 7

Anterior Posterior

*
*

*
*

15 week SHR
(-) DMA / aCSF
Group III

15 week WKY
(-) DMA / aCSF
Group III

Coronal brain slice

Pe
rc

en
t (

%
) i

nf
ar

ct

0

10

20

30

40

50

60

*

21 3 4 5 6 7

Anterior Posterior

15 week WKY
(+) DMA / aCSF
Group IV

15 week SHR
(+) DMA / aCSF
Group IV



    
 
 
  147
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.4   Effect of NHE-1 inhibition using (-/+) DMA dissolved in aCSF vehicle 
on percent total infarct in 15 week age-matched SHR and WKY following 
permanent 4 hr MCAO.  Rats were injected (i.c.v.) with either DMA or aCSF vehicle 
and then subjected to permament 4 hr MCAO.  After 4 hr ischemia, percent (%) total 
infarct (Group III: (-) DMA / aCSF, black bar; Group IV: (+) DMA / aCSF, gray bar) was 
determined as described in the methods section in SHR compared to WKY at 15 weeks.  
Values are expressed as mean ± SEM using two-way analysis of variance followed by 
Tukey’s HSD post hoc analysis.  *p<0.05 indicates significance (n=6 per group).  
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8.3 Discussion 

In this study, the effect of inhibition of NHE-1 on ischemia-induced infarct volume 

was measured following permanent 4 hr MCAO in hypertensive SHR (15 weeks) via 

i.c.v. administration of DMA, a selective inhibitor for NHE-1.  The data presented here 

demonstrates that selective inhibition of NHE-1 using DMA significantly attenuates the 

ischemia-induced necrotic volume previously observed (Chapter 7) in hypertensive SHR 

at 15 weeks compared to vehicle-treated SHR controls.  Furthermore, our present 

findings are strongly supported by previous studies using other selective inhibitors of 

NHE which report varying degrees of neuroprotection in both in vitro and in vivo models 

of ischemic brain injury (Horikawa et al., 2001b; Kitayama et al., 2001; Matsumoto et al., 

2004; Luo et al., 2005; Luo et al., 2006).  Several groups have shown that administration 

of selective NHE inhibitors (SM-20220, N-methyl-isobutyl-amiloride, and FR 183998) to 

rodents in models of focal cerebral ischemia resulted in attenuated ischemia-induced 

infarct injury (Kitayama et al., 2001; Suzuki et al., 2002; Kendall et al., 2006).  Thus, the 

attenuation in infarct volume observed in DMA-treated SHR in our present study suggest 

that NHE-1 is a likely contributor to the necrotic mechanisms that promote increased 

ischemic tissue injury following stroke in hypertensive rats.  

Recent evidence has suggested the existence of multiple isoforms of NHE and in 

cerebral cortex NHE-1 is by far the most abundant isoform (Ma and Haddad, 1997).  

DMA was chosen as it is a selective and commercially available inhibitor of NHE-1 

which is known to decrease the ability of cells to regulate intracellular pH.  In addition, 

DMA is approximately 20-fold more potent than amiloride with an IC50 of 6.9 μM and is 
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non-toxic to cells when used alone (Maidorn et al., 1993).  A unique aspect of our study 

was the direct i.c.v. injection of DMA into the lateral ventricle of the rat brain, thus 

allowing for direct action of the inhibitor on brain cells.  Previous studies in vivo have 

utilized DMA at 10 mM in cardioplegic solutions in the non-ischemic heart (Koike et al., 

1996) while at the BBB, sodium transport was reduced by 28% using DMA at 25 μM 

using in situ brain perfusion (Ennis et al., 1996).  In preliminary studies, we found a 

single bolus i.c.v. injection of 10 mM DMA to be an effective starting concentration in 

the lateral ventricle in our rats to achieve maximal functional inhibition (~100 μM in 

CSF) of NHE-1 in our model system throughout the surgery and ischemic period.    

Previous studies using this particular amiloride analogue have largely focused on 

inhibition of NHE in a variety of tissues.  Investigations of reduced cardiac dysfunction 

following ischemic injury in rat ventricles have reported that the introduction of DMA in 

the isolated right ventricular wall during reperfusion showed a protective effect against 

severe reperfusion-induced cardiac contractile dysfunction via normalization of cardiac 

tissue sodium levels (Meng and Pierce, 1991; Pierce and Meng, 1992).  In studies of the 

brain however, Vornov et al. (Vornov et al., 1996) reported that in a model of cerebral 

ischemia, DMA has also been shown to protect neurons from the effects of acidosis by 

either suppressing pH-sensitive mechanisms from injury or by blocking sodium entry due 

to Na+/H+ exchange.  Specifically, Ennis et al. (Ennis et al., 1996) used DMA in transport 

studies to investigate the mechanism of unidirectional transport of sodium from blood to 

brain using in situ brain perfusion.  They found that 50% of transcellular transport of 

sodium from blood to brain occurs through NHE and a sodium channel in the luminal 
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membrane of the BBB which suggests that the NHE may be involved in increased 

sodium transport during the early hours of edema formation associated with cerebral 

ischemia (Ennis et al., 1996).   

Although NHE is believed to be implicated in mechanisms of cerebral ischemia, 

alterations in NHE activity may also be linked to other vascular disease states such as 

hypertension.  There is considerable evidence suggesting a link between NHE and 

signaling events involved in hypertension development.  Keep et al. (Keep et al., 1999) 

reported that i.c.v. infusion of DMA, which has low affinity for Na+ channels, has been 

shown to attenuate the increase in blood pressure induced by deoxycorticosterone acetate 

(DOCA) in rats.  Additionally, angiotensin II (ANG II), the effector peptide of the renin-

angiotensin system (RAS) is also synthesized in the brain independently of peripheral 

sources and the release of ANG II through the activation of brain RAS appears to be 

involved in brain damage elicited by ischemic stroke (Culman et al., 2002).  Several lines 

of evidence have suggested that inappropriate RAS activity may contribute to the 

development and maintenance of arterial hypertension which increases susceptibility to 

cardiovascular or cerebral ischemic injury (Culman et al., 2002).  For example, 

overactive brain RAS has been implicated in the development and maintenance of 

hypertension in SHR via increased formation of ANG II and angiotensin I (AT1) receptor 

expression in the brain (Saavedra, 1992).  Furthermore, recent reports have suggested that 

ANG II AT1 receptors are coupled to neuronal NHE activity and eliciting carrier-

mediated norepinephrine release in myocardial ischemia (Reid et al., 2004).  Thus, these 

reports suggest that regulation of NHE and hypertension-mediated signaling events in the 
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brain are complex and that multiple interactions are involved in the progression of 

ischemic brain injury. 

Similar increases were observed in ischemia-induced infarct volume and in the 

pattern of infarction of hypertensive SHR compared to WKY at 15 weeks as was 

previously reported (Chapter 7; untreated 15 week SHR following MCAO, Figure 7.5), 

despite i.c.v. treatment with aCSF vehicle (Group III) (Figure 8.2, 8.3, 8.4).  In contrast, a 

significant decrease in percent total infarct was shown in hypertensive SHR treated with 

DMA compared to SHR treated with aCSF vehicle (Figure 8.4), suggesting that NHE-1 

inhibition is protective against ischemia-induced infarct size following MCAO in 

hypertensive SHR.  In fact, several reports using intravenous injections of various NHE-1 

inhibitors in focal cerebral ischemia models in rodents have shown similar results with 

neuroprotection such as FR183998-induced reductions in infarct volume in SHR 

(Kitayama et al., 2001), decreases brain damage, edema and neutrophil accumulation 

with SM-20220 (Suzuki et al., 2002), and ameliorated brain injury in neonatal mice with 

N-methyl-isobutyl-amiloride pre-treatment (Kendall et al., 2006).  Due to our limited 

ischemic period, we opted to use DMA in a single bolus administration into the lateral 

ventricle to maximize its effect in the area of the MCA territory and to reduce systemic 

influence on the metabolism or clearance of the drug.  This current investigation is the 

first study to demonstrate a significant decrease in ischemia-induced infarct volume 

following permanent 4 hr MCAO in hypertensive 15 week SHR via i.c.v. administration 

of DMA, implicating NHE-1 in modulating ischemic tissue injury as evidenced by its 

inhibition. 
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The exact mechanisms by which inhibition of NHE-1 occurs and the resulting 

attenuation of ischemia-induced infarct volume in hypertensive SHR is not clear.  The 

results of our current investigation suggest that activation of NHE-1 may be involved in 

the development of neuronal damage during focal cerebral ischemia in vivo.  There are 

two major contributors to ischemic acidosis that are linked to metabolism: anaerobic 

glycolysis and the acid equivalents released in the hydrolysis of ATP (Chesler, 1990; 

Vornov et al., 1996).  It is clear that during cerebral ischemia, activation of NHE by 

intracellular acidification appears to produce marked influx of Na+.  Under physiological 

conditions however, Na+/K+-ATPase extrudes Na+ for K+, thereby preventing an 

excessive accumulation of intracellular Na+ in the cell.  In the case of cerebral ischemia, a 

reduction in Na+/K+-ATPase activity due to ATP depletion likely results in Na+ overload 

(Trudeau et al., 1999; Kitayama et al., 2001).  As Na+ overload occurs, it appears to 

stimulate Ca2+ accumulation via activation of the Na+/Ca2+ exchanger (NCE) which may 

induce a variety of Ca2+-dependent events that can lead to cell death (Du et al., 1997; 

Trudeau et al., 1999; Kitayama et al., 2001).  This series of events may be one of the 

major mechanisms by which cerebral ischemic damage ensues.  In our present study, 

DMA reduced cerebral infarct volume in 15 week SHR by nearly 3-fold compared to 

aCSF vehicle-treated SHR.  This finding suggests that activation of NHE-1 may play a 

major role in the development of ischemic brain injury by limiting Na+ overload.  

Furthermore, inhibition of NHE-1 may be a novel approach to protect cerebral tissue 

against ischemic insult and may target new therapeutic approaches to treating stroke in 

the early hour after insult.        
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Intracellular acidosis is a universal response of tissue to ischemia, particularly in the 

brain where severe acidosis has been linked to worsening of cerebral infarction in the 

ischemic penumbra as well as the ischemic core (Yao et al., 1995; Vornov et al., 1996; 

Kitayama et al., 2001).  An important concern to consider with treatment by DMA may 

be that inhibition of NHE-1 worsens ischemic cell damage by blocking the restoration of 

intracellular pH.  While our findings may support the idea that DMA attenuates NHE-1 in 

the ischemic penumbra and appears to reduce infarct volume in hypertensive SHR, there 

are also several lines of evidence that suggest that mild to moderate degrees of acidosis 

may also have protective effects against cerebral ischemia.  Several approaches to 

understanding the therapeutic window in models of ischemia have been very promising.  

For example, Vornov et al. (Vornov et al., 1996) demonstrated that in a neuronal tissue 

culture model of ischemia, treatment with NHE inhibitors had protective effects when 

present during recovery from metabolic inhibition and confirmed that the blockers 

slowed recovery from intracellular acidosis.  It is possible that milder forms of acidosis 

may have protective effects by either suppressing pH-sensitive mechanisms of injury or 

by blocking sodium entry due to Na+/H+ exchange.  Furthermore, it has also been 

reported that moderate tissue acidosis modulates the activity of NMDA receptor-coupled 

ion channels by which Ca2+ influx into neurons is regulated and therefore may be an 

intrinsic protective mechanism to effectively reduce ischemic excitotoxicity (Tang et al., 

1990).  Finally, there is also evidence that acidotic pH may effectively attenuate the 

activity of phospholipase A2 (PLA2) as alterations in PLA2 activity have been linked to 

ischemic cell damage (Harrison et al., 1991).  Thus, by maintaining mild to moderate 
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levels of acidosis via inhibition of NHE may be neuroprotective in ischemic brain tissue, 

suggesting a potential therapeutic target in the early hours of treating stroke to attenuate 

the ischemia-induced infarct size.   

An interesting observation in our study is that 15 week old WKY treated with DMA 

had no effect on ischemia-induced infarct size compared to WKY treated with aCSF 

vehicle, suggesting that NHE-1 is not as sensitive to inhibition in this strain.  Whereas we 

previously reported (Chapter 6) that a significant increase in NHE-1 expression was 

observed in 15 week SHR, it is possible that the increased expression of NHE-1 observed 

in hypertensive SHR may play a role in enhanced NHE-1 activity.  A recent report 

showed that long-term blockade of brain AT1 receptors in male Wistar rats before and 

after ischemic injury not only exerted neuroprotective effects and reduced the infarct size 

following MCAO but also attenuated apoptosis and inflammatory responses associated 

with ischemic brain injury (Lou et al., 2004).  Perhaps, in the WKY strain, brain AT1 

receptors may somehow play a more protective role in the brain compared to SHR as 

these rats do not develop hypertension or are prone to inappropriate RAS activity levels.  

Furthermore, the abnormally high expression of NHE-1 in SHR may account for the 

increased infarct volume as compared to WKY, thus the inhibition of NHE-1 in WKY 

has a minimal effect on infarct volume.  Taken together, these reasons may explain the 

lack of a change in ischemia-induced infarct volume in these rats following MCAO 

regardless of whether NHE-1 was inhibited or not.   

Additionally, terminal blood gas analysis, blood pressures, and total neurological 

scoring in our present study were similar and consistent to parameters previously reported 



    
 
 
  155
 
 

 

in sham and MCAO rats (Chapter 7), despite i.c.v. administration of the drug or vehicle 

(Group I-IV) in SHR and WKY.  Furthermore, rats that underwent MCAO showed that 

CBF was reduced to an average of 25-35% preocclusion CBF regardless of whether drug 

or vehicle was injected, thus verifying not only sufficient occlusion of the MCA but also 

that the drug did not alter CBF.  These data suggest that at least in this case, no major 

effects were observed in physiological parameters, total neurological scoring, and CBF 

with drug or aCSF vehicle treatment.     

Total neurological scoring is often used to demonstrate functional impairment 

following ischemic stroke.  Thus, increased neurological scores would indicate some 

degree of impairment caused by cerebral infarct damage.  Even though the DMA-treated 

SHR group showed obvious signs of neurological impairment, the coronal sections of the 

brain actually revealed significantly decreased necrotic tissue injury.  It is difficult to 

directly correlate between the neurological score and the extent of the damage associated 

with infarct volume in our model system.  To some degree, the neurological scoring 

method may not be nuanced enough to discern the alterations or the timeframe of our 

experiment itself is just too limited to observe the functional recovery.  Furthermore, 

when an ischemic stroke occurs clinically, neurological signs manifest immediately, long 

before necrosis effectively occurs.  It is more likely that the discrepancy between 

neurological impairment and apparent neuroprotection upon NHE-1 inhibition may be 

due to the fact that the DMA-treated SHR group has not fully recovered their function 

yet.  Alternatively, since this experimental design is a permanent occlusion, one 

possibility is that we have not attenuated cell death, but merely slowed down the 
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progression of events leading to apoptosis or cellular necrosis.  Therefore, further studies 

are needed to investigate the long-term potential of functional recovery in DMA-treated 

SHR groups since the duration of our current experimental paradigm is limited.   

One of the most interesting observations in this investigation was the observed 

presence of neuroprotection in coronal brain slices upon staining with TTC following 

MCAO.  In DMA-treated SHR following MCAO, we observed two different infarct 

staining patterns.  Typically, TTC uptake in tissues (red in color) is used as a measure to 

determine mitochondrial viability in cells; hence, necrotic tissue does not absorb TTC 

and remains blanched in appearance.  In coronal sections, we observed that with NHE-1 

inhibition in SHR, 40-50% of the rats in this group demonstrated one of two patterns of 

staining: (1) infarcted regions were either small, focused lesions, or (2) mixed lesions 

which were stained pink in color as opposed to the blanched, infarcted tissue observed in 

all other groups.  The staining pattern of these lesions suggests that NHE-1 inhibition 

may offer some neuroprotection resulting in the preservation of some viable cells which 

are able to stain positively with TTC.   

In addition to the increased ischemia-induced infarct volume in hypertensive SHR 

and subsequent attenuation of this increase upon inhibition of NHE-1, we have also 

shown that in cerebral microvessels of the BBB, hypertension development is associated 

with increased NHE-1 protein expression.  While a change in expression does not directly 

correlate to a change in functional activity, we did attempt to measure the functional 

effect of NHE-1 inhibition on ischemia-induced infarct volume.  Our data suggests that 

the functional inhibition of this ion antiporter in the brain by a selective inhibitor in vivo 
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appears to attenuate necrotic tissue damage in hypertensive SHR, in addition to 

improving cell survival following ischemic insult.  A second possibility is that increased 

protein expression allows for more NHE-1 to be available to exert its actions in response 

to chronic hypertension development over time.  With ischemic stroke or other 

pathophysiological disease states such as hypertension, the stress of chronic high blood 

pressure may stimulate the response of NHE-1, as reported in a variety of organs in the 

SHR (Kelly et al., 1997; Orlov et al., 2000; Kobayashi et al., 2004).  Hypertension 

development is associated with increased protein expression of NHE-1 at the BBB, 

suggesting that the onset of hypertension may have an important role in increasing the 

vulnerability of the brain microvasculature to ischemic damage.   

Several groups are investigating the potential actions of the brain renin-angiotensin 

system and the induction of ANG II on stimulating the activity of NHE-1 (Saavedra, 

1992; Culman et al., 2002; Lou et al., 2004; Reid et al., 2004).  Moreover, cytokines and 

inflammatory mediators released in part from astrocytes and brain microglia may also 

play important roles in ischemic brain damage (Allan and Rothwell, 2003).  Alterations 

in the activity of several protein kinases, such as extracellular signal-regulated kinase 

(ERK1/2) (Ferrer et al., 2003) and PKC (Bright and Mochly-Rosen, 2005) as well as 

increased ROS release (Lipton, 1999) have been reported in the ischemic brain.  Many of 

these actions may be mediated through a variety of Ca2+-dependent mechanisms.  

However, future studies are needed to address the relative importance of these signaling 

molecules in ischemia-induced infarct development. 
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In conclusion, we have shown that inhibition of NHE-1 by DMA reduced infarct 

volume produced by permanent 4 hr focal cerebral ischemia in hypertensive SHR.  These 

data suggest that activation of NHE-1 may play an important role in the development of 

ischemic neuronal damage, and that the increased NHE-1 expression at the BBB may 

contribute to increased infarct volume in the SHR. 
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Figure 8.5   Schematic summary of proposed mechanisms involving inhibition of 
brain NHE-1 in mediating the attenuation of ischemia-induced infarct volume in 
brain microvessels of hypertensive SHR following permanent 4 hr MCAO.  (1) 
Cerebral ischemia activates NHE-1 by intracellular acidification to produce marked 
influx of Na+ into the cell.  (2) Increased intracellular H+ as a result of anaerobic 
glycolysis resulting from ischemia and the decreased ATP reduces Na+/K+-ATPase 
activity (3).  (4) Increased intracellular Na+ accumulation may stimulate the activity of 
the NCE and disrupt the gradient established by Ca2+-ATPase resulting in Ca2+ overload.  
In addition, inflammatory processes release cytokines which stimulate several Ca2+-
dependent events such as ROS and ERK 1/2 pathways that can lead to cell death.  (5) 
Furthermore, hypertension, a leading risk factor for ischemic stroke, is involved in a 
variety of processes and the activation of the brain renin-angiotensin system to release 
ANG II may mediate the activation of Ca2+-dependent signaling events via PKC 
activation which can also lead to cell death.  ANG II AT1 receptors have been also been 
linked to neuronal NHE activity.  Increased Na+ overload has been implicated in water 
entry into the cell causing cellular swelling and excessive swelling further contributes to 
the progression of cerebral infarction.  (6) Inhibition of NHE-1 through DMA is believed 
to decrease the activity of NHE-1, thereby attenuating the influx of Na+ and intracellular 
acidification and the overall progression of ischemic events that lead to cell death and 
cerebral infarction.  NHE-1, Na+/H+ exchanger isoform 1; NCE, Na+/Ca2+ exchanger; 
ANG II, angiotensin II; AT1, angiotensin II type 1 receptor; DMA, 5-(N,N-
Dimethyl)amiloride; ERK 1/2, extracellular signal-regulated kinase 1/2; ROS, reactive 
oxygen species; PKC, protein kinase C.  Figure adapted from (Pedersen et al., 2006).   
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CHAPTER 9:  SUMMARY AND CONCLUSIONS 

 

 Stroke is the third leading cause of death and is a leading cause of serious long-

term disability and rehabilitation worldwide.  Brain injury following permanent focal 

cerebral ischemia develops from a complex series of pathophysiological events that 

evolve over time and space.  A number of mechanisms are involved in the progression of 

ischemic brain injury and these can be further exacerbated during vascular disease states 

such as hypertension (Chapter 1).  Hypertension, a leading risk factor for vascular 

disease, is known to play an important role in the pathogenesis of stroke.  Clinically, it 

has been widely reported that hypertension increases the occurrence and severity of 

ischemic stroke with cerebral infarct damage more frequently reported in hypertensive 

individuals than for those with normal blood pressures.  In genetic animal models of 

hypertension, spontaneously hypertensive rats (SHR) have demonstrated diffuse and 

extensive cerebral infarct damage with increased frequency compared to normotensive 

Wistar Kyoto (WKY) strain controls following ischemic insult (Chapter 2).  While both 

SHR and hypertensive patients appear to be more sensitive to cerebral ischemia, it 

remains unclear why elevated blood pressures are linked to increased cerebral infarction 

in both humans and animal models following stroke.  

 The cerebral microvascular endothelium along with cells of the brain parenchyma 

and the extracellular matrix constitute a neurovascular unit that dynamically regulates the 

passage of materials between the blood and the brain.  This highly regulated vascular 

interface between the blood and the brain is referred to as the blood-brain barrier (BBB) 
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(Chapter 3).  It is unclear how specific proteins of the BBB which are critical for 

maintaining brain homeostasis are modulated during hypertension development and 

whether this modulation further contributes to cerebral infarct damage during 

hypertension.  The hypothesis of this study is that hypertension leads to molecular 

changes in the BBB which predispose the brain to increased cerebral infarct damage 

following ischemic stroke (Chapter 4).  The goal of these studies, therefore, was to 

address this hypothesis in a whole animal model of hypertension in which the 

neurovascular unit is intact. 

 Hypertension was allowed to develop spontaneously in SHR and groups were 

selected to characterize physiological parameters and BBB protein expression during 

early stages of development.  The aim of Chapter 6 was to characterize hypertension 

development in the SHR and to determine the effect of hypertension development on 

BBB proteins potentially involved in ischemia-induced infarct damage.  Characterization 

of expression levels of BBB TJ, ion transporter, and PKC signaling pathway proteins 

were examined in brain microvessels of SHR compared to age-matched WKY at 5 (pre-

hypertension), 10 (early stage hypertension), and 15 (later stage hypertension) weeks of 

age.  The results of this study showed decreased TJ (ZO-2) and marked increases in ion 

transporter (NHE-1) protein expression in hypertensive SHR (15 weeks) suggesting that 

these two proteins may be involved in the increased susceptibility of the strain to cerebral 

infarction.  These data suggest that altered expression of both TJ and ion transporter 

systems at the BBB during hypertension development may be factors important in the 

potentiation of MCAO infarct size. 
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 Chapter 7 investigated the effect of hypertension development on ischemia-

induced infarct volume following permanent 4 hr MCAO in 5, 10, and 15 week SHR 

compared to age-matched WKY controls.  Following MCAO, neurological deficits, 

infarct volume, and edema formation in the brain were evaluated as these were accepted 

methods for diagnosing ischemic stroke in animal models.  The results of this aim 

determined that MCAO provokes a greatly increased necrotic volume in hypertensive 

SHR at 10 and 15 weeks compared to age-matched, normotensive controls.  In addition, 

alterations in neurological deficits and early edema formation were associated with 

MCAO.  However, it remains unclear how the BBB is altered in hypertension or how 

such alterations might contribute to these events.  Our investigation demonstrates 

increased expression of NHE-1 in brain microvessels of hypertensive SHR (15 week) and 

suggests a potential role for this ion transporter in apoptotic mechanisms or intracellular 

acidosis which has been known to contribute to the rapid progression of ischemic brain 

injury. 

 Chapter 8 investigated the effect of inhibition of NHE-1 on ischemia-induced 

infarct volume following permanent 4 hr MCAO in hypertensive SHR (15 weeks) via 

DMA, a selective inhibitor of NHE-1, compared to normotensive, age-matched WKY 

controls.  We have demonstrated that inhibition of NHE-1 by DMA attenuated ischemia-

induced infarct volume produced by permanent 4 hr MCAO in hypertensive SHR.  

Moreover, not only are the infarcted lesions smaller and focused, but there appears to be 

some evidence of neuroprotection upon treatment with DMA in our hypertensive SHR.  

These data suggest that activation of NHE-1 may play an important role in the 
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development of ischemic neuronal damage via multiple pathways of activation (see 

Figure 8.6). 

While NHE-1 inhibition on ischemia-induced infarct volume was grossly 

determined in our experimental model system, the exact mechanisms by which NHE-1 

attenuates infarct damage following focal cerebral ischemia in hypertensive SHR is still 

under investigation.  During physiological conditions, important ions such as Na+, Ca2+, 

Cl- are not in electrochemical equilibrium across the plasma membrane.  Their gradients 

are normally maintained by two primary active transport proteins (Na+/K+-ATPase and 

Ca2+-ATPase) which expend metabolic energy in ATP to transport specific ions against 

their electrochemical gradients.  In contrast, secondary active ion transport proteins 

derive its energy from the combined chemical gradients of the transported ions which are 

generated by Na+/K+-ATPase and Ca2+-ATPase.  These are important for maintaining 

steady-state intracellular ion concentrations and also include the Na+-dependent chloride 

cotransporter (NKCC), NHE, and the Na+/Ca2+ exchanger (NCE) (Kintner et al., 2007).   

Under normal physiological conditions, the H+ ion concentration in body fluids 

and arterial blood is considerably lower than the Na+ ion concentration.  When pH is 

abnormal, a number of mechanisms are known to contribute to pH maintenance which 

include the buffering of H+ in both extracellular and intracellular fluid, respiratory 

compensation, and renal compensation (Costanzo, 1998).  Moreover, the loss of ion 

homeostasis plays a central role in the pathogenesis of ischemic cell damage and several 

factors are likely involved in the ischemia-induced perturbation of ion homeostasis.  

These factors include intracellular accumulation of Ca2+ and Na+, activation of signal 
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transduction cascades, and subsequent long-term functional and structural changes in 

membrane and cytoskeletal integrity which eventually lead to cell death (Siesjo, 1992a).   

The initial phases of cerebal ischemic insult may originate with alterations related 

to cerebral hemodynamics (Cipolla et al., 2004).  For example, in acute hypertension, the 

initial post-ischemic period leads to increases in cerebral blood flow through dilated 

arteries and are associated with increased vascular permeability (Nagashima et al., 1990; 

Betz and Dietrich, 1998; Cipolla et al., 2004).  This is further supported by early 

microscopic findings which demonstrate an increased rate of pinocytotic activity in the 

cerebral microvascular endothelium by allowing for significant passage of fluid and 

molecules into the brain (Nag et al., 1977; Hansson and Johansson, 1980).  Furthermore, 

the vasodilation that occurs during post-ischemic reperfusion has also been suggested to 

contribute to enhanced transcellular transport similar to acute hypertension (Cipolla et al., 

2004).  Thus, alterations in cerebrovascular hemodynamics may have an important role in 

disrupting ion conductances and increasing pinocytotic activity to affect ion homeostatic 

mechanisms.      

In brain NHE, the activity of this exchanger is regulated by the intracellular pH, 

with its energy for transport provided by the Na+ gradient (Aronson, 1985).  During 

ischemia, a halt in ATP synthesis and pump failure related to anoxia causes cells to lose 

K+ and gain Ca2+, Na+, Cl-, along with water which likely contribute to the dissipation of 

ion concentration gradients and lead to ischemia-induced infarction (Siesjo, 1992a).  

Activation of the exchanger initially occurs when intracellular pH becomes slightly acidic 

(below pH 7.0 to 7.05) and responds by raising the threshold to higher values presumably 



    
 
 
  165
 
 

 

via covalent modification (Aronson, 1985; Ritter et al., 2001).  In the case of neurons and 

glia cells, their high metabolic activity makes them especially susceptible to alterations of 

intracellular pH, thus increased neuronal activity or hypoxia will lead to intracellular 

acidosis which requires rapid proton extrusion (Chesler, 1990; Ritter et al., 2001).  

Furthermore, ischemia-induced NHE-1 activation likely leads to a shift in cellular ion 

conductance by causing a net flux of sodium and chloride to move across the plasma 

membrane to attract water and initiate cell swelling and edema formation (Aschner et al., 

1998; Kintner et al., 2007).   

 The apparent upregulation of brain NHE-1 expression observed in this study, and 

the increase and subsequent attenuation of ischemia-induced infarct volume upon DMA 

inhibition suggests that activation of NHE-1 is likely involved in exacerbating cerebral 

tissue damage during hypertension.  The evidence provided in this investigation allows 

me to speculate that DMA likely inhibits the net flux of Na+ across the cerebral 

microvascular endothelium.  Though the Western blot analysis was not sensitive enough 

to discern whether the increase in NHE-1 in cerebral microvessels was luminally or 

abluminally expressed, it is possible that luminal NHE-1 activity is likely stimulated / 

upregulated across the cerebral endothelium via ischemia-induced intracellular acidosis.  

As a consequence, the cellular acidosis may cause a net gain in intracellular Na+ and Cl- 

flux across the endothelium and along with water, initiates cellular swelling and necrotic 

tissue formation.  By inhibiting net Na+ flux with DMA, these pathophysiological 

processes are attenuated or delayed long enough to promote cell survival.       
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 To date, there remains some controversy over the exact localization of NHE-1 in 

the brain.  Some reports suggest that brain endothelial NHE-1 is localized abluminally 

(Betz, 1983; Cornford and Hyman, 2005) while others have suggested that it is yet 

unknown whether NHE-1 localizes to the luminal or abluminal membrane of the BBB 

cells (Ennis et al., 1996; Pedersen et al., 2006).  It has been speculated that prolonged 

hypertension leads to elevations in intravascular pressure which can significantly increase 

the rate of pinocytosis and transcellular transport of cerebral endothelial cells (Cipolla et 

al., 2004).  In SHR, the upregulation of NHE-1 expression and subsequent increase in 

ischemia-induced infarct volume suggests that much like increased pinocytotic activity, 

luminal upregulation of NHE-1 may allow for these processes to perpetuate the cellular 

damage associated with ischemia and enhanced necrotic tissue injury.  Furthermore, the 

neuroprotective evidence observed from selective inhibition of NHE-1 suggests that 

perhaps the exchanger was primarily upregulated on the luminal surface of the cerebral 

endothelium where the net flux of Na+ was successfully blocked and the resulting infarct 

volume was significantly attenuated.  Of course, further studies are needed to address the 

relative significance of NHE-1 localization in ischemia-induced infarct development. 

Interestingly, inhibition of NHE-1 on normotensive WKY controls showed no 

effect on tissue recovery in these experiments suggesting that high blood pressures 

associated with the SHR strain may be an important contributor to ischemic necrotic 

injury.  It is possible that NHE-1 activation in this current investigation may be 

stimulated by elevations in intravascular pressure as compared to normotensive WKY.  In 

permeability studies using Lucifer yellow in isolated ischemic and non-ischemic vessels 
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of the MCA, Cipolla et al. (2004) reported that increases in permeability were observed 

at high pressures.  In fact, an acute increase in pressure to 200 mm Hg led to a significant 

increase in apical pinocytosis compared to basolateral pinocytosis, suggesting that 

elevations in intravascular pressure may be a primary stimulus for pinocytotic activity in 

cerebral endothelial cells (Cipolla et al., 2004).  Furthermore, these elevations in 

intracranial pressures not only enhance pinocytotic activity but may also contribute to 

cerebral edema formation, a dangerous and lethal complication of stroke.  Therefore, a 

lack of response to NHE-1 inhibition on ischemia-induced infarct volume in 

normotensive WKY implicates hypertension development in mediating necrotic tissue 

injury.  However, further studies are required to define the role of hypertension on these 

mechanisms at the cerebral microvascular endothelium.      

 Taken together, these data strongly suggest that the development of hypertension 

increase protein expression of NHE-1 in cerebral microvessels of hypertensive SHR.  

These data also demonstrate that hypertension increases ischemia-induced infarct volume 

in SHR compared to age-matched, normotensive WKY controls.  Upon selective 

inhibition of NHE-1, our results demonstrate a significant attenuation in the response of 

hypertensive SHR to DMA by reducing cerebral infarct volume.  These data suggest a 

novel role for NHE-1 at the neurovascular unit in the regulation of ischemia-induced 

infarct volume in hypertensive SHR.  An implication of these findings is that NHE-1 in 

cerebral microvessels may be a potential target for therapeutic modulation of the 

neurovascular unit.  Therefore, selective inhibitors for NHE-1 may be useful in 

attenuating the pathological increases in ischemia-induced infarct volume following acute 



    
 
 
  168
 
 

 

ischemia or traumatic brain injury.  This work represents a novel contribution to the 

understanding and characterization of how proteins of the BBB/neurovascular unit may 

be regulated in hypertension, and may present targets for potential therapeutics to prevent 

or improve the clinical outcome of stroke.     

 

9.1 Future directions 

 The results presented in Chapters 6, 7, and 8 demonstrate that hypertension may 

implicate the NHE-1 in potentially increasing ischemia-induced infarct volume, and upon 

selective inhibition, this exchanger not only markedly attenuates ischemia-induced infarct 

volume but may also be involved in promoting neuroprotection in the cerebral 

microvasculature of hypertensive SHR.  These results raise more questions regarding the 

intracellular signaling mechanisms potentially activated by hypertension and the role of 

NHE-1 in mediating ischemia-induced necrotic injury and in regulating physiological 

responses.  I will now propose several experiments that are logical extensions of these 

studies. 

1. In vivo, investigate in further detail the effect of DMA inhibition on neuronal 

behavior, ischemia-induced infarct volume, and edema formation with 4 hr 

ischemia/ 24 hr reperfusion. 

2. In vivo, determine mRNA/protein expression, and localization of NHE-1 in 

specific regions of the brain following ischemia/reperfusion. 

3. Investigate the intracellular trafficking (subcellular fractionation) and 

activation of NHE-1 and signaling proteins (PKC) potentially involved in 



    
 
 
  169
 
 

 

inducing changes in the protein-protein interactions which promote enhanced 

cerebral necrotic injury in SHR.  
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