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Abstract
Hypertension causes cerebral artery remodeling and increases the risk of stroke. Renin angiotensin system blockade during the

development of hypertension has therapeutic effects even after treatment withdrawal. Mineralocorticoid receptor (MR) activation

has been implicated in artery remodeling and impaired endothelial function. The possibility that there is a critical therapeutic

window for MR antagonism has not been investigated. We hypothesized that temporary MR antagonism while hypertension

develops would improve middle cerebral artery (MCA) structure and function in stroke-prone spontaneously hypertensive rats

(SHRSP), even after treatment withdrawal. Six-week-old SHRSP were treated with spironolactone (25 mg/kg/day) from 6 to 12

weeks and when aged to 18 weeks, these rats were compared to age-matched untreated SHRSP. Surprisingly, temporary

spironolactone treatment reduced the MCA outer and lumen diameter but had no effect on the wall thickness. Temporary spir-

onolactone treatment improved nitric oxide and endothelium-derived hyperpolarizing factor mediated dilation but had no effect on

blood pressure. Spironolactone treatment caused a very small reduction in the damage caused by permanent focal cerebral

ischemia. These results suggest that temporary MR antagonism during the development of hypertension has divergent effects on

the MCA, in that it causes a potentially detrimental reduction in the lumen diameter while improving vasodilation.
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Introduction

Hypertension increases the risk of stroke.1,2 Hypertension
also causes middle cerebral artery (MCA) remodeling,
which includes a reduction in the artery lumen diameter
and an increase in the wall thickness and wall-to-lumen
ratio in arteries from hypertensive rats compared to control
rats.3,4 The MCAs and other large cerebral arteries carry a
significant proportion of the cerebrovascular resistance.5

Thus, inward MCA remodeling can detrimentally effect
blood flow regulation and increase the risk of end-organ
damage including stroke.6

The mechanisms underlying hypertensive MCA
remodeling are not completely understood.4 Several studies
suggest that the renin-angiotensin-aldosterone system
(RAAS) is involved in the remodeling process.
Angiotensin receptor blockers (ARBs) prevent the inward
remodeling observed in spontaneously hypertensive rats
(SHR).7,8 Angiotensin converting enzyme inhibitors
(ACEIs) and ARBs improve artery function and the control
of cerebral blood flow in hypertensive rats.9–12 The third
active component of the RAAS, aldosterone, activates the
mineralocorticoid receptor (MR). MR activation has

significant detrimental effects on the cerebral vascula-
ture.13,14 A link between MR activation and stroke has
been established in rodents. MR antagonists (spironolactone
and eplerenone) prevent spontaneous hemorrhagic strokes
without lowering blood pressure in SHRSP fed a high-salt
diet.15 Compared to control SHRSP, spironolactone treated
SHRSP also have smaller cerebral infarcts after the induc-
tion of permanent cerebral ischemia.16 The converse is also
true; direct MR activation with deoxycorticosterone acetate
(DOCA) in Wistar rats causes an increase in the damage
resulting from cerebral ischemia.14 Increased aldosterone
levels have also been linked to an increased risk of stroke
in the population.17 Studies of patients with primary aldos-
teronism (PA) provided the first links between stroke and
aldosterone.18 Comparisons of PA patients and patients
with essential hypertension show that PA patients suffer
from more strokes, despite having lower blood pressure
than the patients with essential hypertension.19,20 Patients
with increased plasma aldosterone, caused by glucocorti-
coid-remediable hypertension, also have an increased risk
of stroke.21,22

We have shown that MR antagonism both prevents3 and
reverses23 MCA remodeling in SHRSP. While these studies
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suggest MR blockade is beneficial, it should be noted that
MR antagonists do have significant side effects. Both spir-
onolactone and eplerenone can cause significant hyperka-
lemia24 and spironolactone has anti-androgenic effects.25

Eplerenone does not have the same anti-androgenic effects
as spironolactone, but it is also not as efficacious and has a
shorter half-life.26 Therefore, identifying a positive effect of
temporary MR blockade could be therapeutically important
as it could reduce the side effect burden in patients.

The developmental phase of hypertension is a critical
therapeutic window, and drug intervention during this
time has long-lasting benefits.27–29 ARB treatment from 4
to 8 weeks of age prevents femoral artery remodeling and
reduces blood pressure in 12-week-old genetically hyper-
tensive mice.28 ACEI treatment from 2 to 6 weeks of age27

and from 4 to 30 weeks of age29 in SHR lowers blood pres-
sure, even after treatment withdrawal. The beneficial effects
of spironolactone treatment while hypertension develops in
the SHRSP are remarkable. Spironolactone treatment from 6
to 12 weeks of age completely prevents MCA remodeling
and reduces the damage caused by cerebral ischemia to
levels similar to that observed in normotensive rats.3,16

The 6–12-week treatment window includes the time when
blood pressure is increasing rapidly in the SHRSP,3,30 but is
should be noted that spironolactone does not lower blood
pressure in the SHRSP.3,23,31 Our goal was to test if the posi-
tive effects of MR blockade on the MCA were maintained
after treatment withdrawal. We hypothesized that tempor-
ary spironolactone treatment followed by withdrawal
would improve MCA structure, endothelium dependent
dilation, and the outcome of cerebral ischemia.

Materials and methods
Animals and treatments

Male SHRSP were obtained from the breeding colony
housed at Michigan State University. Six-week-old male
SHRSPs were treated with spironolactone (25 mg/kg/day)
in the food for six weeks, the treatment was then terminated
and the rats were aged to 18 weeks. This treatment will be
referred to as temporary spironolactone treatment. Age-
matched untreated SHRSPs were used as controls. The
dose of spironolactone used was based on our previous
studies3,23 and those of other people.31,32 The dose selected
is higher than that required to inhibit the actions of aldos-
terone in vivo.33 Rats were maintained in a temperature-
controlled environment on a 12:12 h light:dark cycle, with
tap water and regular chow ad libitum. The experimental
protocol was approved by the Institutional Animal Care
and Use Committee at Michigan State University and in
accordance with the American Physiological Society’s
‘‘Guiding Principles in the Care and Use of Animals.’’

Measurement of blood pressure

Blood pressure was measured by tail-cuff plethysmography
using a CODA 6 VPR rat tail-cuff blood pressure system
(Kent Scientific, Torrington, CT, USA) as described
previously.34

Analysis of MCA structure and serotonin mediated
contraction

MCA structure and contractile function was assessed as
described previously.3,23 At 18 weeks of age, rats were
anesthetized with isoflurane. Blood was collected by car-
diac puncture after thoracotomy, the rat was then decapi-
tated and the brain was removed. Body and tissue weights
were recorded. 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 mM:
141.9 NaCl, 4.7 KCl, 1.7 MgSO4, 0.5 EDTA, 2.8 CaCl2, 10.0
HEPES, 1.2 KH2PO4, and 5.0 glucose). Arteries were
mounted on two glass micropipettes and secured with
silk thread in a pressure myograph (Living Systems
Instrumentation, Burlington, VT, USA). A blind-sac, or
zero-flow, experiment was created by closing off the distal
pipette; arteries that did not hold pressure were discarded.
The vessel was then pressurized to 80 mmHg and the cham-
ber was placed atop an inverted microscope connected to a
camera and monitor. Vessels were bathed in warm PSS and
allowed to equilibrate for 40 min. Videomicroscopy and a
calibrated video dimension analyzer were used to obtain
vessel outer and lumen diameters and wall thickness in
micrometers. Superfusion of serotonin (5-HT, 10�9–
10�4 M) was used to determine MCA contractility. The per-
cent diameter change from baseline was calculated using
the following formula: % change from baseline ¼ [(vessel
diameter � spontaneous tone vessel diameter)/(passive
vessel diameter � spontaneous tone vessel diameter)]�100.
Myogenic tone generation was measured at the beginning
of the experiment. Tone was calculated using the following
formula: %tone¼ [1-(active lumen diameter/passive lumen
diameter)]�100.35 The passive diameter was measured
immediately after the MCA was placed in the cannula,
and the active diameter was measured after the develop-
ment of tone. Arteries that did not generate at least 20%
spontaneous tone were discarded. To assess passive struc-
ture, MCAs were placed in calcium-free PSS containing
2 mM EGTA plus 10�5 M sodium nitroprusside (SNP) and
a pressure-response curve was constructed by increasing
the intralumenal pressure from 3 to 180 mmHg, and there-
after pressure was raised in 20 mmHg increments. The wall-
to-lumen ratio, circumferential wall stress, and wall strain
were calculated.36 Passive distensibility was calculated as
described previously.37 The elastic modulus (b-coefficient)
was calculated from the stress/strain curves using an expo-
nential model (y¼ aebx) where b is the slope of the curve:
the higher the b-coefficient the stiffer the vessel.

MCA dilation

A separate group of rats were generated to assess endothe-
lium-dependent dilation as described previously.38 MCAs
were obtained as described above and were mounted on an
inflow and outflow pipette (Danish Myo Technology,
Aarhus, Denmark). The inflow pipette was attached to a
reservoir perfusion system that allowed the intralumenal
pressure to be set at 80 mmHg. The intralumenal flow rate
was adjusted to maintain shear-stress at a physiological
level of 20 dynes/cm2 using the formula t¼ 4ZQ/pr3,
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where t is shear-stress, Z is the viscosity of the PSS (0.7cp at
37�), Q is the flow through the lumen (mL/s), and r is the
internal radius of the vessel (cm). Experiments were rec-
orded, and the diameter was measured using DMT Vessel
Acquisition System 6.1 software (DMT, Aarhus, Denmark).
MCAs that did not develop at least 20% spontaneous tone
after being warmed and pressurized were discarded. Two
endothelium dependent dilators were added to the luminal
perfusate in a cumulative fashion, 2-methylthioadenosine
50-triphosphate (2-MeS-ATP, 10�10–10�5 M) was used
to assess nitric oxide (NO) mediated dilation, and uridine
50-triphosphate (UTP, 10�10–10�5 M) was used to assess the
combined effects of NO and endothelium-derived hyperpo-
larizing factor (EDHF) mediated dilation.39 Superfusion
of SNP (10�9–10�4 M) was used to assess endothelium-
independent dilation. Vessel maximum diameter was
determined with calcium-free PSS containing 2 mM EGTA
plus 10�5 M SNP in the superfusion bath.

MCA occlusion

Cerebral ischemia was induced using the intralumenal
suture occlusion model developed by Longa et al.40 Rats
were anesthetized with isoflurane and their body tempera-
ture was maintained at 37�C. A midline incision was made
on the scalp to expose the skull for measurement of pial
flow by scanning laser Doppler as described previously.41

A laser Doppler flow probe was attached to the skull for the
duration of the surgery to measure blood flow to the region
supplied by the MCA. The carotid artery was exposed
through a midline incision. The lingual and thyroid arteries
were cauterized, and the external carotid and pterygopala-
tine arteries were ligated. A 3-0 nylon monofilament with a
rounded end (Doccol, Redland, CA, USA) was inserted into
the common carotid artery and advanced through the inter-
nal carotid artery to occlude the MCA at its origin in the
circle of Willis. MCA occlusion was verified by a drop in
flow as measured by both scanning laser Doppler and the
Doppler flow probe. After 24 h, rats were anesthetized and
the brain was collected, sliced, and stained as described
previously.41 Digital images of brain slices were obtained
and the infarct size was expressed as a percentage of the
hemisphere infarcted using the flowing equation:
((VL�VC)/VC) � 100 where VL is the volume of the
infarcted hemisphere and VC is the volume of the control
hemisphere.42

Plasma analyses

Plasma ion concentrations were measured using a NOVA 5
analyzer (NOVA Biomedical, Waltham, MA, USA). Plasma
aldosterone was measured using a commercially available
ELISA kit (Cayman Chemical, Ann Arbor, MI, USA) follow-
ing the manufacturer’s instructions.

Statistical analysis

Data are shown as mean� SEM. Physiological parameters
and logEC50s were analyzed by Student’s t-test. Vessel
structure, myogenic reactivity, contractility, and dilation
were analyzed by two-way analysis of variance (ANOVA)

with a Bonferroni post-test. A P value of 0.05 or below was
considered significant.

Results
Physiological parameters

The results of the physiological parameters measured are
detailed in Table 1. Temporary spironolactone treated rats
had a small increase in body weight compared to control
SHRSP at 18 weeks of age. Temporary spironolactone treat-
ment did not alter plasma potassium and sodium concen-
trations or plasma aldosterone levels. Blood pressure,
measured by tail-cuff, was unaffected by temporary spir-
onolactone treatment. Resting mean pial artery blood flow
at 18 weeks was not altered by temporary spironolactone
treatment.

MCA tone and reactivity

Pressure myography was used to assess the effects of tem-
porary spironolactone treatment on the ability of the MCA
to generate tone and contract to 5-HT. Temporary spirono-
lactone treatment caused a small but insignificant (P¼ 0.1)
decrease in the MCA’s ability to generate spontaneous tone
(Table 2). Temporary spironolactone had no effect on the
5-HT induced contraction from baseline (data not shown,
ANOVA, P> 0.05). The sensitivity of the MCA to 5-HT was
also unchanged (log EC50: �8.11� 0.08 vs. �8.16� 0.10,
spironolactone vs. SHRSP).

MCA structure

MCA passive structure was assessed by pressure myogra-
phy under calcium free and zero flow conditions. The MCA
lumen and outer diameters were reduced in the temporary
spironolactone treated rats compared to control SHRSP
(Figure 1(a) and (b), respectively). MCA wall thickness
was unchanged by temporary spironolactone treatment
(Figure 1c). Artery and lumen cross-sectional areas
were decreased in temporary spironolactone treated rats
compared to control SHRSP; the data obtained at an
intralumenal pressure of 80 mmHg are presented in Table
2. The two-way ANOVA suggested significant differences
existed between the control and temporary spironolactone
treated groups for wall cross-sectional area, wall-to-lumen

Table 1 Physiological parameters in 18-week-old SHRSP after tempor-

ary spironolactone treatment from 6 to 12 weeks

SHRSP Spironolactone

Final body weight (g) 318� 3 337�6a

Plasma sodium (mM) 150.5� 3.34 151.1�2.60

Plasma potassium (mM) 5.6� 0.30 5.0�0.22

Plasma aldosterone (pg/ml) 183� 7 207�18

Blood pressure (mmHg) 206� 2 216�6

Pial artery blood flow (PU) 854� 27 889�29

Note: Values are mean�SEM, n¼ 5–8.
aSignificantly different from SHRSP (P<0.05).

SHRSP: stroke-prone spontaneously hypertensive rat; PU:¼perfusion units.
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ratio (Figure 1d), strain, stress (Figure 2a), and distensibility
(Figure 2b); however, the post hoc tests could not determine
the location of the differences. The b-coefficient, calculated
from the individual stress/strain curves, was used as a
measure of MCA stiffness; temporary spironolactone treat-
ment had no effect on this (Table 2).

MCA dilation

The dilatory capacity of the MCA was assessed by pressure
myography with intralumenal perfusion of dilators.
Temporary spironolactone treatment did not affect baseline
MCA diameter prior to beginning the intralumenal perfu-
sion of dilators (197.7� 8.7 vs. 199.1� 4.1mm, spironolac-
tone vs. SHRSP). Temporary spironolactone treatment
increased NO mediated MCA dilation in response to
2-MeS-ATP (Figures 3a). The sensitivity of the MCA to
2-MeS-ATP was unchanged as evidenced by the lack of a
difference in the EC50 (Figure 3b). Temporary spironolac-
tone treatment also increased EDHF mediated MCA dila-
tion to UTP (Figure 4a). The MCAs from temporary
spironolactone treated rats were also more sensitive to
UTP as evidenced by a reduction in the EC50 for UTP in
the MCAs from the spironolactone treated rats (Figure 4b).
Temporary spironolactone treatment did not alter the
arteries’ response to the NO donor SNP (Figure 5(a) and
(b), respectively).

Outcome of MCA occlusion

To assess the effects of the temporary spironolactone treat-
ment on the outcome of cerebral ischemia, we conducted
MCA occlusion studies using a 24-h permanent ischemia
model. Temporary spironolactone treatment caused a
small but significant reduction in the cerebral infarct
size (Figure 6a). Global pial artery flow was assessed by
scanning laser Doppler prior to and immediately after
the induction of ischemia and immediately prior

Figure 1 Temporary spironolactone (SPIR) treatment from 6 to 12 weeks in 18-week-old stroke-prone spontaneously hypertensive rats (SHRSP) altered middle

cerebral artery (MCA) passive structure, as evidenced by a reduction in the lumen diameter (a) and outer diameter (b). These changes occurred without a change in wall

thickness (c) or post-test difference in wall-to-lumen ratio (c). *P<0.05 in Bonferroni post-test, SPIR vs. SHRSP, and two-Way ANOVA. Values are mean�SEM. The

MCA was mounted in a pressure myograph and kept in oxygenated warm calcium-free PSS under no-flow conditions

Table 2 Passive vessel structure in 18-week-old SHRSP after temporary

Spironolactone treatment from 6 to 12 weeks

MCA

SHRSP (n¼9) Spironolactone (n¼ 10)

Lumen diameter (mm) 260� 7 225�9a

Outer diameter (mm) 312� 6 277�7a

Wall thickness (mm) 26� 1 26�2

Wall-to-lumen ratio 0.10� 0.007 0.12�0.010

Lumen CSA (mm2) 53,337� 2654 40,288�3041a

Vessel CSA (mm2) 76,793� 2839 60,543�2855a

Wall CSA (mm2) 23,456� 1217 20,255�964

Vessel strain 0.46� 0.03 0.39�0.04

Vessel stress 409� 31 364�35

b-coefficient 7.77� 1.3 7.79�0.5

Tone generation (%) 46.7� 3.7 37.6�3.8

Note: Values are mean�SEM taken at an intralumenal pressure of 80 mmHg.
aSignificantly different from SHRSP (P< 0.05).

MCA: middle cerebral artery; SHRSP: stroke-prone spontaneously hypertensive

rat; CSA: cross-sectional area.
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to euthanasia. The induction of cerebral ischemia caused a
marked reduction in blood flow to the ischemic hemi-
sphere. However, the magnitude of the reduction was
similar in both control and temporary spironolactone trea-
ted rats (Figure 6b).

Discussion

Previous studies suggest that interfering with the RAAS
during the development of hypertension has prolonged
beneficial effects after drug withdrawal.27–29 These studies

Figure 3 Temporary spironolactone (SPIR) treatment from 6 to 12 weeks in 18-week-old stroke-prone spontaneously hypertensive rats (SHRSP) improved NO

mediated endothelium-dependent dilation of the middle cerebral artery (MCA) to 2-MeS-ATP. Spironolactone treatment increased the change from baseline (a), with no

change in sensitivity (b) after intralumenal perfusion of 2-MeS-ATP. *P< 0.05 in Bonferroni post-test, SPIR vs. SHRSP, two-Way ANOVA, and Student’s t-test. Values

are non-linear curve fit of mean�SEM. The MCA was mounted in a pressure myograph and kept in oxygenated warm PSS under 80 mmHg of intralumenal pressure

and physiological flow

Figure 4 Temporary spironolactone (SPIR) treatment from 6 to 12 weeks in 18-week-old stroke-prone spontaneously hypertensive rats (SHRSP) improved EDHF

mediated endothelium-dependent dilation of the middle cerebral artery (MCA) to UTP. Spironolactone treatment increased the change from baseline (a) after

intralumenal perfusion of UTP, and increased the sensitivity of the MCA (b). *P< 0.05 in Bonferroni post-test, SPIR vs. SHRSP, two-Way ANOVA, and Student’s t-test.

Values are non-linear curve fit of mean�SEM. The MCA was mounted in a pressure myograph and kept in oxygenated warm PSS under 80 mmHg of intralumenal

pressure and physiological flow

Figure 2 Temporary spironolactone (SPIR) treatment from 6 to 12 weeks in 18-week-old stroke-prone spontaneously hypertensive rats (SHRSP) decreased middle

cerebral artery (MCA) stress (a) and distensibility (b), with no discernible difference in post hoc testing. *P< 0.05 in Bonferroni post-test, SPIR vs. SHRSP, and two-way

ANOVA. Values are mean�SEM. The MCA was mounted in a pressure myograph and kept in oxygenated warm calcium-free PSS under no-flow conditions
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have focused on the effects of ACEI and ARBs; the tempor-
ary effects of MR blockade have not been investigated. Our
hypothesis was that MR antagonism during the develop-
ment of hypertension would increase the MCA lumen
diameter, reduce the wall thickness, and improve the endo-
thelium dependent dilation even after drug withdrawal. We
found that temporary spironolactone treatment improved
endothelium-dependent dilation compared to control rats.
We did not observe the predicted improvement in MCA
structure with temporary spironolactone treatment.
Compared to control SHRSP, temporary spironolactone
treatment caused a reduction in the passive lumen and

outer diameter of the MCA. The improved dilation and
inward remodeling observed in the temporary spironolac-
tone treated rats may have opposing effects on the outcome
of cerebral ischemia. However, it appears that the potential
negative effects of inward artery remodeling in the tempor-
ary spironolactone-treated rats were counteracted by the
improved endothelium dependent dilation. The cerebral
infarcts produced after 24 h of ischemia were smaller in
the temporary spironolactone-treated rats compared to con-
trol SHRSP. It is important to note that the reduction in
infarct size observed was very small and is not likely to
be physiologically relevant.

Figure 6 Temporary spironolactone (SPIR) treatment from 6 to 12 weeks in 18-week-old stroke-prone spontaneously hypertensive rats (SHRSP) caused a small but

significant decrease in cerebral infarct size after permanent MCA occlusion (a), expressed as %hemisphere infarcted (%HI). Temporary spironolactone treatment had

no effect on pial blood flow, as measured by scanning laser Doppler and expressed as %contralateral hemisphere. *P<0.05 in Bonferroni post-test, SPIR vs. SHRSP,

two-way ANOVA, and Student’s t-test. Values are mean�SEM

Figure 5 Temporary spironolactone (SPIR) treatment from 6 to 12 weeks in 18-week-old stroke-prone spontaneously hypertensive rats (SHRSP) did not alter

endothelium-independent dilation of the middle cerebral artery (MCA) to the NO donor SNP, as evidenced by no change from baseline (a) or in sensitivity (b) after

superfusion of SNP. *P<0.05 in Bonferroni post-test, SPIR vs. SHRSP, two-way ANOVA, and Student’s t-test. Values are non-linear curve fit of mean�SEM. The MCA

was mounted in a pressure myograph and kept in oxygenated warm PSS under 80 mmHg of intralumenal pressure and physiological flow

Table 3 Comparison on the effects of spironolactone treatment on MCA structure using various treatment regimes

Treated 6–12 weeks

studied at 12 weeks

Treated 12–18 weeks

studied at 18 weeks

Treated 6–12 weeks

studied at 18 weeks

Lumen diameter Increased Increased Reduced

Outer diameter Increased Increased Reduced

Wall thickness Unchanged Unchanged Unchanged

Wall/lumen ratio Unchanged Reduced Trend towards an increase

Note: The results are shown as the effect of spironolactone treatment when compared to control SHRSP. Rats were treated from 6 to 12 weeks of age

and studied at 12 weeks,3 or treated from 12 to 18 weeks of age and studied at 18 weeks23 or lastly, treated from 6 to 12 weeks of age and studied at 18

weeks (temporary spironolactone treatment).
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The treatment regime used was in part based on the
studies from Harrap et al. which showed that treating
SHR with captopril from 6 to 10 weeks improves peripheral
resistance artery structure even after treatment with-
drawal.27 Our previous studies also guided the treatment
regime.3 As detailed in Table 3, we have shown that spir-
onolactone treatment prevents3 and reverses23 MCA
remodeling in SHRSP. This is evidenced by an increase in
the MCA lumen diameter and a reduction in the wall thick-
ness when MCAs were studied at the end of the treatment.
We elected to conduct the current study in 18-week-old rats
because we have shown that MCA remodeling in SHRSP is
stable at that time point.23

Temporary spironolactone treatment did not lower
blood pressure. This is in keeping with previous studies
where SHRSP were treated with spironolactone for six
weeks beginning at 6 or 12 weeks3,23 and with studies
from other groups using SHRSP.31,32 MR antagonists are
widely used in humans to treat heart failure,26 and they
are increasingly being used to treat resistant hyperten-
sion.43,44 We recognize that the absence of an effect of spir-
onolactone on blood pressure in the SHRSP is at odds with
the antihypertensive effects in humans, and this could be
a function of the polygenic nature of the hypertension
in SHRSP. It should be noted that patients who respond to
MR blockade are also taking other RAAS modifying
drugs.43–45 In this study, the SHRSP were only treated
with spironolactone so that only the effects of MR blockade
were investigated. One caveat to our study is that the blood
pressure was measured using tail-cuff. However, we
have reported that the tail-cuff method used here
provides results that are very similar to those obtained by
telemetry.3 The data presented does not rule out the
possibility that spironolactone affects the circadian variabil-
ity in blood pressure, or the blood pressure during
the awake cycle. However, in previous studies treating
rats from 6–123 and from 12–1823 weeks with spironolac-
tone, we did not observe difference in nighttime blood
pressure.

Our analysis of MCA structure showed that arteries from
the temporary spironolactone treated rats underwent an
inward remodeling process compared to the control
SHRSP. We have shown that MR antagonism with spirono-
lactone from 6 to 12 weeks in SHRSP prevents inward MCA
remodeling (Table 3). When the MCAs were studied at the
end of the 6–12-week spironolactone treatment, we
observed an increase in the lumen and outer diameter, with-
out a change in the wall thickness or wall-to-lumen ratio.3

We have replicated these findings with two other MR antag-
onists, the more specific drug eplerenone and canrenoic
acid, the active metabolite of spironolactone. Both drugs
caused an approximately 40 mm increase in the MCA
lumen diameter at an intralumenal pressure of 80 mmHg
when compared to control untreated SHRSP. Therefore, the
finding of a significant reduction in the MCA lumen diam-
eter in the temporary spironolactone-treated rats was sur-
prising. This finding suggests that compared to control
SHRSP, the MCAs in spironolactone-treated SHRSP went
from being outwardly remodeled to being inwardly remo-
deled after spironolactone withdrawal. The caveat to this

study is that we have no way of knowing in this particular
group of rats if the MCA was indeed outwardly remodeled
at 12 weeks of age, but the evidence described above sug-
gests it would be.

Hypertension increases the tangential stress on the MCA
wall,46 and the MCA remodels in an effort to maintain the
stress in a physiological range in the face of elevated intra-
lumenal pressure. The hypertensive remodeling process in
cerebral arteries includes an increase in the wall thickness
and wall-to-lumen ratio, and a reduction in the lumen
diameter.47,48 Failure of cerebral arteries to remodel in
response to hypertension has detrimental effects including
vasogenic edema and blood-brain barrier breakdown.49

Therefore, the inward remodeling of the MCA after spir-
onolactone withdrawal may be an adaptive response to
reduce wall stress. This appears to be the case as wall
stress was unchanged between the control and temporary
spironolactone-treated rats. We have shown that continu-
ous MR antagonism increases the MCA lumen diameter
and the tangential stress on the artery wall in SHRSP.23

While one would expect that this would have detrimental
effects on end organ damage, it appears not to be the case.
MR blockade in SHRSP from 6 to 12 weeks reduces the
damage caused by permanent focal cerebral ischemia
when compared to control untreated SHRSP16 and it
reduces the incidence of hemorrhagic stroke in SHRSP fed
a high salt-diet.31 Combined, these studies suggest that MR
antagonism holds artery remodeling at bay, but when the
drug is withdrawn the remodeling process is reactivated.
The potential clinical implications of these findings remain
to be elucidated but they may be of potential importance
for patients considering terminating MR antagonism
therapy. The mechanisms involved in the post-treatment
remodeling process remain to be investigated. MR activa-
tion has been implicated in collagen deposition,50 vascular
smooth muscle cell proliferation,51 and vascular
inflammation.52

A reduction in the artery lumen diameters without any
other compensatory effects will increase cerebrovascular
resistance and therefore reduce cerebral blood flow. Pial
artery flow was not different between the temporary spir-
onolactone treated rats and control rats. It is possible that
we did not observe a change in blood flow because another
mechanism in the artery was compensating for the reduc-
tion in the lumen diameter. The baseline lumen diameter
data obtained prior to the analysis of artery dilation suggest
that this may be the case. Despite the large difference in the
passive lumen diameter, the active lumen diameters were
similar suggesting that enhanced dilator pathways com-
pensate for the inward artery remodeling in the temporary
spironolactone treated rats.

We found a marked improvement in endothelium
dependent dilation in the rats that underwent temporary
spironolactone treatment compared to control SHRSP. To
the best of our knowledge, this is the first study to show
that MR antagonism improves the dilator capacity of cere-
bral arteries. Other studies have shown that MR antagon-
ism improves endothelial function in peripheral
arteries.53,54 Temporary spironolactone treatment increased
the efficacy of NO-mediated dilation, that was not due to a
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difference in sensitivity of the smooth muscle to NO, as
dilation with the NO donor SNP was not different. This
improvement in NO bioavailability could be due to
increased NO production or improved bioavailability. The
later seems likely; oxidative stress impairs endothelial func-
tion and NO bioavailability55,56 and increased MR activa-
tion has been linked to increased oxidative stress.57

Temporary spironolactone treatment also increased dilation
through EDHF-dependent mechanisms stimulated by UTP;
in this case, both the efficacy and sensitivity were increased.

The finding of an enhanced sensitivity of the MCA to
EDHF, but not NO, suggests that the two dilator pathways
may be regulated by different mechanisms. Other studies
suggest this may be the case. EDHF-mediated dilations are
enhanced following stroke and traumatic brain injury,
whereas dilations caused by NO are compromised.58,59

An improvement in EDHF-mediated dilation in the absence
of cerebral ischemia may translate to improved collateral
blood flow following injury.60 An improvement in EDHF-
mediated dilation in the absence of cerebral ischemia, as
shown here, may translate to improved collateral blood
flow following injury. MR antagonism has been shown to
decrease ischemic damage by MCAO,16 and one could
speculate that this is due in part to the improved EDHF-
mediated dilation from MR antagonism.

At present, we cannot tell if the enhanced EDHF or NO
mediated dilations compensate for the reduction in the
MCA lumen diameter when cerebral ischemia is induced.
The artery structure data would cause us to predict that the
cerebral infarct size would be increased in the SHRSP after
temporary spironolactone treatment. We saw a small reduc-
tion in the infarct size, but this may be an artifact of survival
bias. Six of the eight control SHRSP that underwent MCAO
survived to 24 h, whereas only four of the eight spironolac-
tone-treated rats survived. It is therefore possible that the
rats that died did have larger cerebral infarcts that caused
them to be unable to survive until the 24-h time period.

To the best of our knowledge, these are the first studies to
show a situation where the artery is inwardly remodeled
and dilation is improved. This suggests that in the MCA the
inward remodeling process is not intrinsically linked to
impaired artery dilation. These studies also suggest that
the MR regulated component of remodeling and endothe-
lial dysfunction in the cerebral arteries are not temporally
linked. The studies suggest that MR blockade as hyperten-
sion develops has the capacity to improve dilation, but not
the artery structure in the long term. The benefits of MR
antagonism, temporary or chronic, on blood flow regulation
are wide reaching and may improve the outcomes of stroke,
Alzheimer’s disease, dementia, and chronic cerebral hypo-
perfusion. This study adds weight to the idea that vessel
function also needs to be taken into account when deter-
mining one’s risk of cardiovascular disease.

Author Contributions: Both authors participated in the
design, interpretation, and analysis of the data. JLM per-
formed the experiments, wrote the draft manuscript, and
reviewed the final manuscript. AMD edited the draft
manuscript.

ACKNOWLEDGEMENTS

This work was supported by a grant from the American Heart
Association (0840122N:AMD).

REFERENCES

1. Rosamond W, Flegal K, Furie K, Go A, Greenlund K, Haase N,

Hailpern SM, Ho M, Howard V, Kissela B, Kittner S, Lloyd-Jones D,

McDermott M, Meigs J, Moy C, Nichol G, O’Donnell C, Roger V,

Sorlie P, Steinberger J, Thom T, Wilson M, Hong Y. Heart disease and

stroke statistics – 2008 update: a report from the American Heart

Association Statistics Committee and Stroke Statistics Subcommittee.

Circulation 2008;117:e25–146

2. Alberts MJ, Ovbiagele B. Current strategies for ischemic stroke pre-

vention: role of multimodal combination therapies. J Neurol

2007;254:1414–26

3. Rigsby CS, Pollock DM, Dorrance AM. Spironolactone improves

structure and increases tone in the cerebral vasculature of male spon-

taneously hypertensive stroke-prone rats. Microvasc Res 2007;73:198–205

4. Pires PW, Dams Ramos CM, Matin N, Dorrance AM. The effects of

hypertension on the cerebral circulation. Am J Physiol Heart Circ Physiol

2013;304:H1598–614

5. Faraci FM, Heistad DD. Regulation of large cerebral arteries and cere-

bral microvascular pressure. Circ Res 1990;66:8–17.

6. Intengan HD, Schiffrin EL. Vascular remodeling in hypertension: roles

of apoptosis, inflammation, and fibrosis. Hypertension 2001;38:581–7

7. Kumai Y, Ooboshi H, Ago T, Ishikawa E, Takada J, Kamouchi M,

Kitazono T, Ibayashi S, Iida M. Protective effects of angiotensin II type 1

receptor blocker on cerebral circulation independent of blood pressure.

Exp Neurol 2008;210:441–8

8. Yamakawa H, Jezova M, Ando H, Saavedra JM. Normalization of

endothelial and inducible nitric oxide synthase expression in brain

microvessels of spontaneously hypertensive rats by angiotensin II AT1

receptor inhibition. J Cereb Blood Flow Metab 2003;23:371–80

9. Barry DI, Paulson OB, Jarden JO, Juhler M, Graham DI, Strandgaard S.

Effects of captopril on cerebral blood flow in normotensive and

hypertensive rats. Am J Med 1984;76:79–85

10. Dupuis F, Atkinson J, Liminana P, Chillon JM. Comparative effects of

the angiotensin II receptor blocker, telmisartan, and the angiotensin-

converting enzyme inhibitor, ramipril, on cerebrovascular structure in

spontaneously hypertensive rats. J Hypertens 2005;23:1061–6

11. Dupuis F, Atkinson J, Liminana P, Chillon JM. Captopril improves

cerebrovascular structure and function in old hypertensive rats. Br J

Pharmacol 2005;144:349–56

12. Dupuis F, Vincent JM, Liminana P, Chillon JM, Capdeville-Atkinson C,

Atkinson J. Effects of suboptimal doses of the AT1 receptor blocker,

telmisartan, with the angiotensin-converting enzyme inhibitor, rami-

pril, on cerebral arterioles in spontaneously hypertensive rat.

J Hypertens 2010;28:1566–73

13. Osmond JM, Dorrance AM. 11beta-hydroxysteroid dehydrogenase type

II inhibition causes cerebrovascular remodeling and increases infarct

size after cerebral ischemia. Endocrinology 2009;150:713–9

14. Dorrance AM, Rupp NC, Nogueira EF. Mineralocorticoid receptor

activation causes cerebral vessel remodeling and exacerbates the

damage caused by cerebral ischemia. Hypertension 2006;47:590–5

15. Rocha R, Stier CT Jr. Pathophysiological effects of aldosterone in car-

diovascular tissues. Trends Endocrinol Metab 2001;12:308–14

16. Dorrance AM, Osborn HL, Grekin R, Webb RC. Spironolactone reduces

cerebral infarct size and EGF-receptor mRNA in stroke-prone rats. Am J

Physiol Regul Integr Comp Physiol 2001;281:R944–50

17. Tomaschitz A, Pilz S, Ritz E, Meinitzer A, Boehm BO, Marz W. Plasma

aldosterone levels are associated with increased cardiovascular mor-

tality: the Ludwigshafen Risk and Cardiovascular Health (LURIC)

study. Eur Heart J 2010;31:1237–47

18. Conn JW, Knopf RF, Nesbit RM. Clinical characteristics of primary

aldosteronism from an analysis of 145 cases. Am J Surg 1964;107:159–72

626 Experimental Biology and Medicine Volume 239 May 2014
. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . .. . . . . . . . . . . . . . .



19. Takeda R, Matsubara T, Miyamori I, Hatakeyama H, Morise T. Vascular

complications in patients with aldosterone producing adenoma in

Japan: comparative study with essential hypertension. The Research

Committee of Disorders of Adrenal Hormones in Japan. J Endocrinol
Invest 1995;18:370–3

20. Milliez P, Girerd X, Plouin PF, Blacher J, Safar ME, Mourad JJ. Evidence

for an increased rate of cardiovascular events in patients with primary

aldosteronism. J Am Coll Cardiol 2005;45:1243–8

21. Litchfield WR, Anderson BF, Weiss RJ, Lifton RP, Dluhy RG. Intracranial

aneurysm and hemorrhagic stroke in glucocorticoid-remediable aldos-

teronism. Hypertension 1998;31:445–50

22. McMahon GT, Dluhy RG. Glucocorticoid-remediable aldosteronism.

Cardiol Rev 2004;12:44–8

23. Rigsby CS, Ergul A, Portik Dobos V, Pollock DM, Dorrance AM. Effects

of spironolactone on cerebral vessel structure in rats with sustained

hypertension. Am J Hypertens 2011;24:708–15

24. Roscioni SS, de Zeeuw D, Bakker SJ, Lambers Heerspink HJ.

Management of hyperkalaemia consequent to mineralocorticoid-

receptor antagonist therapy. Nat Rev Nephrol 2012;8:691–9

25. Broulik PD, Starka L. Antiandrogenic and antirenotropic effect of spir-

onolactone. Endokrinologie 1976;68:35–9

26. Funder JW. Mineralocorticoid receptor antagonists: emerging roles in

cardiovascular medicine. Integr Blood Press Control 2013;6:129–38

27. Harrap SB, Van der Merwe WM, Griffin SA, Macpherson F, Lever AF.

Brief angiotensin converting enzyme inhibitor treatment in young

spontaneously hypertensive rats reduces blood pressure long-term.

Hypertension 1990;16:603–14

28. Inaba S, Iwai M, Furuno M, Kanno H, Senba I, Okayama H, Mogi M,

Higaki J, Horiuchi M. Temporary treatment with AT1 receptor blocker,

valsartan, from early stage of hypertension prevented vascular

remodeling. Am J Hypertens 2011;24:550–6

29. Kost CK Jr, Li P, Jackson EK. Blood pressure after captopril with-

drawal from spontaneously hypertensive rats. Hypertension
1995;25:82–7

30. Davidson AO, Schork N, Jaques BC, Kelman AW, Sutcliffe RG, Reid JL,

Dominiczak AF. Blood pressure in genetically hypertensive rats.

Influence of the Y chromosome. Hypertension 1995;26:452–9

31. Rocha R, Chander PN, Khanna K, Zuckerman A, Stier CT Jr.

Mineralocorticoid blockade reduces vascular injury in stroke-prone

hypertensive rats. Hypertension 1998;31:451–8

32. Rocha R, Chander PN, Zuckerman A, Stier CT Jr. Role of aldosterone in

renal vascular injury in stroke-prone hypertensive rats. Hypertension
1999;33:232–7

33. de Gasparo M, Joss U, Ramjoue HP, Whitebread SE, Haenni H,

Schenkel L, Kraehenbuehl C, Biollaz M, Grob J, Schmidlin J, Wieland P,

Wehrli HU. Three new epoxy-spirolactone derivatives: characterization

in vivo and in vitro. J Pharmacol Exp Ther 1987;240:650–6

34. Pires PW, Deutsch C, McClain JL, Rogers CT, Dorrance AM. Tempol, a

superoxide dismutase mimetic, prevents cerebral vessel remodeling in

hypertensive rats. Microvasc Res 2010;80:445–52

35. Cipolla MJ, Lessov N, Hammer ES, Curry AB. Threshold duration of

ischemia for myogenic tone in middle cerebral arteries: effect on vas-

cular smooth muscle actin. Stroke 2001;32:1658–64

36. Baumbach GL, Hajdu MA. Mechanics and composition of cerebral

arterioles in renal and spontaneously hypertensive rats. Hypertension
1993;21:816–26

37. Chan SL, Chapman AC, Sweet JG, Gokina NI, Cipolla MJ. Effect of

PPARgamma inhibition during pregnancy on posterior cerebral artery

function and structure. Front Physiol 2010;1:130.

38. Pires PW, Girgla SS, McClain JL, Kaminski NE, van Rooijen N,

Dorrance AM. Improvement in middle cerebral artery structure and

endothelial function in stroke-prone spontaneously hypertensive rats

after macrophage depletion. Microcirculation 2013;20:650–61

39. Marrelli SP, Khorovets A, Johnson TD, Childres WF, Bryan RM Jr. P2

purinoceptor-mediated dilations in the rat middle cerebral artery after

ischemia-reperfusion. Am J Physiol 1999;276:H33–41

40. Longa EZ, Weinstein PR, Carlson S, Cummins R. Reversible middle

cerebral artery occlusion without craniectomy in rats. Stroke
1989;20:84–91

41. Pires PW, Rogers CT, McClain JL, Garver HS, Fink GD, Dorrance AM.

Doxycycline, a matrix metalloprotease inhibitor, reduces vascular

remodeling and damage after cerebral ischemia in stroke-prone spon-

taneously hypertensive rats. Am J Physiol Heart Circ Physiol
2011;301:H87–97

42. Swanson RA, Morton MT, Tsao-Wu G, Savalos RA, Davidson C,

Sharp FR. A semiautomated method for measuring brain infarct

volume. J Cereb Blood Flow Metab 1990;10:290–3

43. Clark D, 3rd, Ahmed MI, Calhoun DA. Resistant hypertension and

aldosterone: an update. Can J Cardiol 2012;28:318–25

44. Acelajado MC, Calhoun DA. Aldosteronism and resistant hypertension.

Int J Hypertens 2011;2011:837817.

45. Jansen PM, Frenkel WJ, van den Born BJ, de Bruijne EL, Deinum J,

Kerstens MN, Arnoldus JH, Woittiez AJ, Wijbenga JA, Zietse R,

Danser AH, van den Meiracker AH. Determinants of blood pressure

reduction by eplerenone in uncontrolled hypertension. J Hypertens
2013;31:404–13

46. Hayashi K, Naiki T. Adaptation and remodeling of vascular wall; bio-

mechanical response to hypertension. J Mech Behav Biomed Mater
2009;2:3–19.

47. Heagerty AM, Aalkjaer C, Bund SJ, Korsgaard N, Mulvany MJ. Small

artery structure in hypertension. Dual processes of remodeling and growth.
Hypertension 1993;21:391–7

48. Mulvany MJ. Small artery remodeling and significance in the devel-

opment of hypertension. News Physiol Sci 2002;17:105–9

49. Iadecola C, Davisson RL. Hypertension and cerebrovascular dysfunc-

tion. Cell Metab 2008;7:476–84

50. Nehme JA, Lacolley P, Labat C, Challande P, Robidel E, Perret C,

Leenhardt A, Safar ME, Delcayre C, Milliez P. Spironolactone improves

carotid artery fibrosis and distensibility in rat post-ischaemic heart

failure. J Mol Cell Cardiol 2005;39:511–9

51. Ishizawa K, Izawa Y, Ito H, Miki C, Miyata K, Fujita Y, Kanematsu Y,

Tsuchiya K, Tamaki T, Nishiyama A, Yoshizumi M. Aldosterone

stimulates vascular smooth muscle cell proliferation via big mitogen-

activated protein kinase 1 activation. Hypertension 2005;46:1046–52

52. Rickard AJ, Young MJ. Corticosteroid receptors, macrophages and

cardiovascular disease. J Mol Endocrinol 2009;42:449–59

53. Hao L, Kanno Y, Fukushima R, Watanabe Y, Ishida Y, Suzuki H. Effects

of eplerenone on heart and kidney in two-kidney, one-clip rats. Am J
Nephrol 2004;24:54–60

54. Kobayashi N, Hara K, Tojo A, Onozato ML, Honda T, Yoshida K, Mita S,

Nakano S, Tsubokou Y, Matsuoka H. Eplerenone shows renoprotective

effect by reducing LOX-1-mediated adhesion molecule, PKCepsilon-

MAPK-p90RSK, and Rho-kinase pathway. Hypertension 2005;45:538–44

55. Ungvari Z, Csiszar A, Huang A, Kaminski PM, Wolin MS, Koller A.

High pressure induces superoxide production in isolated arteries via

protein kinase C-dependent activation of NAD(P)H oxidase. Circulation
2003;108:1253–8

56. Touyz RM. Reactive oxygen species and angiotensin II signaling in

vascular cells – implications in cardiovascular disease. Braz J Med Biol
Res 2004;37:1263–73

57. Hirono Y, Yoshimoto T, Suzuki N, Sugiyama T, Sakurada M, Takai S,

Kobayashi N, Shichiri M, Hirata Y. Angiotensin II receptor type 1-

mediated vascular oxidative stress and proinflammatory gene expres-

sion in aldosterone-induced hypertension: the possible role of local

renin-angiotensin system. Endocrinology 2007;148:1688–96

58. Golding EM, You J, Robertson CS, Bryan RM Jr. Potentiated endothe-

lium-derived hyperpolarizing factor-mediated dilations in cerebral

arteries following mild head injury. J Neurotrauma 2001;18:691–7

59. Marrelli SP. Altered endothelial Ca2þ regulation after ischemia/reper-

fusion produces potentiated endothelium-derived hyperpolarizing

factor-mediated dilations. Stroke 2002;33:2285–91

60. Bryan RM Jr., You J, Golding EM, Marrelli SP. Endothelium-derived

hyperpolarizing factor: a cousin to nitric oxide and prostacyclin.

Anesthesiology 2005;102:1261–77

(Received July 10, 2013, Accepted December 24, 2013)

McClain and Dorrance Mineralocorticoid antagonism in cerebral arteries 627
. . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . .. . . . . . . . . . . . . .


