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CHRISTINE SPRING RIGSBY 
The Effect of Mineralocorticoid Receptor Antagonism on Ischemic Infarct Size 
and Cerebral Vessel Structure in Male and Female Spontaneously Hypertensive 
Stroke-Prone Rats: Sex Differences Revealed 
(Under the direction of ANNE M. DORRANCE, Ph.D.) 

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

disability in the United States, where approximately 88% of stroke occurrences 

are ischemic in origin. Hypertension is a primary risk factor for stroke. Elevated 

aldosterone levels have also been identified as a risk factor for stroke, as 

patients with primary aldosteronism incur increased incidences of cardiovascular-

related pathologies than do patients with essential hypertension. Previous 

studies from our laboratory have shown that mineralocorticoid (aldosterone) 

receptor (MR) activation can induce deleterious vascular remodeling and, 

conversely, blockade of the MR with spironolactone reduces cerebral infarct size 

in male spontaneously hypertensive stroke-prone rats (SHRSP). It is known from 

studies in SHRSP that cerebral vessel structure is directly related to infarct size. 

We hypothesized that chronic spironolactone treatment would alter cerebral 

vessel structure. Six-week-old male SHRSP were treated with spironolactone for 

six weeks and passive vessel structure was analyzed using a pressurized 

arteriograph. Spironolactone treatment prevented cerebral vessel remodeling. 

From a clinical standpoint, many patients present with pre-existing vascular 

damage; therefore, we hypothesized that chronic MR antagonism would reverse 

existing vascular damage. Twelve-week-old male SHRSP were treated as 

described above. Interestingly, spironolactone treatment partially reversed 



existing cerebral vessel remodeling. Recent analysis of data from the 

Framingham Heart Study show that females may be more sensitive to the effects 

of aldosterone, but few studies looking at MR blockade have been performed in 

females. Similar ischemic stroke and vascular analysis studies were performed 

in 12-week-old female SHRSP. Contrary to the male studies, MR antagonism, 

using spironolactone or eplerenone, did not reduce damage from ischemic stroke 

or improve vessel structure. MR protein expression was evaluated in cerebral 

arteries collected from 12-week-old male and female SHRSP using Western blot 

analysis. Surprisingly, female SHRSP had increased MR expression, compared 

to male SHRSP. These novel studies uncover an apparent sexual dimorphism in 

the actions of MR antagonists and expression ofthe.MR in SHRSP. The action 

of the MR antagonists may be influenced by differential MR expression and this 

could help to explain the sex difference observed. 

INDEX WORDS: ischemic stroke, hypertension, vascular remodeling, 

spironolactone, eplerenone, mineralocorticoid receptor, SHRSP, sex differences, 

middle cerebral artery 
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I. INTRODUCTION 

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

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

disability in the United States (137). Healthcare costs attributed to stroke 

treatment and patient management culminate in over 57 billion dollars per year, 

which is a significant burden on the healthcare system. Ischemic strokes, 

strokes caused by a blockage in a cerebral blood vessel, account for 88% of all 

occurrences. Hypertension is a significant risk factor for stroke (151 ). Based on 

statistics published by the American Heart Association from 2002, at least 1 out 

of every 3 adult Americans has high blood pressure and another 28% of 

Americans are pre-hypertensive (137), placing nearly two-thirds of the population 

at increased risk for stroke. Spontaneously hypertensive stroke-prone rats 

(SHRSP) are an excellent model for the study of hypertension-related 

cerebrovascular disease, because of their pathological similarity to the human 

disease (148). Vascular remodeling, or changes in blood vessel structure, has 

been shown to be present in most all hypertensive individuals (124) and possibly 

contributes to the end-organ damage associated with hypertension (74). Studies 

in SHRSP have shown that remodeling of the cerebral vasculature is present (6) 
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and other studies performed in SHRSP indicate that there is a direct link between 

cerebral vessel structure and damage from ischemic stroke (30). Aldosterone, a 

mineralocorticoid, has long been identified as a risk factor for stroke (13) and has 

also been implicated in the pathogenesis of cardiovascular disease (114), mainly 

through activation of the mineralocorticoid receptor (MR) (25, 54). There is 

evidence to suggest that patients with primary aldosteronism have increased 

incidents of deleterious cardiovascular events, including stroke (91 ). Recent 

clinical trials have shown that adding MR antagonists, spironolactone and 

eplerenone, to standard therapies in heart failure patients significantly improves 

survival rates in these patients, despite the patients not having elevated plasma 

· aldosterone levels (55, 104, 1 05). Previous studies indicate that chronic 

spironolactone treatment can significantly reduce damage from ischemic stroke 

in SHRSP and normotensive Wistar Kyoto (WKY) rats, independently of blood 

pressure (39, 40). Conversely, studies have also demonstrated that exogenous 

mineralocorticoid administration causes hypertrophic cerebral vessel remodeling 

and increases damage from ischemic stroke in male Wistar rats (43). These 

studies illustrate that MR activation plays a role in sustaining cerebral vessel 

remodeling and can enhance damage from ischemic stroke. 

Surprisingly, more women have and die from stroke each year when compared 

to men (137). Estrogen treatment was once thought to be neuroprotective in 

women, but with the abrupt cessation of the Women's Health Initiative 

postmenopausal hormone replacement therapy clinical trials, this is in question 



(44). Recent analysis of data from the Framingham Heart Study indicates that 

women may be more sensitive to the effects of aldosterone (140). In that study, 

plasma aldosterone levels were positively correlated with increased cardiac wall 

thickness in women, but not in men. Analysis of the promoter region of the 

human MR gene demonstrates that there is an estrogen responsive element 

present (79), but the significance of this finding has yet to be determined. MR 

expression was shown to be decreased in the kidneys of post-cycling rats 

compared to cycling females and males (149). These studies suggest that 

estrogen could positively regulate MR expression. 

ALDOSTERONE 

I j-- Spironolactone + .or Eplerenone 

t Activation of 
Mineralocorticoid 
Receptor 

+ 
Eutrophic Remodeling of 
Cerebral Vasculature 

0-+0 
Decreased lumen and outer 

diameters, no change in wall area 

+ 

Increased Ischemic Infarct Size 

Figure 1. Schematic for proposed 
action of aldosterone on cerebral 
vessels and stroke. White areas 
on brain slices indicate areas 
damaged by ischemic stroke. 
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Due to these observations, we hypothesized that MR activation increases 

deleterious remodeling of the cerebral vasculature in male and female SHRSP, 

by decreasing lumen and outer diameters and increasing wall thickness of the 

middle cerebral artery (MCA), without a change in wall area (Figure 1 ). We 

predicted that MR antagonism would prevent cerebral vessel remodeling in both 

male and female SHRSP and also would reduce ischemic infarct size in female 

SHRSP, independently of blood pressure. We anticipated that the effects of MR 

antagonism would be to a smaller magnitude in female SHRSP than the effects 

observed in male SHRSP, due to the female's possible enhanced sensitivity to 

aldosterone. Almost all individuals with hypertension exhibit some form of 

vascular remodeling (124). According to data from the American Heart 

Association from 2002, over 70% of patients with hypertension did not have their 

blood pressure under control (137). For that reason, patients could present with 

existing vascular remodeling and reversal of damage may be more clinically 

relevant. Therefore, we also hypothesized that MR antagonism would reverse 

existing cerebral vessel remodeling in adult, male SHRSP. We tested our 

hypotheses utilizing the following specific aims: 

Specific Aim 1: To test the hypothesis that MR antagonism, with spironolactone, 

would prevent cerebral vessel remodeling in male SHRSP, independently of 

blood pressure. 

• Vascular structure was analyzed in isolated MCAs using a pressurized 

arteriograph system and video microscopy. 
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• Blood pressure was measured using radiotelemetry during treatments. 

Specific Aim 2: To test the hypothesis that MR antagonism, with spironolactone 

or eplerenone, would reduce ischemic infarct size an,d prevent cerebral vessel 

remodeling in female SHRSP, independently of blood pressure. Also, to test the 

hypothesis that MR expression is increased in female compared to male SHRSP. 

• Infarct sizes were analyzed after induction of permanent cerebral ischemia 

using an intralumenal suture occlusion technique. 

• Vascular 'structure was analyzed in isolated MCAs using a pressurized 

arteriograph system and video microscopy. 

• Blood pressure was measured using radiotelemetry or tail-cuff 

plethysmography. 

• Protein expression of the MR in cerebral arteries was evaluated using 

Western blot analysis. 

' 
Specific Aim 3: To test the hypothesis that MR antagonism, with spironolactone, 

would reverse existing cerebral vessel remodeling in adult male SHRSP, 

independently of blood pressure. 

• Vascular structure was analyzed in isolated MCAs using a pressurized 

arter!ograph system and video microscopy. 

• Blood pressure was measured using radiotelemetry during treatments. 



I. INTRODUCTION 

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

Cerebrovascular Disease and Hypertension 

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

disability in the United States (137). The direct and indirect costs attributed to 

stroke treatment and care of patients add up to over 57 billion dollars per year, 

which is a significant burden on the healthcare system in the United States. Of 

the two types of stroke, ischemic and hemorrhagic, ischemic strokes account for 

approximately 88% of all occurrences (137). Ischemic stroke is caused by a 

blockage in a cerebral blood vessel, leading to a loss of blood flow and delivery 

of oxygen, causing ischemia in the regions of the brain downstream from the 

blockage (Table 1). The MCA is the cerebral artery most often occluded during 

an ischemic stroke in humans (78), which makes it the most relevant vessel to 

study experimentally. Hemorrhagic strokes occur when a cerebral vessel 

ruptures, causing leakage of blood into the brain tissue or in the space 

surrounding the brain. Hemorrhagic stroke is more lethal, whereas ischemic 

stroke sufferers are more likely to survive {Table 1 ). Ischemic strokes do tend to 

cause long term damage with lasting effects, such as paralysis. The amount of 

6 



neurodeficit experienced is directly related to the amount of damage caused by 

the stroke, or the size of the ischemic infarct. Therefore, any intervention which 

reduces the amount of damage in the event of an ischemic stroke can be 

beneficial. 

Table I. Overview of types of stroke (137). 

Type of 
Ischemic Hemorrhagic 

Stroke 

Blockage of Rupture of 
Etiology cerebral cerebral blood 

blood vessel vessel 

Incidence 88% 12% 

Mortality 
(within 30 8-12% 37-38% 
davsl 

Studying ischemic stroke experimentally can be achieved -using multiple 

techniques with various advantages and disadvantages. For the proposed 

studies, the intraluminal suture occlusion technique was utilized, which was 

previously described by Longa, eta/ (80). This method of MCA occlusion · 

(MCAO) involves exposing the common carotid artery through· an incision in the 

neck and does not require a craniectomy (cranial window). A rounded suture is 

introduced into the common artery and advanced through the internal carotid 

artery where it will end up at the branch point of the MCA and the circle of Willis, 

occluding the MCA at that position. One pitfall of this method is the lack of visual 

evidence of the occlusion of the MCA (57). The use of a laser Doppler flow 
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probe can serve as indirect evidence for the occlusion of the MCA, as visualized 

by a drop in blood flow, although spontaneous reperfusion can still occur. The 

selected method is advantageous for replicating the human pathology because it 

is less invasive, reproducible, focal, and can be transient or permanent with 

adjustment or removal of the suture (57). Other focal methods of inducing 

cerebral ischemia require the use of a cranial window and electrocautery or 

ligation of the .artery (135). Although these methods are consistent and easily 

reproducible, opening of the skull can influence the intracranial pressure and 

formation of edema that would occur in the human pathology. Use of this 

method also affects blood-brain barrier permeability and brain temperature, 

which are both important aspects of ischemic stroke pathology (125). 

Hypertension is a primary, but modifiable, risk factor for both types of stroke 

(151 ). Hypertension is defined as having a systolic pressure of 140 mmHg or 

higher, or a diastolic pressure of 90 mmHg or higher (137). Nearly one-third of 

adults in the United States are afflicted with hypertension. Pre-hypertension is 

defined as having a systolic pressure of 120- 139 mmHg, or a diastolic pressure 

of 80 - 89 mmHg. Approximately 28% of adult Americans are considered "pre

hypertensive" (137). These statistics suggest that two-thirds of the adult 

population of the United States is at an increased risk for stroke, making this a 

significant healthcare issue. Spontaneously hypertensive stroke-prone rats 

(SHRSP) are a powerful model for studying hypertension-related cerebrovascular 

disease and stroke, due to their pathological similarity to the human disease 
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(100, 148). After induction of ischemia using MCAO, male SHRSP have 70% 

larger cerebral infarcts, when compared to normotensive Wistar Kyoto (WKY) 

rats (40), which highlights the impact of hypertension on ischemic stroke. The 

difference in ischemic infarct size has been linked to differences in the luminal 

widths of the cerebral collateral vessels (30, 32), and not to collateral vessel 

density (29). In the event of cerebral ischemia, the collateral vessels dilate to 

perfuse the area surrounding the infarction (28). Studies revealed that the 

maximally relaxed lumen diameters of cerebral collateral vessels from SHRSP 

are significantly smaller than the maximally relaxed lumens of collaterals from 

WKY rats (29, 32), indicating that the damage caused by an ischemic stroke is 

directly related to the structure of the cerebral vasculature. 

Vascular Remodeling 

Structural remodeling of the small blood vessels, referred to as vascular 

remodeling, has been shown to occur in almost all hypertensive subjects (122, 

124). Vascular remodeling, which can occur in response to blood pressure 

and/or hormonal influences (i.e. components of the renin-angiotensin

aldosterone system) (68), is an important determinant for deleterious 

cardiovascular outcomes, such as stroke (30, 32, 74). It remains to be 

elucidated whether vascular remodeling is present before the onset of 

hypertension or if it is caused by the elevated blood pressure itself. 



Normal 
Blood 
Vessel 

Hypertrophic 
Remodeling 

~e +--+ 
Eutrophic 

Remodeling 

Remodeled 
Blood 

Vessels 

Figure 2. Schematic of vascular remodeling. 
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Remodeling of the vasculature can occur in both resistance and conduit arteries 

(68). Conduit art~ries, the aorta and its branches, play an important role in 
' 

converting the pulsatile blood flow from the heart into continuous flow to the distal 

organs. Remodeling of the conduit arteries causes increased stiffness, which 

leads to increases in pulse and systolic blood pressures (50). Due to their 

contribution to the maintenance of total peripheral resistance and blood pressure, 

the structure of the resistance arteries is more relevant to cardiovascular 

pathologies, including stroke (94). In resistance arteries (diameter,< 300 J.lm) 

from hypertensive patients, the most prevalent form of remodeling is inward 

eutrophic remodeling (Figure 2), which involves a rearrangement of vascular wall 

components around a smaller lumen, without a change in wall area (95). 

Hypertrophic remodeling (Figure 2) is another type of vascular remodeling, which 

is defined by an increase in vascular smooth muscle cell (VSMC) size 

(hypertrophy) or number (hyperplasia). VSMC hypertrophy or hyperplasia results 

in a decrease in the lumen diameter of the vessel and an increase in the vessel 
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wall area (95). This type of remodeling contributes in various ways to 

hypertension-related vascular remodeling and is found in many models of 

experimental hypertension (63, 124 ). VSMC from SHRSP have been shown to 

be polyploid, which may cause VSMC hypertrophy (38). Hyperplasia of VSMC in 

hypertensive rats may also be a result of their increased responsiveness to 

smooth muscle cell mitogens (127). Few studies have investigated the · 

prevention or reversal of vascular damage, independent of reductions in blood 

pressure. 

Evaluation of vessel structure was performed in the proposed experiments with 

the use of a pressurized arteriograph system (62). This method allows for the 

measurement of lumen diameter, left and right wall thickness, and outer diameter 

with the use of video microscopy over a range of intraluminal pressures. 

Intraluminal pressure is controlled by a servo-controlled pump and can be easily 

adjusted in increments of 1 mmHg, which allows for accurate comparisons 

between vessels. A disadvantage to this method is that there is a lack of 

circulating factors and structural features that would normally be present in the in 

vivo situation. Another method for assessing vessel structure involves exposing 

the vessel (in the case of a cerebral vessel, a cranial window would be used) and 

leaving it intact so that it is closer t9 the in vivo situation (6). Like our chosen 

method, structural measurements are also made using video microscopy in the in 

vivo perfusion method. A pitfall to this method is that accurate measurement of 

parameters over a wide range of pressures is not easily obtained. Other 
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methods of evaluating vessel structure, such as histological methods, require the 

vessels to be sliced and fixed onto microscope slides for staining. Sections can 

be digitally analyzed to give structural parameter measurements. One pitfall to 

this method is that the vessels cannot be analyzed over a range of pressures. 

Also, it is difficult to pressurize the vessels to exactly the same pressure between 

animals, so comparisons between vessels from other animals are difficult to 

make. The fixation method may also alter the shape or size of the vascular cells 

(118). 

Previous studies have established the existence of eutrophic remodeling of the 

cerebral vasculature in male SHRSP (6). Inward eutrophic remodeling is 

particularly important in the cerebral vasculature as it can affect the 

autoregulation of blood flow to the brain (73), which is an important determinant 

of the outcome of ischemic stroke(31 ). According to the law of Poiseuille, blood 

flow ( Q ) through a blood vessel is directly proportional to pi times the pressure 

difference ( P;- Pa) times the radius ( r) raised to the fourth power, and is 

indirectly proportional to eight times the length ( I ) of the vessel multiplied by the 

viscosity ( 11 ) of the fluid (Q = rr(P;- Pa)r4/8rtl). Since the length of the vessel 

and the viscosity does not change very much, the most influential component of 

blood flow is the radius of the blood vessel, because small changes in lumen 

diameter are magnified exponentially. Therefore, a very small increase in vessel 

diameter has a large effect on increasing blood flow and vice versa. Since 

ischemic infarct size is directly related to blood flow in the cerebral blood vessels 
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(31) and blood flow through a vessel is related to the lumen diameter of the 

vessel, it is possible that alterations in cerebral blood vessel structure can 

account for changes in ischemic infarct size. 

Aldosterone and Cerebrovascular Disease 

Aldosterone, the primary mineralocorticoid secreted by the adrenal gland, has 

been implicated in the pathogenesis of cardiovascular disease (25, 115, 117}, 

mainly via activation of the mineralocorticoid receptor (MR) (54). Increased 

plasma aldosterone is a known risk factor for stroke (13). Patients with primary 

aldosteronism have increased rates of cardiovascular events, including stroke, . . 

compared to patients with essential hypertension, independent of blood pressure 

(91 ). Studies have shown that activation of the MR using deoxycorticosterone 

acetate (DOCA) in intact male Wistar rats on a normal salt diet leads to 

increased damage after ischemic stroke and causes hypertrophic remodeling of 

. the MCA (43). 

Conversely, MR blockade, using spironolactone or eplerenone, is effective in 

reducing mortality when added to standard therapies in heart failure patients 

(1 04, 1 05). It is important to note that in these clinical trials, RALES and 

EPHESUS, the patients did not have increased plasma aldosterone levels (55), 

indicating that MR blockade can be beneficial even in the presence of normal-

range aldosterone levels. Studies using MR antagonists in animal models have 
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also shown a beneficial effect of these drugs on the cardiovascular system (114, 

130). In male SHRSP on a stroke-prone diet and high-salt intake, where 

aldosterone levels would be suppressed, spironolactone and eplerenone 

treatment significantly reduced the incidence of spontaneous hemorrhagic 

strokes and survival was increased (113, 115). In regards to ischemic stroke 

protection, previous studies have shown that chronic spironolactone treatment in 

male SHRSP significantly reduces damage caused by cerebral ischemia (40). 

Ischemic infarct size was reduced by approximately 50% in spironolactone

treated SHRSP compared to control SHRSP in that study. The ischemic stroke 

protection by spironolactone occurred without the presence of elevated 

aldosterone levels. The mechanism by which MR antagonism protects against 

both types of stroke has not been studied. However, it has been established that 

aldosterone has effects on the vasculature, independent of its effects on blood 

pressure (121). Prevention of remodeling of the aorta (8), mesenteric (48, 141), 

and carotid (98) arteries has been demonstrated using MR blockade. The effect 

of MR blockade on the cerebral vasculature has not been studied. 

Aldosterone, which was classically thought to act only on MR located in the 

kidney, has been shown to exert effects directly on the vasculature (121). MR 

expression has been demonstrated in blood vessels (56) and other extra-renal 

tissues, including the brain (54, 59). Direct actions of aldosterone may be 

mediated through the MR via classical genomic activation, or via non-genomic 

mechanisms, which have yet to be clearly elucidated (81 ). Aldosterone has been 
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shown to stimulate proliferation of rat aortic VSMC, possibly through activation of 

the mitogen-activated protein (MAP) kinase pathway (72). Activation of the MAP 

kinase pathway could be due to increased expression of the epidermal growth 

factor receptor (EGFR), which has been shown to be increased by aldosterone 

stimulation in isolated rat aorta (40), rat kidney and cell culture (77). Aldosterone 

can also potentiate the proliferative effects of angiotensin II on rat VSMC (92, 

147). Aldosterone-induced proliferation ofVSMC may be regulated by 

expression of genes involved in cell cycle regulation, such as MDM2. MDM2 

mRNA and protein were shown to be increased in MR-positive cultured human 

VSMC treated with aldosterone (96). Another mechanism by which aldosterone 

may affect blood vessel structure is by its ability to cause and enhance 

vasoconstriction, which has recently been shown in rat mesenteric arteries (89). 

In that study it was also demonstrated that aldosterone could increase 

intracellular calcium levels, which has also been previously reported (81). 

Prolonged vasoconstriction could elicit an inward eutrophic remodeling response, 

due to VSMC overlap (85). Upregulation of genes and receptors involved in 

VSMC proliferation and enhancement of vasoconstriction may help to explain the 

mechanism by which aldosterone exerts its effects on vessel structure. 

Hypertension and Stroke in Females 

The prevalence of hypertension is greater in men compared to women, until 

around the age of 45. From about age 54, the percentage of women with high 
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blood pressure is much greater than it is in men (137). Interestingly, more 

women have and die from strokes each year, when compared to men (137). The 

incidence of stroke greatly increases in postmenopausal women as compared to 

premenopausal women (145). This phenomenon is attributed to the loss of 

estrogen after menopause. In experimental studies, estrogen has been shown to 

provide multiple neuroprotective and cardioprotective benefits (87, 88, 138). The 

mechanism of neuroprotection has been proposed to be due to estrogen's 

antioxidant activity, anti-apoptotic actions, and blockade of glutamate-mediated 

injury (87). Actions of estrogen that are cardioprotective include preserving 

regional blood flow, reducing intravascular leukocyte adhesion, and vasodilatory 

properties (87). These protective effects diminish after menopause or removal of 

estrogen, leading the way for increased risk of stroke and stroke-related injuries. 

This is of greatest significance when you consider that women will spend nearly a 

third of their lives in a postmenopausal state (87) and also, that the number of 

women entering menopause is increasing exponentially due to the "baby 

boomer" generation, according to the U.S. Census Bureau. 

Hormone replacement therapy (HRT)"was considered the primary treatment for 

women in a menopausal state and observational studies suggested there were 

significant cardiovascular benefits. However, HRT, as illustrated by multiple 

clinical trials, including the Women's Health Initiative Study, has not been 

successful in reducing stroke risk in females (11, 1 09), which contradicts 

numerous animal studies demonstrating beneficial effects of estrogen (87). The 
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Women's Health Initiative Study was actually halted early because health risks 

began to exceed benefits and an increased risk of stroke was noted in the 

estrogen alone and estrogen plus progestin studies (4). The results from this 

study raise questions regarding the effects of exogenous estrogen in menopause 

and its effectiveness in helping women. This alludes to the possibility that 

irreversible damage has already occurred in the premenopausal state that cannot 

be corrected or protected against by estrogen replacement in the 

postmenopausal state. 

Females and Aldosterone 

Recently, a study utilizing data collected from the Framingham Heart study found 

a correlation between aldosterone levels and cardiovascular risk in women. 

Results from statistical analysis of this study found a direct correlation between 

serum aldosterone levels and cardiac relative wall thickness; exclusively in 

• women (140). The correlation held strong even when other factors were taken 

into account, such as body mass index, menopausal status, and blood pressure. 

This would lead one to hypothesize that women may be more sensitive to the 

effects of aldosterone and that estrogen could be the reason for this sensitivity 

(45). Many studies have linked aldosterone to cardiovascular fibrosis and injury 

(46, 114, 115, 131, 132, 150), but most of these studies did not consider possible 

gender differences. Another study presented at the 301
h Annual Meeting of the 

Aldosterone Conference looked at the role of aldosterone in a postmenopausal 
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hypertensive rat model. The authors found that MR mRNA expression was lower 

in post-cycling female rats compared to young females, but was not different 

from old males (149). Also, a study of the human MR gene found a possible 

estrogen responsive element in the promoter region (79). These data implicate 

estrogen in the regulation of MR expression and indicate that premenopausal 

levels of estrogen may be increasing MR expression. 
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Abstract 

Background: Previous studies show that ischemic cerebral infarct size is related 

to cerebral vessel structure. Spironolactone, a mineralocorticoid receptor 

antagonist, decreases ischemic cerebral infarct size in male spontaneously 

hypertensive stroke-prone rats (SHRSP). Therefore, we hypothesized that 

chronic spironolactone treatment would improve cerebral artery structure in the 

SHRSP. Methods: Six-week-old male SHRSP were treated with spironolactone 

(2.5 mg/day) for six weeks and were compared to untreated control SHRSP and 

normotensive Wistar Kyoto (WKY) rats. Using a pressurized arteriograph, 

structural measurements of the middle cerebral artery (MCA) were taken under 

passive (calcium-free), zero-flow conditions. Myogenic tone was calculated from 

active and passive measurements taken at 75 and 125 mmHg. Mean arterial 

pressure was measured using radiotelemetry. Results: Myogenic tone was 

increased only at 75 mmHg in the spironolactone-treated SHRSP compared to 

control rats. The MCA lumen and outer diameters were increased in the 

spironolactone-treated SHRSP compared to control SHRSP, but were not 

different from WKY rats, indicating a decrease in vascular remodeling. There 

was no effect of spironolactone on blood pressure, suggesting this is a blood 

pressure independent effect. Conclusion: Increased myogenic tone and lumen 

diameter in the spironolactone-treated SHRSP may be responsible for the 

protective role of spironolactone in ischemic stroke. 



Key words: aldosterone, hypertension, SHRSP, spironolactone, vascular 

remodeling, arteriograph, middle cerebral artery 
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Introduction 

Stroke is the third leading cause of dea~h in the United States and 88 percent of 

all strokes are ischemic, caused by a blockage in a cerebral blood vessel, which 

impairs blood flow in the brain (137). Hypertension is a known risk factor for 

stroke (75). Studying the combined effects of hypertension and stroke in the 

spontaneously hypertensive stroke prone rat (SHRSP) has proven to be a useful 

tool, due to the similarity of this model to human cerebrovascular disease (148). 

Normotensive Wistar Kyoto (WKY) rats have smaller cerebral infarcts after 

experimental induction of ischemia when compared to SHRSP (33), and have 

traditionally been utilized as the control strain for SHRSP. Previous studies of 

the cerebral vessel collaterals in SHRSP and WKY rats have shown that the 

density of these vessels does not differ between the two strains (29), but that the 

luminal widths of these vessels are a major determinant of the amount of tissue 

protected from infarction (30, 32). These studies link cerebral vessel lumen 

diameters and the damage caused by an ischemic stroke in the SHRSP. 

Increased plasma aldosterone has also been identified as a risk factor for stroke 

(13) and there is increasing evidence that aldosterone has a direct effect on the 

vascular pathology of essential hypertension (24, 25). Blockade of components 

of the renin-angiotensin-aldosterone system (RAAS) has been shown by many 

studies to prevent or reduce injury from stroke and cardiovascular remodeling, 

usually through pressure dependent mechanisms (124). While most studies of 

the RAAS focus on the effects of angiotensin II, investigators are now beginning 
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to show that aldosterone is also a. key mediator of deleterious cardiovascular 

events, mostly through activation of the mineralocorticoid receptor (52, 114, 132). 

Human studies using ·spironolactone (105) and eplerenone (104) have shown a 

beneficial effect of mineralocorticoid receptor antagonism in patients with 

cardiovascular disease. Chronic treatment with captopril, an angiotensin 

converting enzyme inhibitor, afforded the SHRSP fed a high sodium diet 

protection from hemorrhagic stroke, but this protection was lost when 

aldosterone was given back (83), suggesting aldosterone may be mediating the 

effects of angiotensin II. Interestingly, chronic treatment with spironolactone in 

SHRSP fed a stroke-prone (or high sodium) diet reduces mortality and the 

incidence of spontaneous hemorrhagic strokes (113). Studies from our 

laboratory show that chronic treatment with spironolactone causes a reduction in 

ischemic cerebral infarct size in both male SHRSP and male WKY rats by 

approximately 50% (39, 40). Similar to the studies by Rocha, eta/ (113), these 

changes occurred without a reduction in blood pressure. The opposite effect has 

also recently been shown by our laboratory; whereby,. intact, male Wistar rats 

that were treated with the mineralocorticoid, deoxycorticosterone acetate 

(DOCA), had increased ischemic cerebral infarct sizes compared to non-treated 

rats (43). 

Since ischemic infarct size is directly related to blood flow in the cerebral blood 

vessels (31) and blood flow through a vessel is proportional to the lumen 

diameter of the vessel, it is possible that an alteration in cerebral blood vessel 
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structure accounts for the decreased ischemic infarct size with spironolactone 

treatment. Alternatively, activation of the mineralocorticoid receptor, using 

DOCA, has been shown by our laboratory to cause hypertrophic remodeling of 

the MCA (middle cerebral artery) and increased ischemic infarct size in intact 

male Wistar rats on a normal salt diet (43). Similarly, when cerebral ischemia is 

induced experimentally, using MCA occlusion (80), the resultant ischemic infarct 

is greater in SHRSP compared to normotensive rats (33). The difference in 

ischemic infarct size may be due to SHRSP having smaller cerebral blood vessel 

lumens and an impaired ability to dilate in response to cerebral ischemia (31 ). A 

reduction in the external diameter of cerebral arterioles was also found to play an 

important role in the impaired ability of these arterioles to dilate (6). Increasing 

both the outer and inner blood vessel diameters are important factors for 

reducing the damage caused by an ischemic stroke. 

In the current study, we investigated the effects of chronic mineralocorticoid 

receptor antagonism in the cerebral vasculature of the SHRSP. Our hypothesis 

was that cerebral vascular structure is improved, via an increase in cerebral 

vessel lumen diameter, by chronic administration of spironolactone and that 

these changes would occur without a reduction in blood pressure. 



Material and methods 

Animals 
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Male SHRSP were obtained from the breeding colony maintained at the Medical 

College of Georgia by our laboratory. Male W't<:Y rats were purchased from 

Harlan (Indianapolis, IN). WKY rats were chosen to serve as normotensive 

controls for the SHRSP. All rats were maintained on a 12-hou~ light/dark cycle 

and were allowed access to food (regular rat chow with normal sodium content 

(0.25%, diet #8656, Harlan Teklad) and tap water ad libitum. All experiments 

were approved by The Medical College of Georgia Institutional Animal Care & 

Use Committee and followed protocols outlined by the American Physiological 

Society. 

Blood Pressure Measurement 

In separate groups of rats, telemetry transmitters (Data Sciences, St. Paul MN) 

were implanted in the abdominal aorta and treated as described below. Mean 

arterial pressure was collected as described previously (120). Briefly, 

measurements were recorded every 10 minutes over a 24 hour cycle for six 

weeks. The average of the day and night measurements was calculated for each 

day. 

Treatments and Vessel Preparation 

Six-week-old rats were anesthetized with ketamine/xylazine (67/6.6 mg/kg, IM) 

and time-release spironolactone (2.5 mg/day) pellets (Innovative Research of 
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America, Sarasota, FL) were implanted subcutaneously in the nape of the neck, 

as described previously (40). At 12 weeks of age, rats were anesthetized with 

sodium pentobarbital (1 00 mg/kg, IP) and the brain was removed. Body weight 

measurements and blood, collected via cardiac puncture, were taken at time of 

death. Heparanized blood samples were centrifuged and the plasma was 

collected for analysis of electrolytes. The first branch-free segment of the MCA 

most proximal to the Circle of Willis was dissected and placed in cold 

physiological salt solution (PSS) (in mmoi/L: 141.9 NaCI, 4.7 KCI, 1.7 MgS04, 0.5 

EDTA, 2.8 CaCb, 10.0 HEPES, 1.2 KH2P04, and 5.0 glucose). The vessel was 

mounted on two glass micropipettes (outer diameter, 125- 150 !Jm) and secured 

with silk thread {diameter, 20 !Jm) in a small vessel arteriograph (Living Systems 

Instrumentation, Burlington, VT). ·The distal pipette was closed off, creating a 

zero-flow or blind-sac experiment; any vessels possessing leaks were discarded. 

All experiments performed for this study were done in a no-flow situation. The 

vessel was then pressurized to 75 mmHg and the arteriograph was placed atop 

an inverted microscope connected to a camera and monitor. To assure vessel 

integrity, the time between animal sacrifice and vessel mounting was kept within 

45 minutes. The vessel was visualized by videomicroscopy and a calibrated 

video dimension analyzer was used to obtain lumen diameter and wall thickness 

measurements in micrometers. 
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Experimental Protocol 

Vessels were allowed to equilibrate for one hour at 75 mmHg and 37°C in PSS at 

a pH of 7.4. 75 mmHg was chosen based on previous experiments performed in 

the rat MCA (20). This pressure also lies within the autoregulatory range of the 

rat MCA and is close to the pressure normally experienced by the MCA (27). 

Initially, lumen diameter measurements were taken at 75 mmHg and 125 mmHg 

to represent active tone. Cumulative dose responses first, to acetylcholine and 

then, to serotonin were performed with the intralumenal pressure maintained at 

75 mmHg; vessels were not pre-constricted before the addition of acetylcholine. 

Acetylcholine or serotonin was added to the arteriograph bath in increasing 

concentrations (10"9 to 10·5 moi/L); measurements were made of lumen diameter 

and wall thickness after a five-minute equilibration at each concentration. After 

both dose responses were performed, passive structure was assessed in 

calcium-free PSS containing 2.0 mmoi/L EGTA over a range of pressures from 
0 

40 mmHg to 180 mmHg in 20 mmHg increments; measurements of lumen 

diameter and wall thickness were taken at each pressure increment. At the 

completion of the experiment, sodium nitroprusside (1 o·3 moi/L) was added to the 

bath and similar measurements were taken for passive tone. 



Calculations and Statistics 

Equations used to assess vessel structure are as follows: 

Wall Thickness (WT) = Left WT + Right WT 

Outer Diameter (OD) = Lumen Diameter (LD) + WT 

Wall/ Lumen ratio = WT I LD 

Area of Vessel = rr(OD/2)2 

Area of Lumen = rr(LD/2f 
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Cross-Sectional Wall Area (CSA) =Area of Vessel- Area of Lumen 

Circumferential Wall Stress= (Intraluminal Pressure • LD) I (2 • WT) 

Circumferential Wall Strain= (LD- LD at 0 Pressure) I LD at 0 Pressure 

Remodeled LD = sqrt (Hypertensive OD2
- 4 • Normotensive CSA/rr) 

Remodeling Index= 100 • ((Normotensive LD- Remodeled LD) I 

(Normotensive LD- Hypertensive LD)) 

Growth Index= 100 • ((Hypertensive CSA- Normotensive CSA) I 

Normotensive CSA)) 

Remodeling and growth indices were calculated as described previously (63). 

Statistical analysis was not performed on the remodeling and growth indices 

because the vessels were not studied in a paired fashion. Percent tone was 

calculated using the following formula: 1 - (active diameter/passive diameter) • 

100 (20). Beta-coefficients were calculated by performing exponential regression 

on individual stress/strain curves using KaleidaGraph software (version 4.0). 
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Statistical analysis was performed using Graph Pad Prism software, version 3.02. 

Statistical significance was determined using ANOVA, with Newman.Keuls 

Multiple Comparison post-test for all dose and pressure responses. T-tests were 

performed on physiological measurements, myogenic tone, EC50 data, and beta

coefficients; the Bonferroni correction was utilized when appropriate. A p-value 

of 0.05 or below was considered significant. All values presented are mean ± 

SEM. 

Results 

Physiological Parameters and Blood Pressure 

Spironolactone treatment had no effect on body weight in SHRSP. Control WKY 

rats had higher body weights compared to both groups of SHRSP (Table II, 

p<0.05). Plasma potassium and sodium levels were not different between 

groups (Table II). Spironolactone treatment had no effect on mean arterial 

pressure in the SHRSP. Mean arteriaL pressure was lower in the control WKY 

rats compared to both SHRSP groups (Figure 3). Systolic and diastolic 

pressures followed the same pattern as mean arterial pressure and were not 

affected by spironolactone treatment (data not shown). 

Cerebral Vessel Tone 

Spironolactone treatment increased percent tone in the MCA by over 6.7% at 75 

mmHg in the SHRSP compared to control groups (p<0.05) (Figure 4A). There 



was no difference in percent tone in the MCA between groups at 125 mmHg 

(p>0.05) (Figure 4A). 

Cerebral Vessel Reactivity 
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MCA reactivity to acetylcholine was calculated as a percent increase in lumen 

diameter from baseline. There was no difference in the maximum dilation to 

acetylcholine between groups, expressed as a percentage of the baseline lumen 

diameter (ANOVA p>0.05; 3.2 ± 3.5% spironolactone-treated SHRSP vs. 2.4 ± 

2.8% control SHRSP vs. 9.7 ± 3.8% control WI<Y rats). MCA reactivity to the 

serotonin was calculated as the percentage of maximum constriction. Over the 

range of doses, constriction to serotonin was enhanced in the spironolactone

treated SHRSP compared to control SHRSP and WKY rats (ANOVA p<0.05) 

(Figure 48). There was no difference in the ECso between groups (t-test p>0.05; 

3.34 ± 0.62 x 10-7 moi/L spironolactone-treated SHRSP vs. 14.3 ± 7.27 x 10"7 

moi/L control SHRSP vs. 6.21 ± 2.24 10·7 moi/L control WKY rats). 

Passive Cerebral Vessel Structure 

The MCA lumen and outer diameters were larger in the spironolactone-treated 

SHRSP compared to control SHRSP over the range of pressures (AN OVA 

p<0.05) (Figure 5A, 58). Over the range of pressures, vessel wall thickness was 

increased in the MCA of both SHRSP groups compared to control WKY rats 

(ANOVA p<0.05) (Figure 5C). Spironolactone treatment had no effect on MCA 

wall thickness in the SHRSP. 
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Although, there is a trend towards increased cross-sectional wall area in the 

MCA of spironolactone-treated SHRSP, statistical analysis showed that there 

was no difference between groups (ANOVA p>0.05) (Figure 6A). The MCA wall

to-lumen ratio of the spironolactone-treated SHRSP was decreased compared to 

control SHRSP and increased compared to control WKY rats (ANOVA p<0.05) 

(Figure 68). In the control SHRSP group, the MCA wall-to-lumen ratio was 

increased compared to the control WKY rat group (ANOVA p<0.05) (Figure 68). 

The presence of eutrophic remodeling in the MCA of SHRSP is indicated by the 

high remodeling index and small growth index, as was calculated at 80 mmHg 

(Figure 7). These indices were similar across the range of pressures (data not 

shown). Spironolactone treatment reduced the remodeling index by greater than 

70% and only slightly increased the· growth index in the MCA of SHRSP at 80 

mmHg (Figure 7). 

There was a rightward shift in the stress/strain curve for spironolactone-treated 

SHRSP, indicating an increase in vessel compliance (Figure 8A). The 13-

coefficient, calculated from the individual stress/strain curves, was used as a 

measure of vessel stiffness. The 13-coefficient was significantly decreased in 

spironolactone-treated SHRSP compared to control SHRSP and WKY rats (t-test 

with 8onferroni correction; control SHRSP vs. spironolactone-treated SHRSP, 

p=0.004) (Figure 88). 
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Discussion 

There are two novel findings of this study: 1) Spironolactone treatment increases 

tone in the MCA of SHRSP and 2) Spironolactone treatment alters vascular 

structure of the MCA by increasing the lumen and outer diameters, without a 

change in blood pressure. When combined, these changes may explain the 

protective effects of spironolactone on the outcome of ischemic stroke, as 

observed previously by our laboratory (39, 40). 

The effects of spironolactone on cerebral vessel structure in the SHRSP are not 

due to a reduction in blood pressure. Consistent with the current study, previous 

studies performed in the male salt-loaded SHRSP fed a stroke-prone diet 

indicated that there was no effect on blood pressure with spironolactone or 

eplerenone treatment (113, 115). Few studies have assessed blood pressure in 

the spironolactone-treated SHRSP on a normal salt regimen for comparison. 

However, we have previously shown a difference in systolic blood pressure, 

measured by tail-cuff plethysmography, between control and spironolactone

treated SHRSP on normal salt diets (40). Hypertension is influenced by many 

genetic factors in the SHRSP, but mineralocorticoid receptor antagonism using 

spironolactone does not lower blood pressure in this model. Measurement of 

blood pressure using telemetry has been shown to have significant advantages 

over using other methods requiring restraint, such as tail-cuff plethysmography 
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(69). The differences in vessel structure also do not appear to be related to 

overall growth, as body weight was not changed by treatment with 

spironolactone. Other circulating factors, such as plasma potassium (41), can 

also have effects on the outcome of ischemic stroke. However, plasma 

potassium is not significantly elevated in the spironolactone-treated SHRSP, 

indicating that the effects of spironolactone are most likely through the inhibition 

of the mineralocorticoid receptor and not due to increased plasma potassium. 

Maintenance of vascular tone is one of the mechanisms that contribute to 

autoregulation of cerebral blood flow (73). Cipolla, eta/ found that after induction 

of ischemic stroke in rats, the amount of myogenic tone in the cerebral arteries 

decreased as the duration of ischemia increased (21 ). These studies highlight 

the importance of maintaining myogenic tone in the cerebral arteries in the face 

of an ischemic event. 75 mmHg is in the middle of the autoregulatory range of 

the rat (27), which is where we observed our differences. However, previous 

studies have shown that the SHRSP have little or no autoregulatory response 

(73). The increase in percent tone at 75 mmHg in the spironolactone-treated 

SHRSP may serve to enhance the autoregulatory behavior of the middle cerebral 

artery, therefore helping to protect the brain in the event of an ischemic stroke. 

An alteration in vascular reactivity can also have an impact on the outcome to 

ischemic stroke (6). MCA relaxation to acetylcholine was not different between 

groups, suggesting that the improvement in cerebral infarct size in the 
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spironolactone-treated SHRSP described previously (40) may not be due to an 

enhanced ability of the cerebral vessels to dilate. Although the response to 

acetylcholine was not significantly enhanced in the WKY rats compared to both 

SHRSP groups, the expected trend was present. One of the limitations of the 

study involved the lack of administration of a pre-constricting agent before the 

acetylcholine dose responses were performed and this may have been the cause 

of the small dilations observed with acetylcholine. Also, performing the 

acetylcholine dose response in the presence of flow would give a more accurate 

representation of the in vivo response .. Dose responses performed in no-flow 

situations, as in the current studies, do not allow for direct contact of the 

endothelium-dependent dilator with the vessel lumen and therefore, the 

responses tend to be variable. Paradoxically, there was increased constriction to 

serotonin in the spironolactone-treated SHRSP, but there was no difference in 

the sensitivity to serotonin, as indicated by similar EC5o values. In light of the fact 

that tone was also increased in the spironolactone-treated SHRSP, it is possible 

that spironolactone treatment causes a generalized improvement in the 

contractile ability of the cerebral vessels. While enhanced contraction in 

peripheral vessels would be considered deleterious, it may have beneficial 

effects in the cerebral vasculature as it will protect the small intra-cerebral 

vessels from pressure fluctuations. 

Many studies have shown that mineralocorticoid receptor antagonism can reduce 

cardiac fibrosis and ventricular remodeling (114), but few have focused on the 
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effects of mineralocorticoid receptor antagonism on vascular structure. To the 

best of the authors' knowledge, our study is the first to assess the effect of 

spironolactone on the cerebral vasculature in the SHRSP. Previous studies of 

vascular structure using mineralocorticoid receptor antagonism, with either 

spironolactone or eplerenone, have been completed in the aorta (8) and the 

mesentery (48, 141 ). Benetos, eta/ found that chronic spironolactone treatment 

could prevent aortic fibrosis in the spontaneously hypertensive rat, by preventing 

aortic collagen accumulation. Other studies that were carried out by Virdis, eta/ 

and Endemann, eta/ were performed in mesenteric resistance vessels. These 

studies found that both spironolactone (141) and eplerenone (48) could reduce 

the media-to-lumen ratio of the vessels, where a decrease in the ratio correlates 

to decreased vascular remodeling, i.e. increased lumen diameter (95). Taken 

together, these studies suggest that mineralocorticoid receptor activation is 

important in regulating vascular structure. 

Inward eutrophic remodeling is particularly important in the cerebral vasculature 

as it can affect the autoregulation of blood flow to the brain (73), which is an 

important determinant for the outcome of ischemic stroke (31 ). Eutrophic 

remodeling in the MCA of SHRSP is indicated by the high remodeling index 

combined with the low growth index. Hypertrophic remodeling would have been 

indicated by a high growth index. Spironolactone treatment prevented the 

eutrophic remodeling in.the MCA of SHRSP, as evidenced by the increase in 

lumen and outer diameter, without a change in wall thickness, combined with the 
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dramatic decrease in the remodeling index. The MCA from spironolactone

treated SHRSP may still be hypertrophic, as indicated by the increased trend in 

cross-sectional wall area compared to control WKY rats. This may be partially 

explained by a lack of reduction in blood pressure, as increased blood pressure 

is known to cause hypertrophy in blood vessels (6). Another explanation for the 

increased wall area in the MCA of spironolactone-treated SHRSP is more wall 

area is needed to surround a larger lumen. Although the wall-to-lumen ratio in 

the MCA of spironolactone-treated SHRSP was increased compared to control 

WKY rats, there was a trend towards a decreased ratio with spironolactone 

treatment: 

The MCAs from spironolactone-treated SHRSP are more compliant and less stiff, 

as was indicated by the rightward shift in the stress/strain curve and decreased 

.beta-coefficient. The stress/strain curve from WKY rats was not rightward shifted 

compared to control SHRSP, similar to previous studies performed in cerebral 

vessels from WKY rats (6). Increased compliance and decreased cerebral 

vessel stiffness has been shown by our laboratory to be associated with a 

reduction in ischemic infarct size (42). These findings signify that the same 

effects observed in the spironolactone-treated SHRSP in this study may have 

played a role in the ischemic stroke protection afforded by spironolactone 

treatment found in our previous study (40). 
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In summary, we have shown that chronic treatment with spironolactone can 

prevent eutrophic remodeling in the cerebral vasculature of male SHRSP, without 

reducing blood pressure. Along with the alteration in structure, the vessels from 

spironolactone-treated SHRSP are more compliant and less stiff. The effects of 

spironolactone on the cerebral vasculature may explain its protective effect in 

reducing ischemic infarct size (40). These novel studies add to the increasing 

literature demonstrating the favorable effects of mineralocorticoid receptor 

antagonism on the cardiovascular system, independent of changes in blood 

pressure. 
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Figure Legends 

Figure 3. Telemetry Blood Pressure. Mean arterial pressure is presented as the 

average of the day and night measurements. Spironolactone treatment had no 

effect on mean arterial pressure in the SHRSP (n = 3 rats per group); mean 

arterial pressure was lower in control WK:f rats (n = 4) compared to both groups 

of SHRSP. Abbreviations: SHRSP- spontaneously hypertensive stroke-prone 

rats, WKY- Wistar Kyoto 

Figure 4. Cerebral Vessel Function. A) Percent tone is calculated as: 1 - (active 

diameter I passive diameter) X 100. Spironolactone treatment increased tone at 

75 mmHg compared to control groups (*p<0.05 vs. control SHRSP and WKY 

rats). Percent tone. was not different between groups at 125 mmHg. B) 

Reactivity to serotonin was calculated as the percentage of maximum 

constriction. Spironolactone treatment enhanced constriction to serotonin 

(*p<0.05 vs. control SHRSP). n = 8 for spironolactone-treated SHRSP, n = 6 for 

control SHRSP, n = 4 for control WKY rats Abbreviations: MCA- middle 

cerebral artery, SHRSP- spontaneously hypertensive stroke-prone rats, WKY

Wistar Kyoto 

Figure 5. Vessel structure was assessed under calcium-free conditions. A) 

Lumen Diameter. Over the range of pressures, the lumen diameter of the MCA 

was larger in the spironolactone-treated SHRSP compared to control SHRSP 

(*p<0.05). B) Outer Diameter. Over the range of pressures, the outer diameter 
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of the MCA was smaller in the control SHRSP compared to spironolactone

treated SHRSP and control WKY rat groups (*p<0.05). C) Wall Thickness. Over 

the range of pressures, wall thickness was increased in the control and 

spironolactone-treated SHRSP groups compared to the control WKY rat group 

(*p<0.05). n = 8 for spironolactone-treated SHRSP, n = 6 for control SHRSP, n = 
4 for control WKY rats Abbreviations: MCA- middle cerebral artery, SHRSP -

spontaneously hypertensive stroke-prone rats, WKY- Wistar Kyoto 

Figure 6. Vessel structure was assessed under calcium-free conditions. A) 

Cross-Sectional Wall Area. Over the range of pressures, there was no difference 

in cross-sectional wall area in the MCA between groups. B) Wall-to-Lumen 

Ratio. The wall-to-lumen ratio of the spironolactone-treated SHRSP was 

decreased compared to control SHRSP and increased compared to control WKY 

rats (*p<0.05). n = 8 for spironolactone-treated SHRSP, n = 6 for control 

SHRSP, n = 4 for control WKY rats Abbreviations: MCA- middle cerebral artery, 

SHRSP- spontaneously hypertensive stroke-prone rats, WKY- Wistar Kyoto 

Figure 7. Remodeling and growth indices as calculated from structural 

measurements at 80 mmHg. Spironolactone treatment greatly reduced the 

remodeling index and only slightly increased the growth index in the MCA of 

SHRSP. n = 8 for spironolactone-treated SHRSP, n = 6 for control SHRSP, n = 4 

for control WKY rats Abbreviations: MCA- middle cerebral artery, SHRSP -

spontaneously hypertensive stroke-prone rats, WKY- Wistar Kyoto 
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Figure 8. Circumferential wall stress and strain were calculated from 

measurements made over a range of pressures in passive, calcium-free 

conditions. A) There was a rightward shift in the stress/strain curve of the 

spironolactone-treated SHRSP, indicating an increase in MCA compliance. B) 

Beta-coefficients, a measure of vessel stiffness, were calculated by performing 

exponential regression on individual stress/strain curves. Beta-coefficients were 

significantly decreased in the MCAs from spironolactone-treated SHRSP 

(*p<0.05). n = 5 for spironolactone-treated SHRSP, n = 5 for control SHRSP, n = 

5 for control WKY rats Abbreviations: MCA- middle cerebral artery, SHRSP -

spontaneously hypertensive stroke-prone rats, WKY- Wistar Kyoto 
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Table II. Rigsby, Christine' 

Plasma Plasma 
Experimental Body Weight 

Potassium Sodium 
Group (grams) 

(mmoi/L) (mmoi/L) 

SHRSP 
272 ± 6.5* 4.9 ± 0.49 145.0 ± 0.79 

spironolactone 

SHRSP 
282 ± 6.0* 5.0 ± 0.21 142.6 ± 4.16 

control 

WKY. 
303 ± 3.5 5.4 ± 0.25 144.9 ± 0.67 

control 

Table II. Physiological Parameters. Values are mean ± SEM. *p<0.05 vs. 

control WKY rats. n = 4 rats per SHRSP group, n = 3 control WKY rats 

Abbreviations: SHRSP- spontaneously hypertensive stroke-prone rats, WKY

Wistar Kyoto 
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Figure 5. Rigsby, Christine' 

A 
290 

-<>-SHRSP- Spironolactone 

-280 ----SHRSP- Control 

§. 270 --tr-WKY • Control 

.... 260 

!}* 
Q) - 250 Q) 

E 240 

! ! .. 

+--+-' 
., ! i5 230 

r: 220 Q) 

E 210 ::> 
....1 200 

190 
40 60 80 100 120 140 

lntralumenal Pressure (mmHg) 

8 
340 -<>-SHRSP - Spironolactone 

330 ......... SHRSP • Control 

e 32o 
.;:, 310 .... 
.s 300 
Q) 

E 290 
.!!! 
c 280 
.... 
.l!l 270 
" 0 260 

250 

--tr-WKY - Control 

160 180 

240+---~----~----~--~----~--~----~--~ 
40 60 80 100 120 140 160 180 

lntralumenal Pressure (mmHg) 

c -<>-SHRSP- Spironolactone 

60 ----SHRSP- Control 

E 55 .;:, 
!/) 50 !/) 
Q) 
r: 45 "" " :;: 40 1-

~ 35 

--tr-WKY- Control 

I __, ... ..7\ 

'-t ~ "' ~ I' ---- -
---.;~ •.:r 

30 
40 60 80 100 120 140 160 180 

lntrahimenal Pressure (mmHg) 

* 

44 
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Figure 7. Rigsby, Christine' 
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Figure 8. Rigsby, Christine' 
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Abstract 

Data from the Framingham Heart Study suggests that women may be more 

sensitive than men to the deleterious cardiovascular remodeling effects of 

aldosterone. Previous studies from our laboratory have shown that chronic 

treatment with spironolactone, a mineralocorticoid receptor (MR) antagonist, 

decreases ischemic cerebral infarct size and reverses remodeling of the middle 

cerebral artery (MCA) in male spontaneously hypertensive stroke-prone rats 

(SHRSP). Therefore, the aim of the study was to evaluate if the cerebral 

vasculature from female SHRSP is as responsive to MR antagonism as male 

SHRSP. Six-week-old female SHRSP were treated for six weeks with 

spironolactone (25 or 50 mg/kg/day) or eplerenone (1 00 mg/kg/day) in food and 

compared to non-treated controls. At 12 weeks, cerebral ischemia was induced 

using the intraluminal suture occlusion technique or the MCA was isolated for 

analysis of passive structure using a pressurized arteriograph. At 18 hours post

ischemia induction, brains were sliced and stained for analysis of infarct size. 

MR antagonism had no effect on infarct size or passive MCA structure in female 

SHRSP. To study the potential effects of estrogen, the above experiments were 

repeated in bilaterally ovariectomized (OVX) female SHRSP treated with 

spironolactone (25 mg/kg/day). Spironolactone had no effect on infarct size or 

MCA structure in OVX SHRSP. Cerebral artery MR expression, assessed by 

Western blotting, was compared between male and female SHRSP. Cerebral 

artery MR expression was increased in female, compared to male· SHRSP. 



These studies highlight an apparent sexual dimorphism of MR expression and 

activity in the cerebral vasculature from SHRSP. 

Keywords: sex differences, cerebral ischemia, spironolactone, eplerenone, 

SHRSP, middle cerebral artery 
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Introduction 

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

disability, creating over $57 billion in healthcare-related costs in the United States 

each year(137). Ischemic strokes, caused by a blockage in a cerebral blood 

vessel, account for 88% of all stroke occurrences(137). Hypertension is a 

primary risk factor for stroke(151 ). Spontaneously hypertensive stroke-prone rats 

(SHRSP) are a powerful model for studying hypertension-related cerebrovascular 

disease and stroke, due to their pathological similarity to the human disease(1 00, 

148). After induction of ischemia using middle cerebral artery occlusion 

(MCA0)(80), male SHRSP have significantly larger cerebral infarcts when 

compared to normotensive Wistar Kyoto (WKY) rats(33). The relaxed lumen 

diameters of cerebral collateral vessels in SHRSP are significantly smaller when 

compared to WKY rats(29). The difference in ischemic infarct size has been 

linked to differences in the luminal widths of the cerebral collateral vessels(30, 

32), and not to collateral vessel density(29), indicating that the damage caused 

by an ischemic stroke is directly related to the structure of the cerebral 

vasculature.· 

Aldosterone, the primary mineralocorticoid secreted by the adrenal gland, has 

been implicated in the pathogenesis of cardiovascular disease(25, 115), mainly 

via activation of the mineralocorticoid receptor (MR)(54 ). Patients with primary 

aldosteronism have been shown to have increased rates of cardiovascular 

events, including stroke, when compared to patients with essential hypertension, 
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independent of blood pressure(91 ). Studies from our laboratory have shown that 

activation of the MR using deoxycorticosterone acetate (DOCA) in intact male 

Wistar rats on a normal salt diet leads to increased damage after ischemic stroke 

and causes hypertrophic remodeling of the middle cerebral artery (MCA)(43). 

Conversely, MR blockade, using spironolactone or eplerenone, is effective in 

reducing mortality when added to standard therapies in heart failure patients(104, 

1 05). Studies using MR antagonists in animal models have also shown a 

beneficial effect of these drugs on the cardiovascular system(114, 130). Chronic 

spironolactone treatment in male SHRSP significantly reduces damage caused 

by cerebral ischemia(40), which may be due to the prevention of eutrophic 

remodeling in the middle cerebral artery (MCA), as was demonstrated previously 

by our laboratory(112). 

Interestingly, when compared to men, more women have and die from strokes 

each year(137). Although stroke risk is increased in postmenopausal women, it 

is still unknown whether aging or hormonal status is to blame. In general, 

postmenopausal hormone therapy, as illustrated by multiple clinical trials, has not 

been successful in reducing stroke risk in females(11, 1 09), which contradicts the 

numerous animal studies demonstrating neuroprotective effects of estrogen(87). 

The absence of a clear effect of estrogen for stroke protection in females 

warrants further study of alternatives which could invoke protection from stroke. 

Although multiple cardiovascular benefits have been attributed to the use of MR 

antagonists, few of these studies have been performed in females. Recent 
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analysis of data from the Framingham Heart Study found that serum aldosterone 

levels are positively correlated with cardiac wall thickness in women, but not in 

men(140). These data suggest that women may be more sensitive to the 

deleterious remodeling effects of aldosterone(45). Therefore, the aim of the 

current study was to evaluate the effect of MR antagonism on the outcome of 

cerebral ischemia and MCA remodeling in female SHRSP. The experiments 

presented here will assess whether the cerebral vasculature from female SHRSP 

is as responsive to MR antagonism as has been previously shown in male 

SHRSP. 

Materials and Methods 

Animals and Treatments 

All experiments were conducted in 12-week-old rats. Virgin female and male 

SHRSP were obtained from the laboratory's breeding colony at the Medical 

College of Georgia. Age-matched virgin female WKY rats were purchased from 

Harlan (Indianapolis, IN) to serve as normotensive controls. Animals were 

maintained in a temperature-controlled environment on a 12 hour light/dark cycle 

and were provided regular rat chow, with normal sodium content (0.25%; Harlan 

Teklad, diet #8656), and tap water ad libitum. Six-week-old female SHRSP were 

treated with spironolactone (25 or 50 mg/kg/day) or eplerenone (100 mg/kg/day) 

in the food for six weeks. An additional group of 6-week-old female SHRSP were 

bilaterally ovariectomized (OVX) and treated with spironolactone (25 mg/kg/day) 
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in the food for six weeks; untreated OVX SHRSP were used as controls. Briefly, 

bilateral ovariectomy was performed under ketamine/xylazine (67/6.6 mg/kg, IM) 

anesthesia. Each ovary was exposed via a flank incision and excised using a bi-

polar coagulator. All experimental protocols were approved by the Medical 

College of Georgia Institutional Animal Care & Use Committee, following 

protocols as outlined by the American Physiological Society. 

Blood Pressure Measurement 

Blood pressure was continuously monitored using telemetry in separate groups 

of control and spironolactone-treated (25 and 50 mg/kg) SHRSP, and control 

WKY rats for six weeks, starting at 6 weeks of age. Telemetry transmitters (Data 

Sciences; St. Paul, MN) were implanted in the abdominal aorta, as previously 

described(36), prior to spironolactone treatment. Recordings were made 

continuously every 10 minutes and the averages of 12 hour day and night 

periods were reported for the last week of recording. In the eplerenone-treated 

SHRSP, mean arterial pressure was measured during the last week of treatment 

using tail-cuff plethysmography with a CODA 6 rat-tail blood pressure system 

(Kent Scientific; Torrington, CT). An average of at least 20 measurements taken 

each day for 3 days was used in the final average for mean arterial pressure. 

Induction of Cerebral Ischemia 

In separate groups of rats, cerebral ischemia was induced using a modified 
' ' 

version ofthe intraluminal suture MCAO technique, as previously described{41, 
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80). Briefly, rats were anesthetized using an inhaled isoflurane/oxygen gas · 

mixtu~e. A laser Doppler probe (Perimed; N. Royalton, OH) was secured to the 

skull using glue; a significant drop in laser Doppler blood flow indicated 

successful occlusion of the MCA. The left common carotid artery was exposed 

at the branch point of the internal and external carotid arteries, and their 

branches were tied-off. A piece of 3-0 suture (Dermalon, monofilament nylon), 

with a rounded tip, was inserted into the common carotid artery and advanced 

through the internal carotid artery to the branch point of the MCA at the circle of 

Willis and was secured in place after occlusion of the MCA was indicated by a 

sharp drop in laser Doppler blood flow. Eighteen hours post-MCAO, brains were 

removed, sectioned (2 inm), stained in 2% 2,3,5-triphenyltetrazolium (TTC), and 

post-fixed in 2% paraformaldehyde fcir 24 hours; pink areas were considered 

viable tissue and white areas were considered infarcted regions. Slices were 

digitized and analyzed using lmageJ software, as described previously(41 ). The 

percent hemisphere infarcted (%HI) was determined using an equation to 

account for cerebral edema(133). 

Artery Preparation 

Rats, which were treated separately and had not undergone MCAO (non

stroked), were anesthetized with sodium pentobarbital (1 00 mg/kg, IP) for blood 

and tissue collection. Heparanized blood samples, obtained via cardiac 

puncture, were centrifuged and plasma was collected for electrolyte analysis. 

The first branch-free segment of the MCA most proximal to the Circle of Willis · 
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was disseCted from the brain and placed in cold physiological salt solution (PSS) 

(in mmoi/L: 141.9 NaCI, 4:7 KCI, 1.7 MgS04, 0.5 EDTA, 2.8 CaCI2,10.0 HEPES, 

1.2 KH2P04, and 5.0 glucose; pH 7.4). The vessel was mounted on two glass 

micropipettes (outer diameter, 125- 150 iJm) and secured with silk thread 

(diameter, 20 IJm) in a small vessel arteriograph (Living Systems Instrumentation; 

Burlington, VT). The distal pipette was closed off, creating a zero-flow or blind

sac condition; any vessels possessing leaks were discarded. All experiments in 

this study were performed without flow. The vessel was visualized with 

videomicroscopy; lumen diameter and left/right wall thickness measurements (in 

micrometers) were obtained using a calibrated video dimension analyzer. To 

maintain vessel integrity, the time between animal sacrifice and vessel mounting 

was kept within 45 minutes. 

Myogenic Tone 

Vessels were allowed to equilibrate for one hour at 75 mmHg in heated, 

oxygenated PSS. 75 mmHg was chosen based on previous experiments 

performed in the rat MCA(20, 112). This pressure lies within the autoregulatory 

range of the rat MCA and is close to the pressure normally experienced by the 

MCA(27). Initially, lumen diameter measurements were taken at 75 mmHg and 

125 mmHg to represent active tone. Similar measurements were in calcium-free 

conditions for passive tone. Myogenic tone was calculated using the following 

formula: 1 - (active diameter/passive diameter)·* 1 00(20). 
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Vessel Reactivity 

After active tone measurements were performed, cumulative dose responses 

(10"9 to 10·5 moi/L) first, to acetylcholine and then, to bradykinin were performed 

with the intraluminal pressure maintained at 75 mmHg. Lumen diameter 

measurements were made after a five-minute equilibration. 

Passive Structural Measurements 

Passive vessel structure was assessed in calcium-free PSS containing 2.0 

mmoi/L EGTA over a range of pressures from 0 mmHg to 180 mmHg in 20 

mmHg increments. After a three-minute equilibration at each pressure, 

' 
measurements of lumen diameter and wall thickness (left and right) were taken. 

Only the measurements made at 80 mmHg are displayed in the tables (Table IV 

& VI), but are representative of the data taken over the range of pressures. The 

p-values indicated in the tables (Table IV & VI) are of the ANOVAs from the 

entire curve for each structural parameter. 

Calculations 

Equations used to assess vessel structure were as follows: 

Wall Thickness (WT) =Left Wall + Right Wall 

Outer Diameter (OD) = Lumen Diamete({LD) + WT 

Wall/ Lumen ratio= WT I LD 

Area of Vessel = TT(OD/2)2 

Area of Lumen = TT(LD/2)2 



Cross-Sectional Wall Area {CSA) =Area of Vessel- Area of Lumen 

Circumferential Wall Stress = (Intraluminal Pressure * LD) I (2 * WT) 

Circumferential Wall Strain= (LD- LD at 0 Pressure) I LD at 0 Pressure 

Remodeled LD = sqrt (Hypertensive 002 -4 * Normotensive CSA/rr) 

Remodeling Index= 100 *((Normotensive LD- Remodeled LD) I 

(Normotensive LD- Hypertensive LD))(63) 

Growth Index = 100 * ((Hypertensive CSA- Normotensive CSA) I 

Normotensive CSA)(63) 

Beta (13)-coefficients were calculated by performing exponential regression on 

individual stress/strain curves using KaleidaGraph software (version 4.0). 

Western Blotting 
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Twelve-week-old male and female SHRSP (n=5 per sex) were anesthetized with 

sodium pentobarbital (100 mg/kg, IP) and the brain was removed. Cerebral 

arteries: including the middle cerebral, anterior cerebral, ophthalmic, posterior 

communicating, superior cerebellar, and basilar were dissected out of the brain 

and placed in cold lysis buffer (0.25M Tris-HCI, 10% SDS, 40% glycerol, 0.25% 

sodium orthovanadate, 0.25% phenylmethanesulfonyl fluoride (PMSF), 0.025% 

aprotinin, and 0.025% leupeptin in distilled water; pH=6.8). Samples were 

sonicated and centrifuged for 15 minutes at 15,000 rpm at 4°C. The supernatant 

was collected and total protein was quantified using a bicinchoninic acid (BCA) 

protein kit (Pierce; Rockford, IL). Samples containing 25 tJg of protein were 

combined with loading buffer (BioRad; Hercules, CA) and resolved on a 7.5% 



acrylamide gel using SDS-PAGE. The proteins were transferred 

electrophorectically to a polyvinylidene difluoride (PVDF) membrane. The 

membranes were then washed in phosphate buffered saline (PBS) and non-
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specific binding was blocked in 0.1% casein + PBS solution for one hour at room 

temperature. The membranes were first incubated with a mouse monoclonal 

anti-MR primary antibody (1 :200; MRN2 2B7, a generous gift from laboratory of 

Dr. Celso Gomez-.Sanchez; Jackson, MS)(58) in PBS+0.1% casein+0.1% tween 
. 

overnight at 4°C. The membranes were then incubated with an IRDye 800 

Conjugated goat anti-mouse fluorescent secondary antibody (1 :10,000; 

Rockland; Gilbertsville, PA) for 1 hour at room temperature in PBS+0.01% 

casein+0.1% tween. Membranes were washed in PBS+0.1% tween and 

scanned using an Odyssey Infrared Imaging System (LI-COR; Lincoln, NE) to 

visualize and quantify the bands. To correct for equal loading, the above 

procedure was then repeated on membranes which were stripped using Re-Biot 

Plus (Chemicon; Temecula, CA). The stripped membranes were re-probed using 

a mouse monoclonal anti-~-tubulin primary antibody (3:10,000; Upstate; 

· Charlottesville, VA) and an IRDye 800 Conjugated goat anti-mouse fluorescent 

secondary antibody (1 :10,000; Rockland; Gilbertsville, PA). The ratio of MR to~-

tubulin was calculated for each band. 
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Statistics 

Statistical significance was determined using two-way repeated measures 

ANOVA, with the Bonferroni multiple comparison post-test for all dose and 

pressure responses. One-way ANOVA was used for physiological 

measurements, blood pressure, %HI, percent tone, EC50 data, and J3-coefficients 

with the Bonferroni multiple comparison post-test. At-test was used to determine 

statistical significance for the Western blot data. A p-value of 0.05 or below was 

considered significant. Statistical analysis was not performed on the remodeling 

and growth indices because the vessels were not studied in a paired fashion; 

overall averages were compared between groups. All values presented are 

mean ± SEM; n represents the number of animals. 

Results 

Part 1: Effects of MR Antagonism in Intact Female SHRSP 

Blood Pressure 

Mean arterial pressure was not different between SHRSP groups (p>0.05, Table 

Ill). Control WKY rats had-significantly lower mean arterial pressure compared to 

all SHRSP groups (p<0.05, Table Ill). 
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Physiological Parameters 

Body and heart weight were increased in spironolactone (25 mglkg) treated 

SHRSP compared to all other groups, but heart I body weight was not increased 

compared to all other groups (Table Ill). Brain I body weight was increased in 

spironolactone (25 mglkg) treated SHRSP compared to control SHRSP (Table 

Ill). Spironolactone (50 mglkg) and eplerenone had no effect on body, heart, 

brain, heart I body, and brain I body weight compared to control SHRSP (p<0.05, 

Table Ill). Control WKY rats had significantly decreased heart and heart I body 

weights compared to all SHRSP groups (p<0.05, Table Ill). Brain and brain I 

body weights were significantly increased in control WKY rats ·compared all 

SHRSP groups (p<0.05, Table Ill}. Plasma spdium and potassium levels were 

not significantly different between groups (p>0.05, Table Ill). 

Effect of MR Antagonists on Ischemic Cerebral Infarct Size 

Spironolactone (25 and 50 mglkg) and eplerenone had no effect on ischemic 

infarct size, as expressed as the %HI compared to control SHRSP (p>0.05, 

Figure 9). %HI was significantly decreased in control WKY rats compared to all 

SHRSP groups, indicating less damage from MCAO (p<0.05, Figure 9). 

Effect of MR Antagonists on MCA Mechanics and Reactivity 

MCA Structure. MCAs from female SHRSP undeiwent inward-eutrophic 

remodeling as indicated by the smaller MCA lumen and outer diameters, with no · 

change in MCA wall area compared to control WKY rats (p<0.05, Figure 10 and 
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Table IV). Control WI<:'( rats has significantly larger MCA lumen and outer 

diameters compared to all SHRSP groups (p<0.05, Figure 1 0). MCA wall 

thickness and wall/lumen ratio were significantly smaller in control WI<:'( rats 

compared to all SHRSP groups (p<0.05, Table IV). MCA wall area was not 

different between groups (p>0.05, Table IV). Eplerenone treatment increased 

MCA lumen diameter and decreased MCA wall thickness and wall/lumen ratio 

compared to control and spironolactone (25 mg/kg) treated SHRSP (p<0.05), but 

· did not affect MCA outer diameter (p>0.05) (Figure 10 and Table IV). MCA wall/ 

lumen ratio was significantly decreased in spironolactone (50 mg/kg) compared 

to spironolactone (25 mg/kg) treated SHRSP (p<0.05, Table IV). Remodeling 

and growth indices were not greatly different between groups, although there 

was a 9% decrease in the growth index in eplerenone-treated compared to 

control SHRSP (Table IV). This could be explained by the decreased wall 

thickness in eplerenone-treated compared to control SHRSP (Table IV). 

MCA Compliance and Stiffness. A rightward shift in the stress/strain curve 

indicates an increase in vessel compliance, whereas a leftward shift indicates 

decreased compliance. There was a rightward shift in the MCA stress/strain 

curve from spironolactone (25 mg/kg) treated SHRSP compared to control 

SHRSP (Figure 11 ), indicating an increase in vessel compliance. Spironolactone 

(50 mg/kg) and eplerenone had no effect on MCA compliance in SHRSP (Figure 

11 ). The paradoxical leftward shift in control WI<:'( rats compared to control 

SHRSP has been demonstrated previously(6). The ~-coefficient, calculated from 
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exponential regression on individual stress/strain curves, is used as a measure of 

vessel stiffness(27). MCA stiffness was significantly decreased in the control and 

both spironolactone (25 and 50 mg/kg) SHRSP groups compared to control WKY 

rats, as indicated by smaller J3-coefficients (p<0.05, Table IV). Eplerenone 

treatment increased J3-coefficients compared to control and spironolactone (25 

mg/kg) treated SHRSP (p<0.05, Table IV), indicating increased MCA stiffness in 

eplerenone-treated SHRSP. 

MCA Reactivity to Acetylcholine and Bradykinin. MR antagonists had no 

effect on the percent increase in MCA ,lumen diameter in response to 

acetylcholine or bradykinin over the range of doses (data not shown). The 

LogECsa.values were also unchanged, suggesting there was no difference in 

sensitivity to acetylcholine (data not shown) or bradykinin (p>0.05, Table IV) in 

the MCA. There was no difference in responses to acetylcholine or bradykinin 

and LogEC50 values between control WKY rats and all SHRSP groups. 

MCA Myogenic Tone. MR ant?gonists had no effect on MCA myogenic tone at 

75 mmHg (p>0.05, Table IV) or at 125 mmHg (data not shown). There was also 

no difference in MCA myogenic tone at 75 or 125 mmHg between control WKY 

· rats and all SHRSP groups. 
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Part II: Effects of Spironolactone in OVX SHRSP 

Due to the lack of a difference of MR antagonists on cerebral infarct size or MCA 

structure in intact SHRSP, similar studies were carried out using spironolactone 

(25 mglkg) treatment in OVX SHRSP to elucidate if the absence of an effect of 

spironolactone was due to the presence of estrogen. 

Physiological Parameters 

Spironolactone (25 mglkg) had no effect on body weight in OVX SHRS~ (p>0.05, 

Table V). Heart, heart I body, and brain weights were all decreased by 

spironolactone (25 mglkg) treatment in the OVX SHRSP (p<0.05, Table V). 

Brain I body weight was not significantly different between groups (p>0.05, Table 

V). There was no difference in plasma sodium levels between groups (p>0.05), 

but spironolactone (25 mglkg) treatment significantly increased plasma 

potassium levels in OVX SHRSP (p<0.05, Table V). 

Effect of Spironolactone on Ischemic Cerebral Infarct Size in OVX SHRSP 

Spironolactone (25 mglkg) treatment had no effect on ischemic infarct size, as 

indicated by the lack of a difference in %HI between groups (p>0.05, Figure 12). 

%HI is similar between control and OVX SHRSP. 

Effect of Spironolactone on MCA Mechanics and Reactivity in OVX SHRSP 

MCA Structure. Spironolactone (25 mglkg) treatment had no effect on MCA 

lumen and outer diameters in OVX SHRSP (p>0.05, Figure 13). MCA lumen and 



outer diameters for control WKY rats were included to indicate the severity of 

eutrophic remodeling in OVX SHRSP. MCA wall thickness, wall/lumen ratio, 

and wall area were not altered by spironolactone (25 mg/kg) treatment in OVX 

SHRSP (p>0.05; Table VI). 
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MCA Compliance and Stiffness. Spironolactone (25 mg/kg) treatment had no 

effect on MCA compliance in OVX SHRSP, as there was not a shift in the 

stress/strain curve (Figure 14). Vessel stiffness was also not altered by 

spironolactone (25 mg/kg) treatment in OVX SHRSP,. as indicated by the Jack of 

a change in the !3-coefficient (p>0.05, Table VI). 

MCA Reactivity to Acetylcholine and Bradykinin. Spironolactone (25 mg/kg) 

treatment had no effect on the percent increase in MCA lumen diameter in 

response to acetylcholine or bradykinin over the range of doses (data not 

shown). The LogECso values were also unchanged, suggesting there was no 

difference in sensitivity to acetylcholine (data not shown) or bradykinin (p>0.05, 

Table VI) in the MCA of OVX SHRSP. 

MCA Myogenic Tone. Spironolactone (25 mg/kg) treatment significantly 

increased MCA myogenic tone at 75 mmHg in the OVX SHRSP compared to 

non-treated OVX SHRSP (p<0.05, Table VI). MCA myogenic tone was also 

increased at 125 mmHg in the spironolactone (25 mg/kg) treated compared to 

non-treated OVX SHRSP (p<0.05, 28.9 ± 6.8% vs. 11.0 ± 3.4%). 



Part Ill: Sexual Dimorphism of MR Expression in Cerebral Arteries from 

SHRSP 

Protein expression of the MR assessed by Western blotting was significantly 

increased in cerebral arteries from female SHRSP compared to male SHRSP 

(p<0.05, Figure 15). 

Discussion 

66 

Previously, we have shown that there is greater than a 50% decrease in cerebral 

infarct size in male SHRSP treated with spironolactone(40). Our laboratory has 

also recently demonstrated that spironolactone treatment in male SHRSP 

prevents inward eutrophic remodeling of the cerebral vasculature, where we 

observed over a 12% increase in MCA lumen diameter(112). The current 

findings in female SHRSP were quite surprising considering our previous studies 

in male SHRSP. Unexpectedly, we found no effect of spironolactone (at either 

dose) on MCA structure. Although eplerenone treatment did slightly increase 

lumen diameter, decrease wall thickness and wall/lumen ratio, the magnitude of 

these changes was not as great as the changes observed in male SHRSP 

treated with spironolactone, where structure was almost normalized to that of the 

WK:Y rats, independent of blood pressure. Amazingly, there was also no effect of 

MR antagonism on cerebral infarct size in intact or OVX SHRSP. The 

differences in cerebral artery MR expression may partially help to explain the 
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differences in MR antagonist actions between male and female SHRSP. To the 

author's knowledge, this is the first study to evaluate MR expression in the 

cerebral arteries or investigate the effects of MR antagonism on ischemic infarct 

size and cerebral vessel structure in female rats. 

MR antagonism in humans is known to lower blood pressure; therefore we 

evaluated blood pressure in female SHRSP treated with MR antagonists. Mean 

arterial pressure, measured using telemetry over the course of treatment, was 

not found to be different between control and both groups of spironolactone

treated SHRSP. This is in agreement with previous studies from our laboratory 

and others where SHRSP were treated with spironolactone(40, 111-113). 

Eplerenone treatment also did not alter blood pressure in female SHRSP and this 

is consistent with findings from previous studies performed in male SHRSP(115). 

Previous studies in 12-week-old SHRSP have shown males to have higher blood 

pressure than females(66), but studies in older SHRSP did not find a sex 

difference in blood pressure(86, 143). MR activation does not appear to be 

involved in blood pressure maintenance in female SHRSP, possibly due to the 

multi-factorial and polygenic nature of blood pressure in SHRSP(1 00). Although 

it has been shown that the use of telemetry is more advantageous than tail-cuff 

plethysmography(70), the current study did not reveal any major differences in 

variability between the two methods. Previous studies in OVX spontaneously 

hypertensive rats (SHR) and Sprague Dawley rats did not indicate differences in 

blood pressure compared with intact females(11 0, 139). However, previous 
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studies in OVX SHRSP have shown decreased blood pressure compared to 

intact females(129). It should be noted that these rats were salt-loaded and fed a 

Stroke-Prone Rodent diet, whereas our studies were performed in non-salt 

loaded rats on a normal rodent diet. We did not measure blood pressure in OVX 

~HRSP; however, we did not find any differences between intact SHRSP and 

OVX SHRSP in regards to infarct size or MCA structure. 

According to the latest statistics from the American Heart Association, the 

prevalence of cardiovascular disease (including stroke and hypertension) is 

increased in men compared to women before age 55, from there on the 

prevalence begins to increase in women to become higher than that of men by 

age 65(137). A similar phenomenon exists for hypertension between males and 

females(137), suggesting that loss of estrogen at menopause may be a 

contributing factor. Sex differences in the regulation of blood pressure found in 

humans have also been shown in animals(1 08). The renin-angiotensin

aldosterone-system (RAAS) is one of the primary systems involved in the 

regulation of blood pressure and studies in animal models have shown ~hat the 

RAAS may be differentially regulated between the sexes(84). Differential 

expression and activities of components of the RAAS, such as renin, angiotensin 

converting enzyme (ACE), angiotensin II, the angiotensin II -type 1 receptor 

(AT1R), and aldosterone, may play a role in the sex difference in the 

pathophysiology of stroke and hypertension. 
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The number of studies evaluating the sex differences of RAAS components in 

various tissues and rodent strains are limited, but are increasing due to recent 

increased interest in the subject. Studies in female Sprague Dawley rats 

indicate that ACE levels in the plasma and aorta are decreased in the presence 

of estrogen(136). Aortic mRNA for the AT1 R has also been found to be 

decreased in intact female WKY rats(99). Estrogen has also been shown to 

decrease aldosterone secretion in OVX Sprague Dawley rats(116). Plasma 

aldosterone levels in aged, female SHRSP were similar to those in aged, male 

SHRSP, but there was a trend towards decreased aldosterone in the females, as 

shown previously(86). Decreased aldosterone levels in intact female rats could 

help to explain the observed increase in cerebral artery MR expression in the 

current study. In a previous study, MR mRNA extracted from aorta was not 

different between male and female Wistar rats, but MR mRNA was increased in 

venous vessels from male compared to female Wistar rats(76). The amount of 

mRNA does not always correspond to the amount of protein expressed. 

Unfortunately, protein expression of the MR was not evaluated in this study. 

These studies highlight the existence of sex differences in the RAAS and also 

brings into question if the effects of RAAS agonists and antagonists differs 

between the sexes: 

MR antagonism has been shown to be effective in reducing mortality in heart 

failure patients in two clinical trials, RALES and EPHESUS(104, 105). In these 

clinical trials the percentage of female patients included was between 27% and 
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30%, but the results of the trials were not specifically evaluated for sex 

differences. Animal studies evaluating sex differences of MR antagonism or the 

effects of MR antagonism in females are limited. One study involving central 

administration (intracerebroventricular, ICV) of a MR antagonist, RU28318, into 

Wistar rats found that females were less sensitive to brain MR antagonism than 

males, because a higher dose of the antagonist was required to be administered 

to the females to see the same effect which occurred at a lower dose in the 

males(107). Gomez-Sanchez, eta/found that ICV administration of RU28318 

reduced systemic blood pressure in the inbred female Dahl salt-sensitive rat, but 

no sex differences were reported(60). Our studies indicate that sex differences 

do exist regarding the effects of systemic MR antagonism in SHRSP. Neither 

eplerenone, nor both doses of spironolactone could elicit similar effects in female 

SHRSP as were seen in male SHRSP from our previous studies(40, 111, 112). 

Performing the study in only one strain of rat is a limitation of the current study, 

but it does not detract from the novelty of the findings. The use of a 

normotensive rat model or a rat model with an inducible form of hypertension 

could serve to answer whether the sex differences observed in the current study 

are due to the hypertensive pathology or the genetic makeup of SHRSP. 

The classical caveat of using spironolactone in studies is its lack of specificity. 

While it is an excellent MR antagonist, it also possesses potent anti-androgenic 

and weak progestin effects(128). However, the current studies also included 

eplerenone, which is more specific for the MR, but less efficacious, leading to the 
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use of a higher dose(128). Eplerenone treatment did offer some improvements 

in MCA structure, but the magnitude of these changes is very small compared to 

the changes we observed in male SHRSP treated with spironolactone. Even 

though there were small improvements in MCA structure, stiffness of MCAs from 

.eplerenone-treated SHRSP was increased compared to control SHRSP, which 

may partially explain why there was not even a small decrease in infarct size. 

Spironolactone treatment at 25 mg/kg did present some changes, as there was 

an increase in MCA compliance in intact SHRSP, but MCA stiffness was not 

different from control. Also, myogenic tone in spironolactone-treated OVX 

SHRSP was increased, which is similar to findings from studies in male SHRSP 

where there was also an enhancement of overall contractile ability of the 

MCA(112). We have recently observed in other studies performed in our 

laboratory that eplerenone treatment in male SHRSP elicits the same effects as 

we have shown with spironolactone treatment(112), i.e. similar prevention of 

MCA remodeling (Rigsby, CS and Dorrance, AM; unpublished observations). 

This suggests that the possible anti-androgenic effects are not playing a role in 

the effects we detect with spironolactone in male or female SHRSP. Overall, MR 

antagonism did elicit small changes in MCA structure, but these changes were 

not sufficient enough to confer protection from cerebral ischemia. 

The weak progestin activity of spironolactone can cause ovulation to be 

disrupted, but this has been shown to occur at a dose of 100 mg/kg/day in 

rats(37), which is two-fold higher than the highest dose of spironolactone utilized 
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in the current study. OVX SHRSP were treated with, spironolactone to evaluate 

whether estrogen may have been modulating the actions of the MR. 

Spironolactone treatment in OVX SHRSP did improve some of the physiological 

parameters, such as decreasing heart weight and heart I body weight, but did not 

have an effect on infarct size or MCA structure. The reduction in cardiac 

hypertrophy may be due to the increase in plasma potas!lium in spironolactone

treated OVX SHRSP. Increased plasma potassium has been shown to have 

beneficial effects on the cardiovascular system(41, 142). However, there was no 

difference in plasma potassium levels in intact SHRSP treated with 

spironolactone compared to control SHRSP, nor were they different compared to 

WKYrats. 

Analysis of the structure of the human MR gene promoter indicates that there is 

the presence of an estrogen response element(79), suggesting estrogen may 

affect expression of the MR. Sex differences in the expression and activation of 

the MR rhay partially explain the lack of an effect of the MR antagonists in the 

current study. Our studies suggest that there is increased MR activation in the 

females, evidenced by increased MR expression. The development of 

hypertension and the associated end-organ damage in the DOCA-salt 

hypertensive rat model has been shown to be increased in males compared to 

females(1 01 ), implying MR activation is increased in males compared to females. 

Endothelin-1, a powerful vasoactive peptide, working through the ETA receptor, 

has been suggested to contribute to the sex difference in DOCA-salt 
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hypertension-induced renal damage(93}. Studies ·from our laboratory indic~te 

that MR activation in non-salt loaded, intact male Wistar rats treated with DOCA 

causes increased ischemic infarct size and hypertrophic remodeling of the 

MCA(43). Only male rats were used in this study, so it is unclear whether there 

is a sex difference in MR activation in non-salt loaded, intact females. 

Another limitation of the current study is that the female rats used were not 

monitored to determine their cycling status before beginning the experiments. 

Previous studies have suggested that the cycling status of the female rat could 

affect the damage incurred after induction of cerebral ischemia in SHRSP(16). 

Female SHRSP in the proestrus phase (high circulating estrogen) were found to 

have approximately a 24% smaller infarct size when compared to SHRSP in the 

metestrus phase (low circulating estrogen) of the cycle. However, it is important 

to note that SHRSP used in the study were first crossed with WKY rats to 

increase the sensitivity to experimental stroke(14), which could have led to the 

differences seen in infarct size between the cycling phases. Also, the method of 

ischemic stroke induction is different between our current study and the previous 

study, Carswell, eta/ used an irreversible transcranial ischemia technique(135), 

whereas our study adapted the intraluminal suture occlusion technique(80), 

although both methods were permanent. Differences in the techniques 

employed and the strain of rats used between the two studies could explain the 

differences between our results. However, our studies indicate that there was 

low variability of the %HI within each group of intact SHRSP (SEM of less than 



74 

+I- 2.0 %HI per group), suggesting that the female SHRSP were either in the 

same point of the cycle at induction of ischemia or that the severe damage 

incurred by ischemic stroke in our model cannot be altered by high circulating 

estrogen levels in the proestrus cycling phase. We would have expected much 

greater variability in our results if damage incurred by cerebral ischemia 

depended on the cycling phase. To highlight this point, OVX SHRSP did not 

have increased ischemic stroke damage when compared to intact control 

SHRSP. Although many studies have shown that OVX in rats increases damage 

caused by ischemic stroke(2, 87), our study does not reflect this. It is important 

to note that most of those studies were not carried out in SHRSP. A study 

performed by Alkayed, eta/ did utilize intact and OVX SHRSP and showed that 

OVX did increase infarct size after MCAO, but in that study the investigators 

used an ischemia (2 hours) I reperfusion (22 hours) technique, which does not 

induce the same magnitude of damage as Jhe permanent MCAO technique and 

may explain differences between our findings. However, in a study performed by 

Carswell, eta/ exogenous administration of estrogen did not confer protection 

after transcranial MCAO in OVX SHRSP(15). 

In summary, the current study brings to light an apparent sexual dimorphism in 

the actions of MR antagonism between male and female SHRSP. The disparity 

may be partially due to the difference in MR expression in the cerebral arteries. 

Our data adds to the increasing body of literature acknowledging sex differences 

of the RAAS and their involvement in the development and progression of 
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cardiovascular disease and hypertension. Further study is warranted to try and 

elucidate the effect that genetics or disease pathology may play in creating these 

sex differences. Data from these studies could lead to more gender-specific 

therapies for treating patients with cardiovascular disease. 
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Figure Legends 

Figure 9. Effect of MR antagonists on cerebral infarct size after 18 hours of 

permanent ischemia in female SHRSP and WKY rats. Brains were sliced in 2 

mm thick sections and stained to visualize the infarcted regions, which are 

indicated by the white areas on the brain slice. Representative brain slices are 

shown for eacti group. The %HI was calculated using the Swanson equation 

after digital analysis of 3 brain slices from each animal. Spironolactone (25 and 

50 mg/kg) and eplerenone treatment had no effect on ischemic infarct size in 

female SHRSP. Infarct sizes were significantly reduced in control WKY rats 

compared to all SHRSP groups (*p<0.05, ANOVA), Abbreviations: MR

mineralocorticoid receptor, SHRSP- Spontaneously Hypertensive Stroke-Prone 

Rats, WKY- Wistar Kyoto, Spir- spironolactone, %HI- percent hemisphere 

infarcted 

Figure 10. Effect of MR antagonists on MCA remodeling in female SHRSP. 

MCAs were mounted in a pressurized arteriograph and measurements of passive 

lumen (A) and outer (B) diameters were acquired over a range of pressures 

using video microscopy. MCA lumen diameters were larger in control WKY rats 

compared to all SHRSP groups (*p<0.05, ANOVA). In eplerenone-treated 

SHRSP, MCA lumen diameters were larger compared to control and 

spironolactone (25 mg/kg) treated SHRSP (tp<0,05, ANOVA). MR antagonists 

had no effect on MCA outer diameters in SHRSP. MCA outer diameters were 

larger in control WKY rats compared to all SHRSP groups (*p<0.05, ANOVA). 
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Abbreviations: MR- mineralocorticoid receptor, MCA- middle cerebral artery, 

SHRSP -Spontaneously Hypertensive Stroke-Prone Rats, WKY- Wistar Kyoto, 

Spir- spironolactone 

Figure 11. Effect of MR antagonists on MCA compliance in female SHRSP. 

Circumferential wall stress and strain were calculated from passive MCA lumen 

diameter and wall thickness measurements obtained over a range of pressures 

using a pressurized arteriograph system. A rightward shift in the stress/strain 

curve indicates increased compliance and a leftward shift indicates decreased 

compliance. There was a rightward shift in the MCA stress/strain curve from 

spironolactone (25 mg/kg) treated SHRSP. Abbreviations: MR-

mineralocorticoid receptor, MCA- middle cerebral artery, SHRSP-

Spontaneously Hypertensive Stroke-Prone Rats, WKY- Wistar Kyoto, Spir-

spironolactone 

Figure 12. Effect of spironolactone (25 mg/kg) treatment on cerebral infarct size 

after 18 hours of permanent ischemia in OVX SHRSP. Bilateral ovariectomy was 
. . 

·performed and spironolactone treatment was started at 6 weeks of age in female 

SHRSP. Permanent cerebral ischemia was induced using MCAO at 12 weeks of 

age. Brains were sliced in 2 mm thick sections and stained to visualize the 

infarcted regions,. which are indicated by the white areas on the brain slice. 

Representative brain slices are shown for each group. The %HI was calculated 

using the Swanson equation after digital analysis of 3 brairi slices from each 
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animal. Spironolactone (25 mg/kg) treatment had no effect on ischemic infarct 

size in OVX SHRSP. Infarct sizes from control female WKY rats were included 

on the graph to highlight the severity of cerebral damage in SHRSP. 

Abbreviations: OVX- ovariectomized, MCAO - middle cerebral artery occlusion, 

%HI -percent hemisphere infarcted, SHRSP- Spontaneously Hypertensive 

Stroke-Prone Rats, WKY- Wistar Kyoto, Spir- spironolactone 

Figure 13. Effect of spironolactone (25 mg/kg) treatment on MCA remodeling in 

OVX SHRSP. MCAs were mounted in a pressurized arteriograph and 

measurements of passive lumen (A) and outer (B) diameters were acquired over 

a range of pressures using video microscopy. Spironolactone (25 mg/kg) 

treatment had no effect on MCA lumen or outer diameters in OVX SHRSP. MCA 

· lumen and outer diameters from control WKY rats were included to show 

remodeling of MCAs from SHRSP. Abbreviations: OVX- ovariectomized, MCA 

- middle cerebral artery, SHRSP- Spontaneously Hypertensive Stroke-Prone 

Rats, WKY- Wistar Kyoto, Spir- spironolactone 

Figure 14. Effect of spironolactone (25 mg/kg) treatment on MCA compliance in 

OVX SHRSP. Circumferential wall stress and strain were calculated from 

passive MCA lumen diameter and wall thickness measurements obtained over a 

range of pressures using a pressurized arteriograph system. A rightward shift in 

the stress/strain curve indicates increased compliance and a leftward shift 

indicates decreased compliance. Spironolactone treatment did not cause a shift 



in the MCA stress/strain curve from OVX SHRSP. Abbreviations: OVX

ovariectomized, MCA- middle cerebral artery, SHRSP- Spontaneously 

Hypertensive Stroke-Prone Rats, WKY- Wistar Kyoto, Spir- spironolactone 
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Figure 15. MR expression in cerebral blood vessels. Cerebral arteries were 

collected from 12-week-old male and female SHRSP. Western blotting was 

performed on protein extracts using an antibody specific for the MR; to control for 

equal loading, blots were stripped and re-probed using an antibody specific for 

beta-tubulin. Representative western blots are shown. MR expression was 

increased in cerebral arteries collected from female SHRSP compared to male 

SHRSP (*p<0.05, t-test). Abbreviations: MR- mineralocorticoid receptor, 

SHRSP- Spontaneously Hypertensive Stroke-Prone Rats, WKY- Wistar Kyoto 



80 

Table Ill. Physiological Parameters 

Experimental Group 

Physiological Parameter SHRSP SHRSP SHRSP SHRSP WKY p <0.05 
(o) Control Splr 25mg/kg Splr.50mglkg Eplerenone Control 

Mean Arterial Pressure, 140.8:1:3.5 133.9:1:3,5 136.6:1:8.7 134.0±6.3 97.6:!: 0,7• (5) "Wr>:f vs. an other groups mmHg (5) (5) (4) (6) 

Body Welghl, g 172.6±2.7 194.5:t3A• 180.7 ±3.0 1n.s±3.1 182.1 ±2.3 "Sp:!r25 vs. all olhergroups 
(8) (8) (5) (5) (7) 

Heart Weight, g 0.724 ±O.Q2 0.808:!: 0.02· 0.708±0.01 0.694±0.02 0.594±0,01• ew"KY & '"Spir25 vs. all other 
(8) (8) (5) (5) (7) groups 

Heart/ Body Weight• 0.419:1:0,01 0.416±0.01 0.392 :1: 0.005 0,391 ±0.01 0.326:1: "WKY vs. aD other groups 100 (8) (8) (5) (5) o.oos• (7) 

Brain Weigh!. g 1.665 t 0,01 1.667 t 0.02 1.662:1:0.03 1.604:1:0,02 1.91B.tO.o1• 
"WI<Y vs. all other groups 

(51 (8) (5) (5) (7) 

Brain /Body Weight • 0.951 :1:0.02 0.658 ± 0.01t 0.898±0.01 0.904:1:0.02 1.oso :1: o.o1• "WKY vs. aD eUler groups; 
100 (5) (8) (5) (5) (7) tspir25 vs. SHRSP control 

Plasma PotaSSium, 4.6±0.4 (6) 4.5:1:0.1 (6) 5.0:1:02(6) 4.6:1:0.1 (5) N.S. 
mmoi1L 

Plasma Sodium, nvnoUL 141.6±2.6 141.2 ± 1.9 140.1 ::t 1.1 145.6 ±0.4 N.S. 
(6) (6) (6) (5) 

Table Ill. Physiological Parameters. Values are mean ± SEM. *p<0.05 vs. all 

other groups; tp<0.05 vs. SHRSP-control. Abbreviations: SHRSP-

Spontaneously Hypertensive Stroke-Prone Rats, WKY- Wistar Kyoto, Spir-

spironolactone, N.S. - not significant 



Table IV. Vessel Dynamics 

Vessel Dynamics 

Walllhlckness at 60 
mmHg,!Jm 

Wan 1 Lumen Ratio at 
BOmmHg 

Wall Area at eo rrmHg, 

"m' 

Remodefing Index at 80 
mmHg,% 

Growth Index at 60 
mmHg,% 

Bradykinin LogEC~ 

Myogenic Tone at 75 
mrnHg,% 

lkoeffldenl 

SHRSP 
Control (9) 

38.0 ± 1.4 

0.16 ±0.01 

15,045.6:!: 
5282 

94.6 

12.1 

-8,99±0.4 

13.0:1:2.7 

4.76:!: 0.4§ 

SHRSP 
Spir 

25rrglkg (5) 

37,6 :t 1.7 

0.16 :t 0.01 

15,203.4:1: 
780.6 

93.7 

13.3 

-8.32±0.1 

15.1±2.3 

3.96 :1:0.6§ 

Experlmental Group (n) 

SHRSP 

·~· 50n-glkg(5) 

33.6 t 1.1 

0,13 :t0.01:f: 

14,359.6 ± 
491.2 

96.1 

7.0 

-8.20:1:0.2 

11.1 :t3,6 

5.25:1:0.2§ 

SHRSP 
Eplerenone 

(5) 

31.6 :t t.4t 

0.12:tO.Ott 

13,8422:1: 
620.6 

98.0 

3.1 

-4.47:!:3.1 

21.2:!:5.4 

7.23:tt.Ot 

WKY 
Control (6) 

26.0 ± 0,7• 

O.OB:t 
0.002• 

13,423.5± 
478.4 

-9.63:1:1.3 

10.2 :!:2.4 

8,84 :t: 0.2 

p < 0.05 

*W~ vs. all groups, tEpl vs. SHRSP 
control and Splr25 

"WKY vs. aH IJ'ot.lps, fEpl vs. SHRSP 
control and Spir25, tsp!r50 vs. Sp!r25 

N.S. 

N.S. 

N.S. 

fEpl vs. SHRSP control & Splr25, § 
vs. W'KY 

Table .IV. Vessel Dynamics. Values are mean ± SEM. *p<O. 05 vs. all other 

groups, tp<0.05 vs. SHRSP-control and SHRSP-Spir 25 mg/kg, :j:p<0.05 vs. 
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SHRSP-Spir 25mg/kg, §p<0.05 vs. WKY-control. Only the measurements made 

at 80 mmHg for the structural parameters are displayed in the table, but are 

representative of the data taken over the range of pressures (0 to 180 mmHg). 

The p-values indicated stand for the ANOVAs from the entire curve. 

Abbreviations: SHRSP- Spontaneously Hypertensive Stroke-Prone Rats, WKY 

- Wistar Kyoto, Spir- spironolactone, Epl- eplerenone, N.S.- not significant 
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Table V. Physiological Parameters for Ovariectomized SHRSP 

Experimental Group 

SHRSP 
SHRSP 

Physiological Parameter (n) ovx OVX+ p 
Splr 25mglkg 

Body Weight, g 19D.4 ± 1.6 (7) 188.2 ± 4.9 (5) N.S. 

Heart Weight, g 0.697 ± O.o1 (7) 0.655 ± 0.02 (5) p<0.05 

Heart I Body Weight • 100 0.366 ± 0.004 (7) 0.348 ± 0.004 (5) p<0.05 

Brain Weight, g 1.723 ±0.01 (3) 1.605 ± 0.01 (5) p<0.05 

Brain 1 Body Weight • 100 0.922 ± 0.01 (3) 0.855 ± 0.02 (5) N.S. 

Plasma Potassium, mmoVL 4.6 ± 0.2 (6) 5.2 ± 0.1 (6) p<0.05 

Plasma Sodium, mmoVL 140.0 ± 0.6 (6) 135.9±4.1 (6) N.S. 

TableV. Physiological Parameters for ovariectomized SHRSP. Values are 

mean ± SEM. Abbreviations: SHRSP- Spontaneously Hypertensive Stroke-

Prone Rats, Spir- spironolactone, OVX- ovariectomized, N.S.- not significant 
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Table VI. Vessel Dynamics for OVX SHRSP 

Experimental Group (n) 

SHRSP 
SHRSP 

Vessel Dynamics ovx (7) 
OVX+ p 

Splr 25mg/kg (4) 

Wall Thickness at 80 mmHg, ~m 42.0± 3.5 30.3 ±0.6 N.S. 

Wall/ Lumen Ratio at 80 mmHg 0.21 ± 0.03 0.12±0.01 N.S. 

Wall Area at 80 mmHg, ~m' 15,186.9 ± 690.7 12,537.5 ± 638.1 N.S. 

Bradykinin LogEC,. -8.66 ± 0.3 -9.36 ± 0.3 N.S. 

Myogenic Tone at 75 mmHg, % 7.28±2.6 24.0 ±7.9 p<0.05 

~-coefficient 5.54 ± 0.6 7.23 ± 1.6 N.S. 

Table VI. Vessel dynamics for OVX SHRSP. Values are mean± SEM. Only the 

measurements made at 80 mmHg for the structural parameters are displayed in 

the table, but are representative of the data taken over the range of pressures (0 

to 180 mmHg). The p-values indicated stand for the ANOVAs from the entire 

curve. Abbreviations: SHRSP- Spontaneously Hypertensive Stroke-Prone Rats, 

Spir- spironolactone, OVX- ovariectomized, N.S.- not significant 



Figure 9. Rigsby, CS 

80 

70 

60 

50 

:r: 40 
~ 0 

30 

20 

10 

0 
Control (n=9) Spir 25mg/kg Splr 50mg/kg 

(n=B) (n=7) 

SHRSP 

Eplerenone 
(n=8) 

84 

Control (n=4) 

WKY 



Figure 10. 
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Figure 11. Rigsby, CS 
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Figure 12. Rigsby, CS 
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Figure 13. Rigsby, CS 
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Figure 14. Rigsby, CS 
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Figure 15. Rigsby, CS 
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Abstract 

Objective- Spironolactone treatment prevents eutrophic remodeling in the 

middle cerebral artery (MCA) of young spontaneously hypertensive stroke prone 

rats (SHRSP). Therefore, the goal of this study was to show that spironolactone 

treatment reverses remodeling in the cerebral vasculature of adult, male SHRSP. 

Methods and Results- We treated 12-week-old male SHRSP with 

spironolactone (25 mg/kg/day) for six weeks and compared them to untreated 

controls. Previous studies have confirmed that marked vascular remodeling is 

present in 12-week-old male SHRSP. MCAs were cannulated in a pressurized 

arteriograph under zero-flow, calcium-free conditions for analysis of passive 

vessel structure using videomicroscopy. MCA outer and lumen diameters were 

increased in the spironolactone-treated SHRSP compared to control, indicating a 

reversal of eutrophic remodeling. The percent myogenic tone was calculated for 

measurements taken at intraluminal pressures of 75 and 125 mmHg. The 

percent tone was increased at 75 mmHg in the spironolactone-treated compared 

to control SHRSP, but there was no difference at 125 mmHg. Spironolactone 

treatment did not alter blood pressure assessed by telemetry in the SHRSP. 

Conclusions- These novel studies provide compelling evidence that chronic 

mineralocorticoid receptor antagonism reverses existing vascular damage and 

enhances myogenic tone in the MCA of male SHRSP, in a blood pressure

independent manner. 
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Condensed Abstract 

Aldosterone causes microvascular pathologies, independent of its effects on 

blood pressure. Mineralocorticoid receptor antagonism, using spironolactone, 

prevents cerebral vessel remodeling in male SHRSP. In this study we found that 

spironolactone treatment could reverse existing cerebral vessel remodeling in 

adult male SHRSP. 

Key words: spironolactone, SHRSP, vascular remodeling, arteriograph, middle 
cerebral artery 
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Introduction 

Aldosterone is the main mineralocorticoid secreted .bY adrenal glomerulosa cells. 

At first discovery, it was thought that its only function was to maintain sodium and 

potassium homeostasis(134 ). Further study has found that aldosterone plays· a 

larger role in the cardiovascular system, partially due to the wide distribution of 

mineralocorticoid receptors (MRs) and local renin-angiotensin-aldosterone 

systems (RAAS)(25). Aldosterone exerts its genomic effects by binding to MRs 

which are expressed, not only in the kidney, but in the heart, brain, and 

vasculature, among other places(54). Non-genomic actions of aldosterone have 

also been established(82), but the physiological significance of these effects 

remains unclear. 

Activation of the MR in animal models, such as the deoxycorticosterone acetate 

(DOCA) -salt model, leads to increased fibrosis of the kidney and heart, along 

with cardiovascular damage, increased inflammation, and remodeling(3, 10, 23, 

51, 114 ). Accordingly, MR blockade, using spironolactone or eplerenone, is 

effective in reducing mortality when added to standard therapies in heart failure 

patients(1 04, 1 05). Studies using MR antagonists in animal models have also 

shown a beneficial effect of these drugs on the cardiovascular system(114, 130). 

Chronic spironolactone treatment in male spontaneously hypertensive stroke

prone rats (SHRSP) significantly reduces damage caused by cerebral 

ischemia(40), which may be due to a prevention of eutrophic remodeling in the 



middle cerebral artery (MCA), as was demonstrated previously by our 

laboratory(112). 
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Vascular remodeling, which occurs in response to blood pressure and/or 

hormonal influences (i.e. components of the RAAS)(68), is an important 

determinant for deleterious cardiovascular outcomes, such as stroke(30, 32, 74). 

In resistance vessels (< 300 ~m), the most prevalent form of remodeling is 

eutrophic remodeling, which involves a rearrangement of vascular wall 

components around a smaller lumen, without a change in wall area(95), as 

opposed to hypertrophic remodeling(124). It has been established that 

aldosterone has effects on the vasculature, independent of its effects on blood 

pressure(121). Prevention of remodeling of the aorta(8), mesenteric(48, 141), 

and carotid(98) arteries has been demonstrated using MR blockade. Few 

studies have investigated the reversal of vascular damage, independent of 

reductions in blood pressure. Previous studies have established the existence of 

eutrophic remodeling of the cerebral vasculature in male SHRSP(6). Therefore, 

the aim of the present study was to determine if chronic spironolactone treatment 

could reverse existing remodeling in the MCA of adult male SHRSP. Reversal of 

existing vascular damage in hypertensive subjects could prove to be clinically 

relevant and may help to avert end-organ damage associated with 

hypertension(124 ). 
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Methods 

Animals and Treatments 

All experiments were conducted in 18-week old rats. Male SHRSP were 

obtained from the laboratory's breeding colony at the Medical College of Georgia. 

Age-matched male WKY rats were purchased from Harlan (Indianapolis, IN) to 

serve as normotensive controls. Animals were maintained in a temperature

controlled environment on a 12 hour lighUdark cycle and were provided regular 

rat chow, with normal sodium content (0.25%; Harlan Teklad, diet #8656), and 

tap water ad libitum. Twelve-week old male SHRSP were treated with 

spironolactone (25 mg/kg/day) in the food for six weeks. All experimental 

protocols were approved by the Medical College of Georgia Institutional Animal 

Care & Use Committee, following protocols as outlined by· the American 

Physiological Society. 

Blood Pressure Measurement 

Blood pressure was continuously monitored using telemetry in separate groups 

of rats for six weeks, starting at 12 weeks of age. Telemetry transmitters (Data 

Sciences; St. Paul, MN) were implanted in the abdominal aorta, as previously 

described(120), prior to spironolactone treatment. Recordings were made 

continuously every 10 minutes and the averages of 12 hour day and night 

periods were reported. 
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Artery Preparation 

Rats were anesthetized with sodium pentobarbital (100 mg/kg, IP) for blood and 

tissue collection. Heparanized blood samples, obtained via cardiac puncture, 

were centrifuged and plasma was collected for electrolyte analysis. The first 

branch-free segment of the MCA most proximal to the Circle of Willis was 

dissected from the brain and placed in cold physiological salt solution (PSS) (in 

mmoi/L: 141.9 NaCI, 4.7 KCI, 1.7 MgS04, 0.5 EDTA, 2.8 CaCI2, 10.0 HEPES, 1.2 

KH2P04, and 5.0 glucose; pH 7.4). The vessel was mounted on two glass 

micropipettes (outer diameter, 125- 150 IJm) and secured with silk thread 

(diameter, 20 IJm) in a small vessel arteriograph (Living Systems Instrumentation; 

Burlington, VT). The distal pipette was closed off, creating a zero-flow or blind

sac condition; any vessels possessing leaks were discarded. All experiments in 

this study were performed without flow. The vessel was visualized with 

videomicroscopy; lumen diameter and left/right wall thickness measurements (in 

micrometers) were obtained using a calibrated video dimension analyzer. To 

maintain vessel integrity, the time between animal sacrifice and vessel mounting 

was kept within 45 minutes. 

Myogenic Tone 

Vessels were allowed to equilibrate for one hour at 75 mmHg in heated, 

oxygenated PSS. 75 mmHg was chosen based on previous experiments 

performed in the rat MCA(20, 112). This pressure lies within the autoregulatory 

range of the rat MCA and is close to the pressure normally experienced by the 
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MCA(27). Initially, lumen diameter measurements were taken at 75 mmHg and 

125 mmHg to represent active tone. At the completion of the experiment, sodium 

nitroprusside (1 o·3 moi/L) was added to the bath and similar measurements were 

taken for passive tone. Myogenic tone was calculated using the following 

formula: 1- (active diameter/passive diameter)* 100(20). 

Vessel Reactivity 

After active tone measurements were performed, cumulative dose responses 

(10"9 to 1 o·5 moi/L) first, to acetylcholine and then, to serotonin (5-HT) were 

performed with the intraluminal pressure maintained at 75 mmHg. Lumen 

diameter measurements were made after a five-minute equilibration. 

Passive Structural Measurements . 

Passive vessel structure was assessed in calcium-free PSS containing 2.0 

mmoi/L EGTA over a range of pressures from 0 mmHg to 180 mmHg in 20 

mmHg increments. After a three-minute equilibration at each pressure, 

measurements of lumen diameter and wall thickness (left and right) were taken. 



Calculations 

Equations used to assess vessel structure were as follows: 

Wall Thickness (WT) = Left WT + Right WT 

Outer Diameter (OD) = Lumen Diameter (LD) + WT 

Wall/ Lumen ratio = WT I LD 

Area of Vessel = rr(OD/2)2 

Area of Lumen = rr(LD/2)2 
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Cross-Sectional Wall Area (CSA) =Area of Vessel- Area of Lumen 

Circumferential Wall Stress = (Intraluminal Pressure* LD) I (2 * WT) 

Circumferential Wall Strain= (LD- LD at 0 Pressure) I LD at 0 Pressure 

Remodeled LD = sqrt (Hypertensive OD2
- 4 * Normotensive CSA!rr) 

Remodeling Index= 100 *((Normotensive LD- Remodeled LD) I 

(Normotensive LD - Hypertensive LD))(63) 

Growth Index = 100 * ((Hypertensive CSA- Normotensive CSA) I 

Normotensive CSA)(63) 

Beta (~)-coefficients were calculated by performing exponential regression on 

individual stress/strain curves using KaleidaGraph software (version 4.0). 

Statistics 

Statistical significance was determined using two-way repeated measures 

AN OVA, with the Bonferroni multiple comparison post-test for all dose and 

pressure responses. One-way ANOVA was used for physiological 

measurements, percent tone, EC5o data, and ~-coefficients with the Bonferroni 
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multiple comparison post-test. A p-value of 0.05 or below was considered 

significant. All values presented are mean± SEM; n represents the number of 

animals. 

Results 

Physiological Parameters 

Body weight was significantly increased in the spironolactone-treated SHRSP 

(336.2 ± 4.0 g) and in the control W'r<:Y rats (322.1 ± 4.0 g) compared to control 

SHRSP (305.8 ± 8.8 g; p<0.05). There was no difference in body weight 

between the spironolactone-treated SHRSP and control W'r<:Y rats. 

Spironolactone treatment had no effect on plasma potassium levels in the 

SHRSP (4.5 ± 0.1 mmoi/L spironolactone-treated SHRSP vs. 4.7 ± 0.1 mmoi/L 

Gontrol SHRSP; p>0.05). Plasma potassium levels were increased in the control 

SHRSP (4.7 ± 0.1 mmoi/L) compared to control WKY rats (4.2 ± 0.1 mmoi/L; 

p<0.05). 

Blood Pressure 

Spironolactone treatment did not alter mean arterial pressure in SHRSP over the 

course of treatment (Figure 16; p>0.05). Mean arterial pressure was increased in 

the spironolactone-treated and control SHRSP compared to control WKY rats 

(Figure 16; p<0.05). 
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Myogenic Tone in the MCA 

Percent myogenic tone was increased in the MCA of spironolactone-treated 

SHRSP compared to control SHRSP and WKY rats at 75 mmHg (Figure 17; 

p<0.05). There was no significant difference in percent tone at 125 mmHg (p = 

0.12), although there was a trend towards an increase in the MCAs from 

spironolactone-treated SHRSP (Figure 17). 

Vessel Reactivity in the MCA 

The percent increase in MCA lumen diameter in response to acetylcholine was 

not different between groups over the range of doses (Figure 18A; p>0.05). The 

LogEC50 value was unchanged, suggesting there was no difference in sensitivity 

to acetylcholine in the MCA (-7.64 ± 0.25 spironolactone-treated SHRSP vs.-

7.35 ± 0.39 control SHRSP vs. -5.85 ± 1.27 control WKY rats; p>0.05). 

Spironola<:tone treatment did not affect constriction of the MCA in response to 5-

HT compared to control SHRSP (Figure 188; p>0.05). Control WKY rats 

displayed enhanced constriction to 5-HT compared to both SHRSP groups 

(Figure 188; p<0.05). There was no difference in vessel sensitivity to 5-HT, as 

the LogEC50 values were unchanged (-6.43 ± 0.08 spironolactone-treated 

SHRSP vs. -6.14 ± 0.10 control SHRSP vs. -6.03 ± 0.12 control WKY rats; 

p>0.05). 
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Passive Vessel Structure in the MCA 

As previously sliown by our laboratory(112), the MCA of 12-week old male 

SHRSP exhibit eutrophic remodeling(95), indicated by smaller MCA outer and 

lumen diameters, with no difference in wall thickness when compared to a MCA 

from a normotensive rat (Table VII). When various measurements of MCA 

structure were compared between the 12- and 18-week old control SHRSP, there 

were no significant differences (Table VII; p>0.05). These data confirm the pre

existence of eutrophic remodeling in the MCA of 12- and 18-week old SHRSP. 

Spironolactone treatment significantly increased the MCA lumen (Figure 19A) 

and outer (Figure 198) diameters compared to control SHRSP (p<0.05). MCA 

lumen diameter was increased by approximately 26% in the spironolactone

treated SHRSP. MCA lumen diameter was greater in the control W'r<Y rats 

compared to both SHRSP groups (Figure 19A; p<0.05). However, MCA outer 

diameter in the control W'r<Y rats was significantly larger compared to control 

SHRSP, but was not differentfrom spironolactone-treated SHRSP (Figure 198, 

p<0.05). Spironolactone treatment did not alter MCA wall thickness (data not 

shown). Wall/lumen ratio was decreased in the MCAs of spironolactone-treated 

compared to control SHRSP, but remained greater than control W'r<Y rats (Figure 

19C; p<0.05) 

Wall area was increased in the MCAs of both groups of SHRSP compared to 

control WKY rats (Figure 20A; p<0.05). Spironolactone treatment had no effect 
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on wall area (Figure 20A; p>0.05). The remodeling index was decreased by over 

20% with spironolactone treatment in the MCAs from SHRSP compared to 

control SHRSP (Figure 208). The growth index was increased by approximately 

16% in the MCAs from spironolactone-treated SHRSP compared to control 

SHRSP (Figure 208). Statistical analysis was not performed on the remodeling 

and growth indices because the vessels were not studied in a paired fashion; 

overall averages were compared between groups. 

The 13-coefficient, calculated from the individual stress/strain curves, was used as 

a measure of vessel stiffness. There was no significant difference in the 13-

coefficient between groups (4.32 ± 0.27 spironolactone-treated SHRSP vs. 5.08 

± 0.28 control SHRSP vs. 5.00 ± 0.48 control WK:f rats), although there was a 

trend towards a decreased 13-coefficient in the MCA of the spironolactone-treated 

SHRSP. 

Discussion 

In the present study, we examined the effect of chronic spironolactone treatment 

on cerebral vessel function and structure in adult male SHRSP and there were 

three major findings. First, we established that spironolactone treatment can 

reverse existing eutrophic remodeling in the MCA of adult male SHRSP. 

Second, spironolactone treatment increases myogenic tone in the MCA of adult 

male SHRSP. Third, we demonstrated, with the use of telemetry, that the 
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observed changes in MCA structure occurred without a change in blood 

pressure. To our knowledge, this is the first study to show reversal of eutrophic 

remodeling in the cerebral vasculature using a MR antagonist. 

Using telemetry to continuously record blood pressure in conscious, unrestrained 

rats, our results show that chronic spironolactone treatment at 25 mg/kg/day 

does not lower blood pressure in a non-salt loaded SHRSP on a normal rodent 

diet. The use of telemetry for blood pressure measurement has been shown to 

have significant advantages over other methods requiring restraint, such as tail

cuff plethysmography(70). There are varying reports in the literature of the 

effects of MR antagonists on blood pressure. Eplerenone treatment blunts the 

increase in blood pressure in salt-loaded SHRSP, but has no effect on the blood 

pressure in SHRSP fed low or normal salt (48). Spironolactone reduced, but did 

not normalize, blood pressure in studies performed in rats made hypertensive 

with aldosterone or angiotensin II infusions(1 06, 141) and in rats treated wi.th L

NAME(103). There have been few studies assessing blood pressure in SHRSP 

on a normal salt regimen treated with MR antagonists for comparison. Blood 

pressure development and maintenance in the SHRSP is multi-factorial and 

polygenic(1 00). Factors other than MR activation are playing a role in the 

maintenance of blood pressure in this model. 

Increased plasma potassium levels have been shown to have beneficial effects 

on the cardiovascular system(41, 71 ). It has been suggested that the protective 
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effects of MR antagonists are due to an increase in plasma potassium; however, 

spironolactone treatment did not alter,plasma potassium levels in the SHRSP. 

These data indicate that the effects of spironolactone illustrated in this study are 

most likely due to MR antagonism and not to the potassium-sparing ability of 

spironolactone. 

Myogenic tone plays an important role in the maintenance of cerebral vessel 

autoregulatory behavior(27) and it is influenced by various factors including 

metabolic and neural inputs(126). Autoregulation in the cerebral vasculature is 

necessary for appropriate perfusion of the brain and for the protection of 

downstream vessels during fluctuations in blood pressure. Previous studies 

suggest that MCAs from male SHRSP lack autoregulatory ability(73). Therefore, 

the approximate 7% increase in percent myogenic tone observed in the MCAs 

from spironolactone-treated SHRSP at 75 mmHg may serve to improve the 

autoregulatory behavior of the blood vessel. The expected trend towards an 

increase in tone was also observed at 125 mmHg in MCAs from spironolactone

treated SHRSP. The pressures chosen (75 and 125 mmHg) are within the 

autoregulatory range of the MCA (40- 180 mmHg)(27) and reflect the pressures 

used in previous studies performed in MCAs(20, 112), Further and more in

depth analysis of spironolactone's effects on autoregulatory behavior in the 

cerebral vasculature is warranted. 
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Despite the effect of spironolactone on myogenic tone, there was no effect of 

spironolactone on the response to acetylcholine or serotonin in SHRSP. The 

lack of an effect of spironolactone on contractile ability in MCAs from SHRSP 

may be in part due to the absence of an effect of spironolactone on blood 

pressure in the SHRSP, as it has been shown that vascular reactivity is altered in 

cerebral vessels from SHRSP when blood pressure is reduced(5). A previous 

study performed in mesenteric arteries from rats made hypertensive using 

angiotensin-11 or aldosterone found that spironolactone treatment improved the 

vascular response to acetylcholine, along with reducing blood pressure(141). 

Similar to our findings, a study performed in mesenteric arteries from eplerenone

treated SHRSP on a normal salt diet, resulted in no difference in the maximum 

relaxation to acetylcholine compared with vessels from non-treated SHRSP(48). 

Due to the difference in autoregulatory behavior and function between the 

mesenteric and cerebral vessels, it is difficult to compare these studies. 

Surprisingly, we observed enhanced constriction to serotonin in the MCAs from 

WKY rats compared to SHRSP. Enhancement of the contractile response in the 

cerebral vessels may be beneficial in the regulation of cerebral blood flow to 

prevent smaller, downstream vessels from experiencing increased pressures. 

The authors acknowledge that the absence of flow is a limitation in the 

assessment of vessel reactivity in this study. Due to the blind-sac nature of the 

experimental setup, the vasomodulators were applied in the superfusate, 

surrounding the vessel, where they could not have direct contact wHh the vessel 

lumen. 
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Previously, we have shown that spironolactone treatment from six to twelve 

weeks of age in male SHRSP prevents eutrophic remodeling in the MCA, 

independent of blood pressure(112). In the current study, spironolactone 

treatment was started at a later age (12 weeks), when there was established 

remodeling of the cerebral vasculature(6). Among the studies that have 

investigated the effects of MR antagonists on vascular remodeling(121 ), few 

have covered the reversal of vascular remodeling, and none have looked at this 

in the cerebral circulation. However, other studies using inhibitors of additional 

components of the RAAS demonstrate beneficial effects on vascular structure in 

both humans and animals with hypertension(122). Reversal of cerebral vessel 

remodeling has been demonstrated in male SHRSP treated with the angiotensin

converting enzyme inhibitors, cilazapril(61) and perindopril(18) and in male 

spontaneously hypertensive rats treated with the angiotensin II receptor blocker, 

telmisartan(47). It is important to note that in these studies there was a reduction 

of blood pressure that accompanied the alteration in vascular structure. Studies 

in both humans(123) and animals(18) using other blood pressure lowering drugs, 

such as beta-blockers, did not find the same effects on vessel remodeling, 

suggesting that the RAAS may be intrinsically involved in the remodeling 

process, independent of blood pressure. 

Complete correction of the outer diameter of the MCA in spironolactone-treated 

SHRSP was demonstrated without a change in blood pressure. Although, 
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remodeling of lumen diameter and wall/lumen ratio of the MCAs from 

spironolactone-treated SHRSP was not completely reversed, the expected trends 

were present. The incomplete reversal of the lumen diameter and wall/lumen 

ratio in the MCAs from spironolactone-treated SHRSP could be due the 

increased growth, as illustrated by an approximate 16% increase in the growth 

index. The slight increase in hypertrophy (growth) of the MCAs from 

spironolactone-treated SHRSP may be advantageous in order to compensate for 

the increased size of the vessel without a change in blood pressure. Previous 

studies in cerebral vessels from SHRSP suggest that an increase in vascular 

hypertrophy may be beneficial against stroke in this model(119). Studies from 

our laboratory have revealed that spironolactone treatment in the male SHRSP is 

protective against ischemic stroke(40), highlighting the favorable effects of MR 

antagonism, independent of blood pressure reduction. Although there was a 

slight increase in growth, this was not enough to cause a significant increase in 

wall area of the MCAs from spironolactone-treated compared to control SHRSP. 

This is consistent with previous studies showing that spironolactone prevented 

eutrophic remodeling in the MCAs from SHRSP(112). 

MCA stiffness was not significantly altered by spironolactone treatment in 

SHRSP, although there was a trend towards a decreased (3-coefficient in that 

group. The lack of a significant decrease in vessel stiffness with spironolactone 

treatment could be attributed to the duration of the severe hypertension in 
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SHRSP. Also, the increased growth seen in those vessels could also be another 

cause for the lack of a significant decrease in vessel stiffness. 

In conclusion, we have demonstrated in the current study that spironolactone 

treatment reverses eutrophic remodeling in MCAs from SHRSP in a blood 

pressure-independent manner. There is an abundance of evidence suggesting 

that resistance vessels from animal models of hypertension and patients with 

hypertension undergo eutrophic remodeling(67, 124 ). Studies show that small 

vessel remodeling may be present before the detection hypertension and could 

contribute to the associated end-organ damage(124). Our study highlights the 

involvement of MR activation in the remodeling process in the cerebral vessels 

and lengthens the list of potential therapeutic targets for MR antagonists. 
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Figure Legends 

Figure 16. Blood pressure was measured continuously using telemetry from 12 

to 18 weeks of age. Measurements were recorded every 10 minutes and the 

average of the 12 hour day and night measurements are shown. *p<0.05 vs. 

both SHRSP groups, ANOVA. 

Figure 17. Percent tone was calculated using MCA structural measurements 

taken using a pressurized arteriograph at intraluminal pressures of75 and 125 

mmHg as: 1- (active lumen diameter/passive lumen diameter) • 100. *p<0.05 

vs. control SHRSP and WKY rats, ANOVA. 

Figure 18. Cumulative dose responses to acetylcholine (A) and serotonin (5-HT) 

(B) were performed on MCAs in a pressurized arteriograph at an intraluminal 

pressure of 75 mmHg. *p<0.05 vs. both SHRSP groups, ANOVA. 

. . 
Figure 19. Measurements of passive MCA lumen (A) and outer diameters (B) 

were obtained over a range of intraluminal pressures on a pressurized 

arteriograph in calcium-free PSS. MCA wall/lumen ratios (C) were calculated 

from wall thickness measurements divided by lumen diameter measurements. 

*p<0.05, brackets indicate group differences, ANOVA. 

Figure 20. MCA cross-sectional wall area (A) was calculated from passive 

structural measurements taken in a pressurized arteriograph over a range of 
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pressures in calcium-free PSS as: vessel area -luminal area. *p<0.05, brackets 

indicate group differences, ANOVA. Remodeling and growth indices (B) were 

calculated as described previously(63). 



Table VII. Comparison of passive MCA structural measurements at 80mmHg 

between 12 and 18-week old male control SHRSP to establish pre-existing 

vascular remodeling in the 12-week old SHRSP. 

12-week old 18-week old 

WKYrats 12-week old SHRSP Statistically 

(n=4) SHRSP (n=6) (n=9) different?t 

Lumen Diameter (~m) 254.3 ± 3.8* 222.2 ± 11.8 223.3 ± 9.7 No 

270.7 ± 

Outer Diameter (~m) 298.5 ± 8.0* 273.7± 11.9 10.4 No 

Wall Thickness (~m) 44.3 ± 6.0 51.5±1.9 47.3 ± 2.7 No 

Remodeling Index(%) 93.5 92.9 

Growth Index(%) 3.8 16.8 
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Values are mean± SEM. 12-week old SHRSP and WKY rat data, as 

previously described(112). *p<0.05 vs. 12-week old SHRSP. tNo differences 

were observed between 12 and 18-week old SHRSP. 
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Figure 17. Rigsby, CS 
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Figure 18. Rigsby, CS 
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Figure 19. Rigsby, CS 
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Figure 20. Rigsby, CS 
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Ill. UNPUBLISHED RESEARCH 

Eplerenone Prevents Inward Eutrophic Remodeling of the Middle Cerebral 

Artery in Male SHRSP 

A. Introduction 

Chronic spironolactone treatment in the male SHRSP was shown in the previous 

study to prevent inward eutrophic remodeling of the MCA, by preventing the 

decrease in MCA lumen and outer diameters (Figure 5), without a change in 

MCA wall area (Figure 6). Spironolactone, which is an effective MR antagonist, 

also possesses potent anti-androgen and slight progestin effects, making it a 

non-selective MR antagonist (37). On the other hand, eplerenone is a MR 

antagonist which is more selective for the MR and has little or no affinity for the 

androgen or progesterone receptors. However, eplerenone has a lower affinity 

for the MR compared to spironolactone, and must be administered in higher 

doses (128). Due to the non-specific nature of spironolactone, it is possible that 

the beneficial effects previously observed can be attributed to its anti-androgen 

actions. Therefore, studies were carried out using eplerenone to determine if 

specific blockade of the MR could elicit similar effects on MCA remodeling as 

were found with spironolactone in the previous study. We hypothesized that 
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chronic treatment with eplerenone would also prevent remodeling of the MCA in 

maleSHRSP. 

B. Methods 

Six-week-old male SHRSP were treated for six weeks with eplerenone (1 00 

mg/kg/day) in food. MCA structure was analyzed using a pressurized 

arteriograph under passive (calcium-free) conditions. Briefly, a branch-free 

segment of the MCA most proximal to the circle of Willis was isolated and 

mounted onto two glass micropipettes in the arteriograph chamber. The vessel 

was pressurized and allowed to equilibrate for 30 minutes. Video microscopy 

was used to obtain structural measurements in microns. Measurements of MCA 

lumen diameter and wall thickness were obtained over a range of pressures from 

40 to 180 mmHg, in 20 mmHg increments. Blood pressure (BP) was measured 

using tail-cuff plethysmography during the last week of treatment. 

C. Results 

MCA lumen and outer diameters were increased in eplerenone-treated SHRSP 

(n=6) compared to control SHRSP (n=6) over the range of pressures (p<0.05, 

ANOVA, Figure 21). There was no difference in MCA wall area between groups 

over the range of pressures (p>0.05, AN OVA, Figure 22). (Note: data from WKY 

rats were included as a normotensive reference). Systolic blood pressure was 

not different between groups (p>0.05, control SHRSP 195.8 ± 5.3 vs." 

eplerenone-treated SHRSP 197.6 ± 4.0). 



Figure 21. 
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Figure 21. A) MCA lumen diameter was increased in eplerenone-treated SHRSP 

compared to control SHRSP over the range of intraluminal pressures (*p<0.05, 

AN OVA). B) MCA outer diameter was increased in eplerenone-treated SHRSP 

compared to control SHRSP over the range of intraluminal pressures (*p<0.05, 

ANOVA). 
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Figure 22. 
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D. Discussion 

The effects observed with eplerenone on MCA remodeling follow the same 

pattern as those observed with spironolactone treatment in male SHRSP. 

Prevention of inward eutrophic remodeling is indicated by the increased MCA 

lumen and outer diameters, without a change in wall area (95). There was also 

no change in systolic blood pressure between groups, indicating that the effects 

observed with eplerenone are blood pressure independent. In conclusion, the 

use of the more specific MR antagonist, eplerenone, elicited similar effects on 

MCA remodeling as was observed with spironolactone in a previous study. 

These data suggest that the effects observed previously with spironolactone are 

MR dependent and are not due to the anti-androgen effects of spironolactone. 

These studies provide a role for MR activation in the remodeling process of the 

cerebral vasculature in male SHRSP. 



IV. DISCUSSION 

The aims of the current study were to evaluate the effect of chronic MR 

antagonism on the structure of the cerebral vasculature in young male and 

female SHRSP and in adult male SHRSP. Previous studies have indicated that 

chronic spironolactone treatment in young male SHRSP provides protection from 

cerebral ischemia {40). Data from the current study indicate that chronic MR 

antagonism can prevent and mostly reverse inward eutrophic remodeling of the 

MCA in male SHRSP. Due to the direct relationship between ischemic infarct 

size and cerebral vessel structure (30), these studies helped to establish a 

mechanism by which MR antagonism affords ischemic stroke protection in male 

SHRSP (Figure 23). Assessment of the data from this study has also uncovered 

sex differences in the actions of MR antagonists between young male and female 

SHRSP. Sex differences of the actions of MR antagonists have not been 

thoroughly elucidated, but could prove to have significant clinical impact. 
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Figure 23. Schematic for propc;>sed action of 
spironolactone in the prevention and reversal of MCA 
remodeling in young and adult male SHRSP. 
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Two major findings of the study are that spironolactone treatment prevents and 

reverses inward eutrophic remodeling of the MCA in male SHRSP, without a· 

change in blood pressure. In these studies, MCA structure was analyzed using a 

pressurized arteriograph system and blood pressure was monitored with 

telemetry over the course of treatment. MCA lumen and .outer diameters were 

increased and wall area was unchanged in the young and adult male 

spironolactone-treated SHRSP compared to their respective control SHRSP. 
' 

Mean arterial pressure in both young and adult males was not different between 

control and spironolactone-treated SHRSP. A mechanism for the blood 

pressure-independent effects of spironolactone on the structure of the MCA is yet 

to be determined. 
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Inward eutrophic remodeling of resistance vessels has been shown to contribute 

to the development and complications of essential hypertension and ~he resulting 

end-organ damage (122). Eutrophic remodeling may be caused by a variety of 

mechanisms including: prolonged vasoconstriction, growth, apoptosis, 

inflammation, and changes in extracellular matrix components (67, 68, 85, 124). 

Spironolactone may play a role in preventing or reversing these mechanisms to 

exert its effects on cerebral artery structure. The ability of spironolactone to 

increase nitric oxide bioavailability (49) may help to prevent constrictive 

remodeling caused by prolonged vasoconstriction (85). However, evaluation of 

the MCA responsiveness to acetylcholine did not reveal improved vasodilator 

ability in young or adult spironolactone-treated SHRSP, suggesting that 

enhanced nitric oxide production is not responsible for the structural changes 

observed with spironolactone treatment. A combination of inward growth and 

apoptosis may be one cif the potential mechanisms involved in the process of 

eutrophic remodeling (67). Spironolactone inhibits aldosterone-stimulated EGFR 

expression in Chinese hamster ovary cells (77) and prevents apoptosis of human . 

umbilical vein endothelial cells (146). Conversely, spironolactone can induce 

apoptosis of blood mononuClear cells (90). Further, spironolactone treatment 

has been shown to reduce levels of circulating inflammatory cytokines in 

rheumatoid arthritis patients (7). Hypertension is becoming more commonly 

associated with inflammation, but the role of inflammation in vascular remodeling 

is still undetermined (46). It has been proposed that inflammatory cells, such as 

monocytes, can activate endothelial cells to express growth factors, which leads 
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to VSMC proliferation (9). These pathways have yet to tie thoroughly evaluated, 

but may prove to be important in the remodeling process. 

Alterations in extracellular matrix components, such as collagen and integrins, 

have also been shown to be important factors in the remodeling process (67, 68). . . . 

VSMC migration requires the degradation of extracellular matrix components, 

usually by matrix metalloproteinases (MMPs), and growth factor activation or 

release (12, 102). lntegrins are a family of extracellular matrix receptors which 

are involved in mediating mechanical signals, such as stretch, into the cell and 

controlling migration and attachment of cells, including VSMC (22). Recent 

studies indicate that the alpha-V integrins are a crucial component of inward 

eutrophic remodeling of mesenteric arteries from the TGR(mRen2)27 rat, which 

is a model of enhanced activity of the RAAS, including elevated plasma 

aldosterone levels (64). There are few studies which have evaluated the effect of 

aldosterone or MR antagonism on the expression of integrins. One study 

suggests that spironolactone can increase expression of the beta-3 integrin in A6 

cells (Xenopus kidney epithelial cells) and rat neonatal cardiomyocytes (19). The 

· authors suggest that the increased beta-3 integrin expression may be decreasing 

the extracellular matrix turnover rate, which could reduce fibrosis. Collagen (type 

VIII) has been shown to be involved in VSMC migration and MMP synthesis (65). 

Aortic VSMC from mice lacking type VIII collagen exhibit reduced migration and 

did not express MMP2 (1). Numerous studies have reported that spironolactone 

or eplerenone treatment reduces vascular fibrosis by way of reducing collagen 
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expression (8, 97, 144 ), but none of these studies have been performed in the 

cerebral vasculature. These studies highlight the need for further study to 

determine the involvement of aldosterone and MR antagonism in the regulation 

of integrins and collagen synthesis to elucidate the molecular mechanism for 

eutrophic remodeling. 

Another major finding of the study was the absence of a similar effect of MR 

antagonism in the female SHRSP. These studies were completed using the 

MCAO technique to induce cerebral ischemia, a pressurized arteriograph to 

evaluate MCA structure, Western blotting to compare MR expression in cerebral 

arteries, telemetry and tail-cuff plethysmography to measure blood pressure. 

Cerebral artery MR expression was higher in female compared to male SHRSP. 

These data suggest that cerebral arteries from female SHRSP may be more 

responsive to aldosterone than those from male SHRSP. However, similar (25 

mg/kg/day) and two-fold higher (50 mg/kg/day) doses of spironolactone were 

used in the female studies and the differences in vascular structure observed 

were still not of the same magnitude as were observed in the male studies. 

However, spironolactone does possess anti-androgenic effects. Therefore, the 

lack of any large effects with the use of eplerenone, a more specific MR 

antagonist, in the female study also rules out the possibility that any of the 

alternative effects of spironolactone, due to its lack of specificity, may have 

masked the potential protective effects of MR antagonism. Removal of estrogen, 

with bilateral ovariectomy; also did not alter the effects of spironolactone in 
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female SHRSP to match those of male SHRSP. These results suggest that 

either metabolism of the drugs, MR activation, or the mechanism which controls 

the remodeling process is intrinsically different between male and female . 

SHRSP. 

Pharmacokinetic studies of eplerenone propose that sex differences exist and 

that the differences in systemic availability are due to greater metabolism of 

eplerenone in male rats (26). The sex differenc:es in drug metabolism may be 

due to increased expression of CYP2C and CYP3A enzymes in males, which 

leads to increased metabolism in males compared to females (26). Since the 

active form of eplerenone is the non-metabolized form, it should be more 

effective in females because it is not metabolized as extensively. On the other 

hand, spironolactone has low receptor bioavailability and its activity is due to its 

metabolites, mainly canrenone, which has a longer half-life than spironolactone 

(37). This would imply that increased metabolism of spironolactone in male 

SHRSP leads to the increased production of the active metabolites causing more 

effective blockade of the MR and enhanced effects of the drug, which may have 

led to the sex differences observed between male and female SHRSP treated 

with spironolactone. However, MR activation has also been shown to be 

different between male and female rats. Sex differences have been reported in 

the development of DOCA-salt hypertension and the associated damage, with 

male rats experiencing higher blood pressures and enhanced damage compared 

to female rats (101). These differences were reported to be related to gonadal 



hormones, whereby removal of the gonads eliminated the sex differences in 

DOCA-salt hypertension, indicating that estrogen attenuated the rise in blood 

pressure (34, 35). Although there was no difference in the effects of 

spironolactone in OVX SHRSP, the potential for estrogen to modulate the MR 

cannot be ruled out. Aromatase, the enzyme that converts androgens to 
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estrogens, has been shown to be expressed in the brains of OVX SHRSP (17). 

Further study is warranted to determine if the sex differences in the actions of 

MR antagonism exist only in SHRSP, due to their genetic characteristics or 

because of their severe hypertension, and if these differences exist in other 

species. 

Clinical Implications 

In two recent clinical trials (RALES and EPHESUS), morbidity and mortality were 

' significantly reduced in heart failure patients treated with either spironolactone, or 

eplerenone, in addition to standard therapies (ACE inhibitors, angiotensin 

receptor blockers, beta-blockers, digoxin, and loop diuretics) (104, 105). 

Spironolactone, employed in the RALES trial (1 05), is a non-specific MR 

antagonist. Spironolactone has potent androgen receptor antagonist and slight 

progesterone receptor agonist properties, causing adverse side effects such as, 

gynecomastia, menstrual irregularities, and loss of libido (37, 128). Eplerenone, 

which was used in the EPHESUS trial (104), is a more selective MR antagonist 

with very little affinity for the androgen receptor and almost no affinity for the 
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progesterone receptor, which eliminates most of the adverse side effects that are 

commonly associated with spironolactone (128). However, eplerenone has a 

lower affinity for the MR compared to spironolactone, therefore, a higher dose is 

required. 

In both clinical trials, blood pressure was not different between placebo and MR 

antagonist-treated groups, indicating that the cardia-protective effects observed 

with spironolactone and eplerenone were blood pressure independent (1 04, 

1 05). Spironolactone and eplerenone were effective for reducing morbidity and 

mortality even in the absence of elevated plasma aldosterone levels, as patients 

in both of these trials did not have hyperaldosteronism {55). Both of the drugs 

were well-tolerated, as there was no difference in the rates of discontinuation 

between groups in both trials, but there were a significant number of patients in 

the RALES trial who dropped out due to the occurrence of gynecomastia. 

However, spironolactone and eplerenone did cause hyperkalemia (elevated 

plasma potassium) in some patients enrolled in each trial, but most of those 

patients were found to have another underlying unrelated pathology which 

increased their probability for hyperkalemia. Proper monitoring and dietary 

modifications will reduce the probability of hyperkalemia and are easily adopted 

by many patients (128). The RALES and EPHESUS trials demonstrate that 

spironolactone and eplerenone are well-tolerated and can be used effectively, in 

addition to standard therapies, to help reduce mortality in patients with 

cardiovascular disorders. These clinical trials support our current findings in 



male hypertensive rats, which suggest that MR antagonists can be used to 

prevent or reverse damage of the cerebral vasculature, ultimately leading to a 

reduction in ischemic infarct size. 
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Although blood pressure is the primary and most modifiable risk factor for stroke 

(151 ), MR antagonism has been shown to reduce damage from ischemic stroke 

without a change in blood pressure in male hypertensive rats (40), indicating that 

there is a blood pressure-independent component to the pathology of ischemic 

stroke. This is important to consider because stroke is currently the third leading 

cause of death in the United States, even though more patients are keeping their 

blood pressure under control than ever before (137). Our current studies, 

combined with findings from the RALES and EPHESUS clinical trials, indicate 

that MR antagonists, when added to standard blood pressure lowering therapies 

are well-tolerated and can be beneficial in reducing and preventing 

cardiovascular damage. Clinically, the addition of MR antagonists to a patient's 

current therapies would be an easy way to prevent, while helping to reverse, 

existing cardiovascular damage in a patient who is at risk for stroke, thereby 

reducing the likelihood of stroke occurrence and reducing damage in the event of 

a stroke. 

As previously mentioned, spironolactone and eplerenone have beneficial effects 

even in the absence of elevated plasma aldosterone levels (55), as plasma 

aldosterone levels were normal in patients enrolled in both the RALES and 
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EPHESUS trials. Consequently, it would seem unusual that blocking the 

receptor for aldosterone would have a beneficial effect, but the answer to this 

problem may reside in the complexity of the MR system. Cortisol (a 

glucocorticoid), which circulates in the blood at 100 to 1 ,000 times the level of 

aldosterone and has a similar affinity for the MR as aldosterone. Cortisol can 

also bind to and have null or agonist effects at the MR (25, 53, 54). Though the 

specific pathways involved in the activation or blockade of the MR by cortisol 

have not been determined. Tissue specificity for the activation of the MR by 

aldosterone is conferred by the activity of the 11-beta hydroxysteroid 

dehydrogenase type II (11 B-HSD2) enzyme. This enzyme converts active 

glucocorticoids, such as cortisol, into their inactive metabolites, and is found co

expressed in tissues where aldosterone-specific activation of the MR is 

necessary, such as in the renal tubules (25, 53, 54). It has been suggested that 

the oxidative state at the MR may also influence whether or not glucocorticoids 

occupying the MR can activate the receptor (52). Studies performed using 

isolated cardiomyocytes illustrate that when an oxidizing agent is added to the 

cell culture media, cortisol can activate the MR in the same manner as 

aldosterone, indicating increased oxidative stress allows cortisol to activate the 

MR (55) .. This has broad implications for the addition of MR antagonists in the 

treatment of any disease where oxidative stress may be increased, such as 

inflammatory diseases and hypertension, and may explain why MR antagonism 

is effective even in the absence of elevated plasma aldosterone in patients with 

an underlying cardiovascular pathology. Since both cortisol and aldosterone can 



bind to and activate the MR, antagonists of the MR are efficient because they 

prevent both the traditional, aldosterone-mediated, and alternative, cortisol

mediated, activation of the MR. 
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V. SUMMARY 

In summary, chronic blockade of the MR in male SHRSP can confer protection 

from ischemic stroke. This may be due to the effect of spironolactone to prevent 

and reverse inward eutrophic remodeling of the cerebral arteries, leading to 

increased MCA lumen diameters. These effects occurred without a change in 

blood pressure, indicating that the effects of the MR on vascular remodeling may 

develop independently of increasing blood pressure. MR antagonism in female 

SHRSP, however, does not confer similar protection against ischemic stroke or 

have similar effects on the structure of the cerebral vasculature. The apparent 

sexual dimorphism may be due to the difference in MR expression in cerebral 

arteries, where MR expression was increased in cerebral arteries from female, 

compared to male SHRSP. Further study is warranted to determine the 

mechanism for the involvement of the MR in the eutrophic remodeling process 

and to determine why a sexual dimorphism exists in MR expression and its 

effects. 
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Aldosterone: good guy or bad 
guy in cerebrovascular disease? 
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Stroke is a leading cause of disability in the Western 
world, yet the choices for therapeutic intervention are 
few. The complex role played by aldosterone in the· 
pathogenesis of stroke is beginning to emerge. Chronic 
mineralocorticoid receptor (MR) blockade reduces the 
incidence of hemorrhagic strokes and the severity of 
damage caused by ischemic strokes. This appears to be 
a vascular phenomenon because MR blockade increases 
vessel lumen diameter, which presumably increases 
blood flow and perfusion of the tissue to reduce 
ischemic damage. However, the vascular protection 
afforded by MR antagonism is at odds with the results 
·seen within the brain, where MR activation is required 
for neuronal survival. Both of these divergent effects 
have possible therapeutic implications for stroke. 

Introduction 
Stroke is the third leading cause of death in the Western 
world [1]. Strokes, at their simplest, can be categorized.as 
hemorrhagic or ischemic, resulting from the rupture or 
blockage of a cerebral vessel, respectively. Ischemic 
strokes are more common and account for most of the 
disability caused by stroke. Few stroke therapies have 
successfully made the transition from bench to bedside [2], 
and those that have must be administered within such a 
tight time window post-stroke that only a small proportion 
of patients receive treatment. This situation is unlikely to 
change until our understanding of the factors affecting the 
outcome of stroke increases. Experimentally, stroke 
therapies are thought of as preventative therapies to 
protect the vasculature, or as treatments to improve 
neuronal survival post-stroke. Interestingly, mineralocor
ticoid receptors (MRs) have been identified in the brain [3] 
and blood vessels [4], making them a potential target for 
both types of intervention. Paradoxically, preventative 
therapy would require MR blockade and neuronal therapy 
would require MR activation. In this review, we present 
evidence of the opposing actions of MR activation in the 
vasculature and brain on the outcome of stroke. The 
molecular mechanisms of neuronal death are not dis
cussed at length here; others have eloquently described 
them [5,6], and Box 1 contains a brief overview of the 
subject. 

Corresponding author: Dorrance, A.M. (adorrance@mcg.edu). 
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Vascular structure and stroke 
Stroke is defined as an interruption in cerebral blood flow. 
Blood How is controlled by vascular resistance, which in 
turn is controlled by blood viscosity, vessel length 
and lumen diameter. Because vessel length and blood 
viscosity vary little, changes in lumen diameter, caused by 
vasoconstriction or vascular remodeling, are the import
ant determinant of resistance. Vascular remodeling is 
a complex process and the subject of many excellent 
reviews [7 ,8]. 

'Hypertension is a risk factor for stroke [9]. Stroke
prone spontaneously hypertensive rats (SHRSP), a model 
of essential hypertension and cerebrovascular disease, 
have been used to study factors affecting the outcome of 
cerebral ischenria and hemorrhage. When fed a high Na + 
diet, SHRSP have more spontaneous hemorrhagic strokes 
than normotensive Wistar Kyoto (WKY) rats [10]. When 
cerebral ischemia is induced experimentally, the volume of 
the resultant infarct is greater in SHRSP than in WKY 
rats [11] (Figure 1). This might reflect differences in the 
morphology of the cerebral vessels between the two 
strains. In normotensive rats under non-ischemic con
ditions, little blood flows although the collateral vessels, 
but when an ischemic blockage occurs, these vessels dilate 
to increase tissue perfusion, effectively 'bypassing' the 
blockage. The ability of these vessels to dilate in response 
to ischemia is impaired in SHRSP, which nright contribute 
to the larger infarct seen in these rats [12, 13]. 

Cerebral vessels from hypertensive rats show primarily 
inward eutrophic remodeling, involving rearrangement of 
the vascular smooth muscle cells (VSMC) around a 
narrower lumen, with the end result being a vessel with 
a smaller external and internal diameter [14]. This type of 
remodeling is well characterized; it occurs in patients with 
essential hypertension [15] and is particularly important 
in the cerebral vasculature because it impairs autoregula
tion [16] and dilation [12,13]. Therefore, treatments that 
prevent or reverse remodeling should reduce ischemic 
damage by increasing blood flow. 

Although the reduction in cerebral vessel lumen 
diameter is mostly caused by rearrangement of the 
VSMC, some hypertrophy is involved in the process. 
Morphological assessment of cerebral arterioles from 
SHRSP shows that they contain more VSMC and elastin 
than those from WKY rats [17]. The hypertrophy appears 
to be pressure dependent, whereas the rearrangement of 
the VSMC is pressure independent [18]. 

ww.v.sclencedlrect.com 1043-27601$ ·see front matter c 2005 Elsevier ltd. All rights reserved. dol:10.1016/j.tem.2005.09.002 
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Box 1. How neurons die during stroke 

Neurons within the ischemic core die primarily from necrosis. 
Within minutes after the loss of blood flow to the brain, the amount 
of oxygen and glucose available to the cells falls and this causes 
acidification of the cell as the byproducts of metabolism increase. 
This reduction In pH causes the electron transport chain In the 
mitochondria to fail so that AlP levels fall. The lack of ATP causes a 
reduction in Na•-K+·ATPase activity, and an Increase In Intracellular 
Na+ causes the cell membrane to depolarize and Ca2+ flow into the 
cell to Increase. Eventually, the membrane depolarizes enough to 
reach its electrical threshold and the neurons exhibit Ischemic 
discharges; they fire repetitively, releasing neurotransmitters. par· 
ticularly glutamate, into the surrounding area. 

The high intracellular Ca2+ concentration also Increases the activity 
of cal pain protease; this affects the structural integrity of the cell and 
damages the cell membrane by increasing phospholipase activity. 
eaz+ also increases the synthesis and activity of nitric oxide synthase, 
causing the formation of nitric oxide and the free radical peroxynltrate. 
Eventually the mitochondria, which try to sequester the excess Ca2+, 
succumb to Ca2 + toxicity and release cytochrome C Into 

.Mineralocorticoids and stroke 
The link between aldosterone and hypertension has been 
evident since studies by Conn· et al. showed that 
hypertension was prevalent in a cohort of patients with 
primary aldosteronism (PA) [19]. Similarly, patients with 
glucocorticoid-remediable hypertension, and therefore 
raised plasma aldosterone, have an increased frequency 
of stroke and hypertension [20,21]. Comparisons of 
patients with PA and essential hypertension show that 
PA patients suffer from more strokes, despite having lower 
blood pressure than patients with essential hypertension 
[22]. This suggests that the increased stroke risk 
associated with raised plasma aldosterone is blood 
pressure independent. This is supported by studies 
showing that inhibition of the renin-angiotensin system 
reduces the risk of stroke with only a small reduction in 
blood pressure [23,24]. Importantly, it is now apparent 
that aldosterone plays a role in 10-15% of cases of 
hypertension previously classified as essential hyperten
sion [25]. If a causative link between aldosterone and 
stroke exists, then this finding significantly increases the 
proportion of the population at risk for a cerebrovascular 
event. 

In the laboratory, the link between mineralocorticoids 
and hemorrhagic stroke is well established. Adminis
tration of MR antagonists (spironolactone or eplerenone) 
to SHRSP fed a high salt diet does not reduce blood 
pressure, but prevents hemorrhagic strokes [26]. Admin
istration of the angiotensin-converting enzyme (ACE) 
inhibitor, captopril, to salt-loaded SHRSP had a similar 
effect. Co-administration of mineralocorticoid negates the 
beneficial effect of captopril [27,28], suggesting that some 
of the benefits of ACE inhibition result from a reduction in 
angiotensin II•stimulated aldosterone release. The effect 
of MR blockade on ischemic stroke in SHRSP has been 
studied using a model of permanent focal ischemia. 
Spironolactone treatment reduced the ischemic infarct in 
SHRSP by -50% [11] (Figure 1). Similar to the studies by 
Rocha and Stier [26], spironolactone did not lower blood 
pressure, suggesting that aldosterone plays an important 
role in the predisposition to vascular injury that is not 
www.sciencedirect.com 

the cytoplasm. The cells eventually become so damaged that they 
are no longer viable. 

The ischemic penumbra surrounds the Ischemic core and here 
blood flow is reduced to a lesser extent than in the core; thus, the 
changes to the cells are less catastrophic. Glutamate levels increase 
within the penumbra as a result of the ischemic depolarization and 
release from damaged neurons. Glutamate activates the NMDA (N
methyl-o-aspartatel and AMPA receptors to increase intracellular Na+ 
and Ca2 +. Glutamate also activates the metabotrophic receptor, 
resulting in an Increase in cAMP levels, which alters protein kinase 
activity and Increases proteolysis and lipolysis. Free radicals also 
contribute to the damage in the penumbra; free radicals can emanate 
from the core or can be produced within the penumbra. particularly 
during reperfusion. to cause damage to the DNA and cell membrane. 
The cells within the penumbra primarily die by apoptosis and this 
process, unlike necrosis, requires energy and protein synthesis. 
Apoptosls might be initiated by the increases in cytrochrome C and 
calpain activity. For more details of the mechanisms of ischemia
Induced cell death see 12,5,6). 

linked to hypertension. Many mechanisms could be 
responsible for this effect, but for the purpose of this 
review we focus on the possibility that the beneficial 
effects ofMR blockade on stroke risk and outcome are the 
result of changes in cerebral vessel structure. 

Mineralocorticoids and vessel structure 
Many factors influence vascular structure including 
hormones, reactive oxygen species (ROS) and inflamma
tory mediators [29]. There is clear evidence that aldoster
one has deleterious effects on the cardiovascular system. 
The effects on the heart, where aldosterone causes cardiac 
hypertrophy and fibrosis, are best characterized [30]. The 
effects of aldosterone on the vasculature, the cerebral 
vasculature in particular, are less well characterized. 

Studies of the systemic vasculature suggest that MR 
activation affects vessel structure. The media to lumen 
ratio in coronary and mesenteric arteries is increased in 
rats made hypertensive by the administration of aldos
terone or deoxycorticosterone (DOC) and salt [31,32]. 
Aortic hypertrophy has also been seen in DOC-salt 
hypertensive rats [33,34]. These effects can be· inhibited 
by endothelin antagonism, ACE inhibition and neutral 
endopeptidase and proteosome inhibition [31-34]. It is 
important to remember that although these rats have high 
circulating mineralocorticoids, they also have malignant 
hypertension, making it difficult to separate the effects of 
MR activation and blood pressure per se. 

Studies using MR antagonists provide a better reflec
tion of the actions of aldosterone without the confounding 
effects of large changes in blood pressure. Benetos et al. 
[35] found that chronic spironolactone treatment of 
spontaneously hypertensive rats (S.HR) prevented aortic 
fibrosis by preventing collagen accumulation. In angio
tensin II hypertensive rats, MR blockade inhibits the 
anticipated increase in mesenteric artery media to lumen 
ratio [36], again supporting the theory that some effects of 
angiotensin II on the vasculature are mediated by 
aldosterone. In SHRSP, eplerenone reduces the salt
dependent changes in vascular structure. Eplerenone 
did not reduce blood pressure in the control SHRSP, 
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Rgure 1. Spironolactone reduces the size of experimentally Induced cerebral 
Infarcts in SHRSP.(a) Representative brain slices from SHRSP±splronolactone and 
WKV rats. After six hours of Ischemia, the brains were sliced coronally and stained 
with 2,3,5-triphenyltetrazolium chloride; the plnlc area Is viable tissue and the white 
area is the area damaged by the cerebral Infarct (b) Percentage of the hemisphere 
that has undergone a cerebrallnfarct.lnfarct size was quantified and expressed as a 
percentage of the hemisphere Infarcted, the results are expressed as the mean± 
SEM (12).1nfarcts were greater in SHRSP In= B) than illther SHRSP+spiron.olactone 
ln=10) orWKY (n=SI. A P<0.05 was deemed significant; an asterisk (•) Indicates 
significant difference from control SHRSP. Reproduced, with permission, from (11]. 

but prevented the increase in pressure seen with salt 
loading. Salt loading also caused an increase in the media 
to lumen ratio of mesenteric arteries and an impairment of 
vasodilation. These effects were inhibited by eplerenone 
[37). 

Studies of the effects of aldosterone on the cerebral 
vasculature are less common. However, ACE inhibition 
an:d angiotensin receptor blockade have been found to 
increase cerebral vessel lumen diameter [8]. Recently, 
levels of the angiotensin type 1 (AT1) receptor were shown 
to be increased in the cerebral vasculature of SHR, and 
AT1 receptor blockade normalized vascular structure [38]. 
The increase in ATl receptor levels is of particular interest 
in light of a recent study by Jaffe and Mendelsohn [39] 
showing that angiotensin II regulates gene transcription 
in ~ultured VSMC. Surprisingly, the effects of angiotensin 
II could be inhibited, not only by AT1 receptor blockade, 
www.sdencedlrect.com 

but also by spironolactone, suggesting that the MR is 
involved in the angiotensin II-dependent modulation of 
gene transcription. Aldosterone synthase was not present 
in the VSMC, ruling out the possibility that the actions of 
angiotensin II were via local aldosterone production. If 
angiotensin II trans-activates the MR in the cerebral 
vasculature, this could potentially enhance the actions of 
aldosterone and increase the risk of stroke. 

The effect of spironolactone on cerebral vessel structure 
has been studied in SHRSP. The external and internal 
diameter of the middle cerebral artery (MCA) was 
significantly increased by chronic spironolactone treat
ment. The MCAs from spironolactone-treated SHRSP did 
not differ structurally from the MCAs ofWKY rats, despite 
there being no change in blood pressure with spirono
lactone treatment [40]. These results. suggest that 
spironolactone prevents or reverses euthrophic remodel
ing in SHRSP . 

The mechanism responsible for the changes in vessel 
structure remains elusive. Studies suggest that increased 
collagen deposition plays a role in the deleterious effects of 
aldosterone on the cardiovascular system [30,35]. Epider
mal growth factor (EGF), a key VSMC mitogen, has also 
been implicated in the actions of aldosterone. Interest
ingly, both classic genomic [11] and rapid ·non-genomic 
effects [41] appear to be involved in the increased activity 
of the EGF signaling pathway caused by aldosterone. 
However, the current consensus is that most of the 
structural changes in the cerebral vasculature are caused 
by rearrangement of the VSMC and not increased cell 
proliferation. 

MR specificity of aldosterone 
Aldosterone and cortisol (corticosterone in rats) bind the 
MR with equal affinity. It is generally accepted that llP
hydroxysteroid dehydrogenase (llfl-HSD) type II (11Jl
HSD2) is responsible for the specificity of the MR for 
aldosterone in the vasculature. This enzyme metabolizes 
cortisol to cortisone (11-dehydroxycorticosterone in rats), 
thereby removing its ability to bind and activate the MR. 
A recent publication challenges this by suggesting that, 
under normal conditions, llfl-HSD2 cannot convert all the 
cortisol in the vasculature to cortisone, and that cortisol 
binds to but does not activate the MR. However, under 
conditions where the redox state of the cell is altered, such 
as would occur with inhibition of 11P-HSD2 or an 
elevation of ROS, the cortisol-MR complex becomes 
activated [42]. This scenario might explain one of the 
outstanding questions about the effects ofMR blockade in 
the cardiovascular system: why does MR blockade have 
such profo.und effects in situations where circulating 
aldosterone is not excessively high? It is possible that 
the greatly increased ROS levels seen with hypertension 
[43] are responsible for the activation of the cortisol-MR 
complex, leading to 'aldosterone'-mediated vascular 
damage. 

Mineralocorticoids and neurons 
Although the role ofMR activation as a harbinger of doom 
in the cardiovascular system seems clear, the situation in 
the brain is much less so. Aldosterone levels within 
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the brain are low because the multidrug resistance 
P-glycoprotein in the blood-brain barrier (BBB) pumps 
aldosterone back across the barrier. Although aldosterone 
is produced within the brain, the physiological relevance 
of this is unclear [44,45]. Similarly, it is unknown how 
much aldosterone enters the brain post-stroke, when the 
BBB is breached, or what effecta this might have. The 
effects of aldosterone on neuronal tissue are further 
complicated by the differential synthesis of the two 11~
HSD isoforms. 11~-HSD2 activity is limited to the areas of 
the brain that control salt appetite and blood pressure: the 
subcommissural organ, nucleus tractus solitarius and 
amygdala [46]. 11~-HSD type 1 (11~-HSD1) activity is 
more ubiquitous. This enzyme is generally thought to act 
as a reductase that reactivates glucocorticoids by convert
ing cortisone to cortisol, although a recent publication 
questions the validity of this assumption suggesting that 
in brain 11~-HSD1 has both dehydrogenase and reductase 
activities [47]. Both MR and glucocorticoid receptors (GR) 
are found in the brain. MR is found primarily in the limbic 
areas, such as the hippocampus, whereas the GR is more 
widely expressed [48]. 

MR activation in the hippocampus 
Within the brain, adrenal steroids have been implicated in 
the modulation of neuron excitability, memory formation 
and neurodegeneration [44]. Most studies have focused on 
the effects of MR activation on the dentate gyrus in the 
hippocampus, given the role it plays in learning and 
memory [49,50]. 11~-HSD2 levels are low in the hippo
campus [45]. Thus, it is generally accepted that at basal 
cortisol levels MR are activated by cortisol and GR are 
only activated during stress [51,52]. Interestingly, acti
vation of MR and GR appears to have opposing effects in 
the hippocampus. 

Granule cells in the denate gyrus are produced 
throughout adult life [53], and neurogenesis and apoptosis 
are controlled by MR and GR, respectively [54,55]. 
Adrenalectomy stimulates neurogenesis, presumably by 
removing the inhibitory effects of GR activation on 
neurogenesis [55]. At the same time, adrenalectomy 
increases the degeneration of adult granule cells by 
removing the protective actions of MR activation [56]. 
The net neurodegeneration exceeds nei..Irogenesis, but 
administration of aldosterOne increases neurogenesis [57], 
suggesting that MR activation also increases the for
mation of new cells. Similarly, adrenal steroids appear to 
be involved in the survival of new cells in the hippocampus 
[58]. Immature cells do not express MR or GR; it is thought 
that MR activation in neighboring adult cells iuitiates a 
signaling pathway to improve the survival of nearby 
immature neurons [57 ,58]. 

During neuronal death, cells release large quantities of 
glutamate, which is toxic to the surrounding neurons. 
Kainic acid is used to mimic this experimentally. MR 
blockade causes an increase in kainic acid-induced 
hippocampal cell death, suggesting again that MR 
activation is neuroprotective [59]. The beneficial effecta 
of MR and deleterious effects of GR activation are 
controlled by a delicate balance between the expresSion 
of pro- and antiapoptotic genes. The B-cell leukemia/ 
www.sciencedirect.com 

lymphoma 2 (Bc/2) gene is neuroprotective [60]; MR 
blockade with spironolactone reduces basal Bc/2 
expression [61,62] and MR activation increases it [63]. 
Conversely, GR activation shifts the balance towards 
apoptosis by increasing the expression of the proapoptotic 
gene Bax. Similarly, the tumor suppressor protein p53 is 
decreased by MR and increased by GR activation. 
Importantly, p53 increases Bax and reduces Bc/2 tran
scription [63]. 

MR activation and cerebral ischemia 
For MR activation to be important for neuronal survival 
post-stroke, the MR needs tQ be present and functional in 
the regions of the brain co=only damaged by ischemia, 
including the cerebral cortex. Recent studies suggest that 
this might be the case. MR protein was found to be present 
in cultured cortical and hippocampal neurons, and the 
levels of MR are increased in staurosporine-injured and 
aged cells undergoing spontaneous apoptosis [64], pre
senting the possibility that the MR is part of a cell survival 
inechanism. In vivo studies have shown that low doses of 
staurosporine are neuroprotective, whereas high doses 
cause neuronal damage [65]. It is possible that the 
neuroprotection seen with low doses is mediated by an 
increase in :MR. An ·increase in MR synthesis was also seen 
in the hippocampus after transient global ischemia. 
Surprisingly, this ouly occurred in rats made hypothermic 
after the induction of ischemia [64]. Although hypother
mia is a promising treatment for stroke [66], it is not clear 
whether the beneficial effects seen in other models of 
ischemia with hypothermia are related to an increase in 
MR levels. However, in this situation, the MR appears to 
be functionally important, because MR blockade one hour 
before the induction of ischemia resulted in increased cell 
death [64]. This contrasts with previous studies showing 
that chronic MR blockade reduces cerebral infarct size. 
Important differences exist between these studies: in the 
Macleod studies spironolaCtone treatment was acute and 
ischemia was transient and global, whereaS in the studies 
by Dorrance et al. [11], ischemia was permanent and focal. 
These differences might account for the different results 
obtained and might be related to the differential effects of 
MR activation on the vasculature and the brain. 

Other in vitro studies support the hypothesis that MR 
activation protects cortical neurons. Aldosterone prevents 
glutamate-induced cell death in cultured neurons and this 
was inhibited by spironolactone, suggesting that the 
protection occurs via :MR. activation (Dorrance, A.M. and 
Cannady, W.E. The effect of aldosterone antagonism on the 
outcome of cerebral ischemia. Endocrine Societies 841h 

Annual Meeting, 2002 June 19-22, San Francisco, P2-
5001). These results suggest that administration of 
aldosterone at the onset of a stroke could be neuroprotec
tive. This raises an important issue. Systemically admi
nistered spironolactone crosses the BBB and has central 
effecta [67], why then is cerebral infarct size reduced by 
longterm administration of spironolactone (Figure 1)? 

The effects of aldosterone on MR activation and 
neuronal survival become even more tantalizing when 
one considers that aldosterone is synthesized within the 
brain [44,451. How neurosteroids affect neuronal function 
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has not been elucidated, and neither has the effect of 
ischemia on the expression of the enzymes responsible for 
aldosterone synthesis within the brain. Although care 
should be taken not to over interpret the results obtained 
from in vitro studies, it is possible to speculate that MR 
expression will be increased in the ischemic penumbra as 
part of a cell survival mechanism. 

Deleterious central actions of aldosterone 
It would be misleading to present all of the actions of 
aldosterOne or MR activation within the brain as 
beneficial. Activation of MR in the circumventricular 
organs causes a plethora of deleterious effects including 
increased sympathetic drive to the kidneys, heart and 
VSMC [45]. Similarly MR activation in the amygdala 
increases N a+ intake, thereby increasing blood pressure 
and end organ damage. It should be noted that 11~-HSDZ 
activity has not been identified in the circumventricular 
areas or the amygdala, yet the actions of the MR in these 
regions appear to be aldosterone specific [45]. 

Conclusion 
Here, we have presented evidence that aldosterone or MR 
activation could facilitate and inhibit the neuronal 
damage caused by stroke. Aldosterone has detrimental 
effects on the vasculature that reduce blood flow and 
therefore promote cerebral ischemia. Conversely, MR 
activation in the brain appears to inhibit cell death by 
increasing the expression of antiapoptotic genes. The 
therapeutic possibilities for MR antagonism or activation 
are intriguing and the battle between the potential 
protective and negative effects of receptor blockade 
promises to be an interesting one. 
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