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I. INTRODUCTION .

STATEMENT OF THE PROBLEM
Stroke is the third leading cause of death in the United States and the leading
cause of disability among adults. 1 According to the American Heart Association Heart
Disease and Stroke 2008 Update, 1 there is, on average, 1 stroke every 40 seconds in the .
United States, and every 3-4 minutes someone dies of a stroke. Furthermore, stroke is a
major financial burden on the healthcare system, and its prevalence will only continue to
increase as the prevalence of its risk factors continues to increase. These risk factors
include but are not limited to hypertension, atherosclerosis, diabetes, snioking, and
·obesity.
Currently, therapy for ischemic stroke is very limited. The only approach for
.

.

· acute treatment of ischemic stroke approved by the Food and Drug. Administration is clot
lysis wjth tissue plasminogen activator (tPA),_based on findings from the National
Institute of Neurological Disorders and Stroke recombinant tP A Stroke Study Group
demonstrating improvement in clinical outcome with tP A therapy compared to placebocontrol patients. 2 'Patients ~eceiving tPA therapy ~howed improvements in neurological
outcome 3 months a~er stroke co_mpared to patients receiving placebo. However, the
window of treatment fottPA is very small and only a small percentage (<10%)_of eligible

1

2
patients receive therapy. Although efforts to develop safe and effective treatment
options for stroke patients continue, a gap remains between promising findings from the
bench and positive results in clinical trials. · In light of this, it is especially important that
research is also focused on gaining bettet understanding ·of mechanisms that lead to
increased stroke occurrence and increased stroke damage in order to make progress in .
diminishing the occurrence of stroke .

. Therefore, the
overall objective of the studies described
herein was to better
.
.
understand the pathology of stroke in two different models of endocrine abnormality
that are associated with stroke-·aberrant mineralocorticoid receptor (MR) activation
and obesity.

GENERAL INTRODUCTION
Stroke. According .to recent statistics, 1 87% of strokes are ischemic in nature,
.

. with the remaining 13 %classified· as intracerebral hemorrhage or sub arachnoid
hemorrhage, 10% and 3%, respectively. Although the majority of strokes are ischemic, it ·
should be noted that hemorrhagic strokes are more fatal, with more than o~e-third of
sufferers dying Within 30 days. 3 A transient ischemic attack (TIA}, or mini-stroke; is
defined as, "rapidly developed clinical signs of focal or global disturbance of cerebral
function lasting fewer than 24 hours, with no apparent non-vascular cause. "4

'

Approximately 15% of strokes are preceded by a TIA. This percentage may actually be
higher as in.any people do not realize they have. experienced a TIA. Stroke risk is _
particularly high in the days immediately following TIA, 5 however, many TIAs go ·

3

undiagnosed, leaving patients unaware of their increased stroke risk. The cause of an
ischemic stroke can generally be classified as large artery atherothrombosis, artery-toartery embolism, small artery occlusion, or cardioembolism, with remaining cases
classified as rare or unknown causes.
The attempts to prevent the· occurrence

of stroke have centered largely on

controlling the modifiable risk factors for stroke. ·General goals include attempts to
protect or restore vascular integrity, whic~ is often diminished by stroke risk factors such
as hypertension and atherosclerosis. This may be achieved by lifestyle modification or
pharmacological intervention, in an attempt to preserve normal endothelial function arid
vascular reactivity, prevent thrombosis, and limit inflammation. For example, a metaanalysis of randomized clinical trials employing cholesterol-lowering agents revealed a
16% reduction in the occurrence of stroke in patients receiving thefapy compared to those
. without therapy. 6
.

.

.

There are multiple stages of an ischemic stroke, and with each stage comes
potential targets for injury .reduction. Each stage is discussed in detail in a review .by .
Fagan et al. 7 focusing on vascular protective approaches. In the first hours after onset of
ischemic stroke, known as the acute phase,. changes in hemodynamic and metabolic
signals lead to diminished inyogenic tone and disruption of the blood brain barrier.
Directly following reperfusion, superoxide generation escalates, causing further damage
.

.

.

.

and making superoxide a potential therapeutic target. Additionally, .plasma endothelin-1.
concentrations are increased in humans following acute ischemic stroke. 8 Studies have
investigated the protective effects of endothelin receptor antagonism in rodent models of.
ischemic stroke and have found promising results. 9 In the· subacute and chronic phases of

4
stroke, activation of genes involved in inflammation, angiogenesis, endothelial function,
apoptosis, and vessel integrity becomes especially important. The balance of these
pathways greatly determines the extent of injury caused by the ischemic insult. For
example, vessel integrity is under the influence of both vascular endothelial growth factor
to promote angiogenesis and matrix metalloproteinase (MMP) degra~ation_ of basal
lamina. The concentration and activity of MMP-9, which increases after onset of stroke,
directly correlates with infarct size and stroke outcome as defined by the National
Institutes of Health Stroke Score. 10

Experimental Models of Stroke. There are several experimental models of
ischemic stroke; many of these are describ~d in a recent review by Carmichael.

11

The

utility of ani111al models of stroke involves the fact that investigators are able to intervene
prior to induction of a stroke or to manipulate various factors in the face of a stroke in
order to identify new targets for stroke prevention or therapy. Although these controlled
conditions are not present in clinical settings, they have allowed for a better
understanding of potential therapeutic- approaches. The most widely employed model of
ischemic stroke is the suture-based middle cerebral artery (MCA) occlusion (MCAO)
technique developed by Longa and colleagues. 12 It has been used extensively in rats and
. in more recent years in mice. MCAO involves- use of a filament to occlude the MCA at
its origin and is a model of large artery occlusion in humans; benefits include its
reproducibility and ability for high-throughput experimentation. However, it produces
much larger infarcts than what are usually observed in humans. 11
Other models of stroke include embolic MCAO and phototbrombosis .. Embolic
MCAO can be achieved by injection of microspheres or macrospheres or by thrombotic-

5
·clot embolization. Micro- and macrospheres can be inJected into rodents, and these
spheres lodge into vessels to produce localized infarctions. Thromboembolic_ clots can be
placed in the MCA to model a clot-induced stroke in humans. This technique allows for
the use of tPA treatment to mimic clot lysis in humans. An ischemic stroke can· also.be
induced by photothrombosis. In this technique, a photosensitive dye is injected into the
animal and then irradiated in a particular location to produce focal damage.

Hypertension. Hypertension is another major health concern in the United States
and Worldwide. As a major player in cardiovascular and kidney dis_eases, it contributes
significantly to-morbidity and mortality, and there is a direct relationship between blood
pressure and cardiovascular disease. A recent meta-analysis by Kearney and colleagues

13

highlighted the global impact of hypertension. They reported that more than 26% of_the
world's adult population was hypertensive_in 2000 based on the currently accepted
definition of systolic pressure greater than 140 rmnHg, diastolic pr~ssure greater than 90
mm.Hg, or use of antihypertensive therapy. Furthermore,. they predicted a worldwide
.
.

prevalence of hypertension greater than 29% by 202_5. According to the American Heart

z

· Association, about 1% _ofpeople with high blood pressure are unaware that they have it.
Perhaps even more alarming, of individuals who know they have high blood pressure, an
estimated 54.6% do not have it under control. It is well establishedthat aritihypertensive treatment rediices overall morbidity
and .mortality. 14-18 There are multiple options for blood pressur~-lowering medications.
More classical approaches include the use of diuretics arid ~-blockers. Recently,
angiotensin converting enzyme (ACE) inhibitors;. calcium channel antagonists, and
. angiotensin receptor blockers (ARB) have become more mainstream therapy. There have

6
been· large clinical trials comparing different antihypertensive treatments based on ability .
19 21
to lower blood pressure but also assessing other positive effects. - At this point, it
remains uncertain whether there is a superior choice for antihypertensive therapy based
strictly on ability to lower pressure, but there appear to be additional blood pressureindependent effects of particular therapies on cardiovascular outcomes. For example, in
the Morbidity and mortality after Stroke, Eprosartan compared with nitrendipine for
Secondary prevention (MOSES) study, blood pressure was lowered equally by the ARB
eprosartan and the calcium channel blocker nitrendipine, but the eprosart_an was more
effective in preventing a cerebrovascular event. 21
_Recent years have brought an additional blood pressure classificationprehypertension.14 This term is used for individuals with blood pressure in the range of

130/80 to 139/89 mri1Hg. Prehyperten_sion is conside_red a precursor to hypertension, and
left untreated, _it inevitably worsens. The addition of this classification highlights the
growing_burden of hypertension and the importance of early intervention, as lifestyle
modification is .strongly recommended for patients in the prehypertensive category. 22 •

23

Diet modification and exercise are often sufficient to prevent the progression of
prehypertension to hypertension.

Hypertension as a risk factor for stroke. Hypertension is considered the greatest
modifiable risk factor for stroke. 1 There is a direct and ~ontinuous relationship between
.

.

bloo~ pressure and stroke.. Importantly, this relatio~ship is not limited to hypertensive
individuals; beginning at the normotensive systolic blood pressure of 115 mmHg, each _
mmHg increase in blood pressure is associated with increased stroke risk. 24 Animal
studies have also clearly defined a relationship between blood pressure and stroke.

·7

However,· these studies have been conducted in models of severe hypertension,_ such as
the spontaneously hypertensive rat (SHR) and the stroke-prone SHR (SHRSP).

25 27
-

In recent years, several clinical trials have demonstrated the beneficial effects of
blood pressure control in the risk or occurrence of stroke. In patients with no history of
cerebrovascular disease, treatment of hypertension results in decreased stroke. risk.

28 30
-

· These beneficial effects are not limited to new cases of stroke·but also include protection
against recurrent stroke. The Perinodopril pROtection aGainst REcurrent Stroke·S~dy
(PROGRESS) demon~trated that blood pressure lowering in both normotensive and
hyperten~ive patients with a history of stroke or TIA conferred protection against
recurrent stroke. 19 In individuals that have already had an· ischemic or hemorrhagic
stroke, there is an association between hypertension and risk of recurrent stroke,3

1 33
-

_highlighting the importance of blood pressure control in patients with a history of stroke.

Hypertension during Acute Stroke. The benefits of controlling blood pressure in
stroke-free individuals as well as those who have had a stroke are clearly established as
described above. Less clear are the guidelines for controlling blood pressure in the initial
stages of stroke. About 75% of patients with ischemic stroke present with elevated blood
press:ure that spontaneously declines with_time. 34 Of this 75%," about 50% have a-history
of hypertension. There is controversy over whether the increased blood pressure during .
stroke should be treated. Some studies have _suggested an association between high_
pres.sure .and worse stroke outcome. 35 • -36 When data from the International Stroke Tria137
were reevaluated based. on admission blood pressure and outcome, a U-shaped . ·
relationship was discovere~. 38 More specifically, during the· acut_e phase of stroke there
was an optimum blood pressure range of 140-179 I?J111Hg for improved outcome; with

8
pressures on either end of the range resulting in poorer stroke outcome~ as measured by
dependency or death. Studies in humans have indicated that cerebral blood flow is
increased in areas of hypoperfusion when systemic blood pressure is elevated.

39 40
'

This ·

is likely possible beQause of a loss in autoregulatory ability during ischernia.
Animal studies have shed light on blood pressure control during stroke. Smrcka

et al. 41 u~ed a phenylephrine (PE) infusion to increase blood pressure by approximately
65 mmHg in rabbits after induction of cerebral ischerriia. The increased pressure led to
an increase in regional cerebral blood flow. Importantly, rabbits treated with PE to
increase. pressure had a smaller injury after stroke. In a more recent study, the effects of
administering antihypertensive agents at the time ofreperfusiori were tested. 42 Rats were
subjected to cerebral ischemia by MCAO for 3 hours. Blood pressure was elevated in all
rats in response to ischemia, much like what is observed in many humans. Experimental
groups receiving either enalapril or hydralazine .at the time of reperfusion demonstrated.
decreased pressure during reperfusion and improved stroke injury compared to salineinjected rats .. Whereas the study involving PE infusion in rabbits suggests a benefit of
elevated pressure during stroke to increase blood flow, the se~ond study indicates that
there may be benefit to lowering pressure after .reperfusion. Taken together, these studies
suggest that the time course of blood pressure changes during stroke may be one of the
crucial factors in the controversy over treating increased blood pressure during acute
ischemic stroke.
In the face of brain injury, a blood-pressure response has been observed .. The.
manifestations of this response, which came to.be known as the Cushing's response when
Harvey Cushing provided one of its first ·descriptions, have been characterized, but the. ,

9
mechanisms are not clear. Cushing initially described the response as increased systemic
blood pressure and bradycardia in cases of increased intracranial pressure, but it was later
proposed that it was actually a response to brainstem ischemia due to physical distortion
of the brainstem.. 43 The mechanism. of the Cushing's response appears to involve
increased sympathetic activity, likely triggered by the release of catecholamines in
response to ischem.ia, but the details of this response remain unclear.

Cerebral Circulation. Maintenance of cerebral blood flow is essential for proper
function of the brain. There are features of the cerebral circulation that contribute to this
important regulation of blood flow in the brain. Autoregulation, or maintenance of
relatively constant blood flow in the face of changing blood pressure~ is one of these .
mechanisms. Autoregulation of cerebral blood flow can be· achieved by the myogenic
response, which is the response to changes in stretch in vascular smooth muscle cells in
the cerebral blood vessels. Additionally, metabolic factors contribute to the
autoregulatory response·. With the brain encased in a. skull, thete is little room for
.

.

.

.

exp~sion; an increase in intracranial pressure could be detrimental. Autoregulation
maintains stable blood flow to prevent increased intracranial pr~ssure.
The brain's glycogen stores are negligible; therefore, it relies on a continuous
supply of glucose and oxygen delivered via the. circulation. A disruption in the glucose
and oxygen supply for even a few minutes can have detrimental effects on neurons,
leading to a loss of function and eventually death.· It is when cerebral blood flow drops ·
below levels necessary to maintain normal cell metabolism and ionic gradients that ·
jschemfo injury results. The outcome of cerebral ischemia and {he damag·e that occurs is
-dependent on the ability·of the cerebral vasculatirre to adequately perfuse the tissue and

10

restore blood flow. The ability of the cerebral circulation to increase perfusion is ·
dependent on vasodilatory mechanisms and collateralization. These mechanisms are
discussed in more detail below.

Cerebral Circulation and Hypertension. A comm.on finding in hypertensive
populations is changes in the mechanical and architectural properties of the cerebral
vasculature. Seminal findings regarding the· effects of hypertension on the
44

cerebrovasculature were published in the early 1990s. Heisted and colleagues outlined
the following 3 major mechanisms that limit cerebral vasodilation during hypertension:
vascular remodeling, impaired endothelium-dependent vasodilation, and decreased·
collateral flow. Vascular remodeling observed during hypertension involv·es an
encroachment on the lumen ·of the blood vessel; 45 additionally there may be alterations in
vessel wall thickness, stiffness, and/or composition. As originally described by Jean
Louis Marie Poiseuille in 1840, blood flow is directly related to lumen diameter;
therefore, flow is ~mpaired when lumen diameter is decreased. These_ changes. impair the
· ability of the vessel to_respond·appropriately to ischemic conditions and increase the
cerebral damage due to ischemia.
Dilation of cerebral blood vessels is under the control of several mechanisms;·
many ofthesemechanisms have been reviewed in detail by Faraci and·Heistad. 46 -Two of
the key players are nitric oxide (NO) and potassium channels. Other mechanisms include
47 48
·

·. prostacyclin

and calcitoningene-related peptide. 49 • 50 NO

is a potent vasodilatodn

the cerebral.circulation, 51 and hypertension diminishes endothelium-dependent NO
· signaling ih multiple vascular beds, including the cerebral circulat~on. 52 There are ·
multiple types of potassium channels in the cerebral circulation, 53• 54 and evidence

11
suggests that altered channel activity is one mechanism of impaired vasodilation in
hypertension. For example, in the SHRSP model of chronic hypertension, dilation. to the
.

ATP-sensitive potassium channel agonist aprikalim is reduced compared to normotensive
controls. 55
Under normal, non-ischemic conditions, there is very little blood flow through
collateral vessels. However, ischemia triggers dilation of collateral vessels to increase
perfusion in the region of obstructed blood flow. Reduced collateral blood flow during
ischemia may be due to differences in the number of collateral vessels or impaired ability
of collateral vessels to dilate, either due to physical restraints because of remodeling or ·
diminished vasodilatory ·ability. For example, there is no difference in the number of
collateral vessels be.tween SHRSP and normotensive counterparts, the Wistar Kyoto
(WKY). 56 However, cerebral vessels from SHRSP have a sm~ller lumen diameter and
impaired _vasodilation, perhaps providing_ one explanation for the worse stroke injury
observed iri these rats. 44 • 57

STUDY 1: CEREBROVASCULAREFFECTS OF 11(3-HYDROXYSTEROID
DEHYDROGENASE 2 INHIBITION
Adrenal Gland and its Steroids. With multiple layer~, the adrenal gland is a
.

.

multifunctional gland. The adrenal medulla is a modified sympat~etic_ganglion and
.

.

.

.

.

.

.

.

produces catecholamines. The cortex comprises 3 layers: the zona glomerulosa, the zona
f~sciculata, and the zona reticularis. -Each layer has a distinct cbllular composition and
enzyme expression, allowing for production of different but specific steroids. The

.
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adrenal steroids of interest for the studies described b~low are the mineralocorticoid
aldosterone and the glucocorticoid cortisol (corticosterone in rodents).
Aldosterone, produced in the adrenal glomerulosa, is involved in sodium and
water homeostasis. Aldosterone secretion is under the control of a:ngiotensin II,
potassium, and adrenocorticotropic hormone (ACTH). It is the primary ligand of the
MR, and its main target is the renal cortical collecting duct, where it stimulates synthesis
and activity of the epithelial sodium channel in the apical membrane of the collecting
duct and the sodium-potassium _ATPase in the basolateral membrane. Other classical
aldosterone targets include the colon, sweat glands, and salivary glands, where
aldosterone is also involved in sodium transport. The MR is also expressed in
nonclassical aldosterone target tissues including but not limited to blood vessels,
cardiomyocytes, and the hippocampus. Increased production of aldosterone, due to an
adrenocortical. adenoma, for example, leads to primary aldosteronism,. or Conn's
.

syndrome.
The zona fasciculata is responsible for production of cortisol, the predominant
glucocorticoid in humans. Glucocorticoids have a vast array of ~ctions, including effects
on metabolism, the response to stress, the immune response, and the ~ardiovascular
system.. The actions of cortisol are mediated by the glucocorticbid receptor, which is·
expressed in a variety of tissues. The secretion of cortisol is under the control of ACTH.
Chronically elevated glucocorticoid concentrations lead to obesity, glucose intolerance·,
hypertensio'n, and dyslipidemia, a condition known as Cushing's syndrome. This may be
caused by endogenous overproduction of cortisol or chronic exogenous administration of
the hormone.

13
Aldosterone and Cardiovascular Disease. Although mineralocorticoids are

important for fluid and electrolyte homeostasis, studies have shown that elevated
aldosterone levels or increased activation of the MRis involved in the pathophysiology
of several conditions, including inflammation, hypertension, fibrosis, and cardiac
hypertrophy. It has been known for several decades that administration of
mineralocorticoids along with high salt leads to hypertension and an inflammatory
_response in vascular beds such as those of the kidneys, brain, and heart. A study by
Rocha et al. 58 showed that administration of aldosterone and salt in uninephrectomized
rats led to inflammation in the heart that involved upregulation of cyclooxygenase-2
(COX-2), monocyte chemoattractant protein-1 (MCP-1), and osteopontin. Studies from
the Dorrance laboratory59 have shown that treatment with the mineralocorticoid
deoxycorticosterone acetate (DOCA) increases plasma MCP-1: concentrations, a
downstream cytokine of tumor necrosis factor-a (TNFa) activation, and thi_s increase was
reversed by the addition of the TNFa release inhibitor pentoxifylline.
A role for aldosterone in the pathophysiology of hypertension has been well
established. This role is not limited to patients with primary aldosteronism, a ~ondition
involving excessive aldosterone production and an elevated aldosterone/renin ratio, but
includes essential hypertension. It has been estimated that elevated aldosterone levels -

°

contribute to 8-13% of cases of essential hypertension around the world. 6 Findings from
the Frarhingham Heart Study indicat~ a relationship between sehun aldosterone
concentrations and increases in blood pressure over time. 61· SpJcifically, aldosterone was
measured at a baseline time point in normotensive individuals, fuld blood pressure was
.

.

.

d

.

measured after 4 years of follow-up. There was an association between higher

14

aldosterone concentrations at baseline and increased blood pressure at follow-up.
Although aldosterone is implicated in hypertension, it is worth noting that evidence also
suggests blood pressure-independent ~om.plications of increased aldosterone
. concentrations. Fot example, patients with primary aldosteronism demonstrate incrnased
markers of cardiovascular disease compared to patients with essential hypertension~
. despite matching for age, sex, and blood pressure.

62 63
•

Elevated plasma aldosterone concentrations have been associated with structural
and functional changes in the heart, kidneys, and blo~d vessels. Brilla and Weber

64

showed that aldosterone infusion increases collagen deposition in the rat heart. In a
subsequent study, Sun et·al. 65 demonstrated that infusion ofaidost~rone to
uninephrectomized rats receiving 1% NaCl led to increased cardiac collagen that was
prevented by either treatment with spironolactone or an antioxidant (pyrrolidine
.dithiocarbamate or N.:.acetylcysteine). Alterations in cardiac structure were assodated
with incl".eased oxidative and nitrosative stress, as indicated by increased NADPH oxidase
and 3-nitrotyosine expression, and increased inflammation.
A relationship between aldosterone concentrations ·and stroke was suggested by .
Conn· in 1964 bas_ed op. studies in patients with primary aldosteronism ..66 This link has
been.reinforced in experimental studies. SHRSP fed a high salt diet (Stroke-Prone
Rodent Diet + 1% NaCl in drinking water for 4 weeks) suffer spontaneous hemorrhagic
.

.

.

strokes. When the MR antagonist spironolactone is administer~d to these .rats, they are ·
protected from spontaneous stroke in a blood pressure-independent maru.ier. 67
Spironolactone-treated SHRSP also have a diminished infarct size injury following
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induction of ischemic stroke compared to untreated SHRSP.

68

Furthermore, treatment of

WKY rats with the mineralocorticoid DOCA increases infarct size following MCA0.

69

There also appears to be a link between MR activation and cerebrovascular
remodeling.

As mentioned previously, cerebral vessels from_ SHRSP have a smaller

lumen diameter. Spironolactone treatment, administered from 6-12 weeks of age,
prevents the decrease in MCA lumen diameter without affecting blood pressure.

70

Other

studies assessed whether spironolactone treatment affected cerebrovascular remodeling
once it was already established; SHRSP were treated with an MR antagonist from 12-18
weeks of age, and treatment partially but significantly reversed inward remodeling of the
. MCA. 71 These findings suggest that MR antagonism not only prevents MCA remodeling
but can also be used to improve existing changes in vessel size. Also, DOCA treatment
not only worsens the response to cerebral ischemia but also causes inward remodeling of
the MCA. 69
The Randomized ALdactone Evaluation Study (RALES) and EPlere11one
neuroHormonal Efficacy and SUrvival Study (EPHESUS) provided evidence that MR
an~agonism can have beneficial effects on the morbidity and mortality associated with
· heart failure. 72• 73 Interestingly, the patients in these trials did not have elevated
aldosterone levels yet benefited from MR antagonism. Previous studies have. shown the
protective effects of MR antagonism on ischemic cerebral infarct size and vessel structure
· in the SHRSP model. 68 . Yet, aldosterone levels are· not increased in the SHRSP.,
suggesting that a steroid other than aldosterone may be binding to and activating the MR.
A recent study in a low aldosterone rodent _model of heart failure also demonstrated
beneficial effects of eplerenone treatment. 74
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11 f)-hydroxysteroid dehydrogenase 2. Mineralocorticoids and glucocorticoids bind the

MR with the same affinity. 75 -77 Cortisol circulates at ~eater concentrations than
aldosterone but is prevented from binding the MR by the activity of the e1:12yme 11 Phydroxysteroid dehydrogenase.2(11P~SD2). 76• 78 11PHSD2 protects the MR from
glucocorticoid biJ?-ding by converting cortisol to its inactive counterpart cortisone
(corticosterone to 11-dehydrocorticosterone in rodents) and is co-localized with the MR
in aldosterone target tissues (Figure 1). Conditions in which activity of this enzyme is
disrupted, such as the congenital Syndrome of Apparent Mineralocorticoid Excess _
(AME) or e~ogenous inhibition by glycyrrhetinic acid or its derivative carbenoxolone
(CBX), result in excess glucocorticoid activation of the MR, although aldosterone levels
are normal. 78 -81 In the case of patients with AME, there are symptoms of excess MR
activation, such as sodium retention, increased potassium excretion, and hypertension.
83

82

•

Although AMe is quite rare, it is noteworthy that the majority of deaths related to

complications of AME involve cerebrovascular complications. 84
The counterpart to 11 PHSD2 is its type 1 _isoform, 1 lPHSD 1.. A separate gene .
product from 11 PH,SD2, 85' 86 11 PHSD1 is expressed in glucocorticoid target tissues such
as the liver and adipose tissue. It ·converts inactive glucocorticoids to their active_ forms
and requires NADPH for its.activity, functioning primarily as

an oxoreductase enzyine in

_vivo. In vitro studies have demonstrated dehydrogenase activity of 1 lPHSDl, but this
has not been demonstrated in ~ivo. 81
. It has been estimated that approximately 90% of the MR populat_ion is occupied
by cortisol put not activated by it. 88 · It has been proposed that cortisol o~cupancy of the MR ·may not be sufficient for receptor activation; the redox ·status of the cell may be a
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Figure 1. Mechanism of 11{J-hydroxysteroid dehydrogenase type 2' activity in
.aldosterone target tissues.

MR is mineralocorticoid receptor and_ MRE is .

mineralocorticoid response element.
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key factor. 86 • 89 . 11PHSD2 requires NAD+ for its activity,

90

and conditions in which

oxidative stress is increased, such as hypertension· and diabetes, may decrease the.
concentration ofNAD+, thus impairing 11PHSD2 action, allowing cortisol to bind the
MR (Figure 2). Furthermore, in tissues that ·express MR but do not express 11 PHSD2,
such as cardiomyocytes, 91 cortisol occupies an estimated 99% ofMR,

88

and the redox

status may be the trigger for cortisol activation of the receptor. A recent study
investigated the effects of glucocorticoid administration during cardiac ischemia;
· perfusion of an ischemic heart with cortisol worsened infarct size, and this effect was
mediated by the MR, not the gluco_corticoid receptor. 92 With these points in mind, it is
worth revisiting the outcomes of the RALES and EPHESUS trials. 72 '

73

It now seems

probable that increased oxidative stress in heart failure patients allowed for cortisol
activation of the MR, and MR antagonists competed with cortisol to provide the observed
beneficial effects. Importantly, the growing percentage of people in the United States
with increased oxidative stress due to diseases such as hypertension and diabetes further
underscores the importance for understanding the.vascular effects of glucocorticoidmediated activation ofthe MR.
Ward et al ..93 demonstrated that eplerenone inhibits constrictive remodeling or'
coronary arteries after angioplasty-induced damage in pigs. Eplerenone increased lumen
area of coronary arteries, but infusion of aldosterone did not have a~ effect on lumen
area. This interesting finding raises the possibility that eplerenone is inhibiting the actions

of cortisol rather than aldosterone during,angioplasty-induced injury. If it is possible for.
cortisol to become an 1v1R agonist when vascular. damage is present, it seems possible that
some cardiovascular pathologies may have a component of disproportionate MR
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Figure 2. Effects of 11/J-hydroxysteroid dehydrogenase type 2 inhibition in aldosterone
target tissues. MR is mineralocorticoid receptor. MRE is mineralocorticoid response
element, and ROS is reactive oxygen species.

20
activation by cortisol, further underscoring the importance of understanding the
cardiovascular effects of this ''alternative" MR activation.
A previous study_reported detrimental effects of CBX.;inediated inhibition of
11 PHSD2 _in the heart. Young et al. 93 demonstrated that both DOCA and CBX treatment
.

.

led to cardiac hypertrophy and fibrosis and increased expression ofinflammatory markers ·
COX-2, ED-1 positive macrophages, and osteopontin in the heart. These effects were
reversed with the MR antagonist eplerenone, suggesting that the effects were mediated by
MR activation. However, the effect of 11 PHSD2 inhibition on the cerebral vasculature
was unknown prior to the studies outlined below. Previous reports of the results of
DOCA treatment to alter cerebral blood vessel structure and the response to cerebral
ischemia suggest that a model of increased MR activation by 11 PHSD2 inhibition may
also lead to reduction in lumen diameter and increased infarct size .. ·

Significance of Study 1. · Given the incidence of stroke

and the impact it has on·

this country a11;d the prevalence of diseases involving oxidative stress that can potentially
modulate 11 PHSD2 activity, such as hypertension, it is important to understand the
effects of 11 PHSD2 inhibition on the cerebral vasculature and to elucidate the
mechanisms by which this ·condition has its deleterious effects. In doing so, it may be
· possible to reduce the risk of and disability caused by stroke in patients who demonstrate
a disruption in 11PHSD2 activity or who are susceptible to reduced enzyme activity due_
to· increased oxidative stress. Therefore, the goal of Study 1 wis to understand the
cerebrovascular effects of chronic 11 PHSD2 inhibition and to ~valuate whether blood
pressme and oxidative status are ~ltered during this condition~ Study 1 tested the
.. hypothesis that increased glucocorticoid access to the _MR via chronic 11 PHSD2 ·
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inhibition worsens the response to cerebral ischemia and causes remodeling of the MCA,
mimicking the effects of direct MR activation by DOCA.

·sTUDY 2: CEREBROVASCULAR EFFECTS OF lSCHEMIA/REPERFUSION
INJURY

lschemia/Reperfusion Injury. A commonly used approach to mimic occlusion of
a cerebral blood vessel and subsequent lysis of the occlusion is ischemia/reperfusion (I/R)
injury. In this technique, a cerebral artery such as the MCA is occluded for a specified ·
time, after which point blood flow is restored. lschemia results in a loss of myo genie
tone -and autoregulatory behavior of cerebral vessels; this occurs in a time-dependent
manner as demonstrated by Cipolla and colleagues. 94 There is also a time-dependent
effect ofreperfusionon myogenic tone. In vessels exposed to I/R injury, evidence of
myogenic reactivity remained after a shorter period of ~eperfusion, but this reactivity was
diminished in response to changes in transmural pressure following longer periods of
reperfusion, up to 22 hours. 95

Significance ofStudy 2.. The restoration of blood flow to ischemic tissue results
in tissue damage-known as I/R injury. When blood flow is restored, the burst of extra
oxygen results in generation of react_ive oxygen species, key players in reperfusion injury._
As described earlier, neuronal damage occurs following only a few minutes of ischemia:
in the brain. The studies from the Cipoila laboratory described above indicate that
ischemia and reperfusion alter myogenic tone and reactivity in the cerebral vasculature.
However, they only provid~ information about acute changes; d~tails regarding the
chronic effects of I/R injury on cerebral blood vessels is lacking. History of stroke or

.
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TIA is a major risk factor for another stroke. 1 It is important to understand how an
ischemic insult affects the blood vessels in the brain in order to understand mechanisms
of increased susceptibility to recurrent stroke. Therefore, the goal of Study 2 was to
determine the cerebrovascular effects of an ischemic insult after 14 days-ofrecovery,. testing the hypothesis that 1 hour of ischemia is sufficient to· elicit changes in the cerebral
vasculature.

·sTUDY 3: CEREBROVASCULAR EFFECTS OF OBESITY

Obesity.· Obesity is a growing epidemic, with greater than 30% of the population
in the United States classified as obese when obesity is defined by a body mass index
greater than or equal to 30. 96 Even more striking are the statistics from combined·
. overweight and obese populations: according to the Centers for Disease Control, more
than two-thirds of the adult population in the United States is either overweight or obese.
. As obesity rates continue to climb, a significant threat is posed to cardiovascular health,
as there is a strong link between obesity and cardiovascular complications, including
stroke, myocardia~ infarction, diabetes, and athero_sclerosis. Along with obesity oft_en _ comes a barrage of other metabolic risk factors, such as insulin resistance and
dyslipidemia. _A clustering of these metabolic complicati~ns, g!nerally known as
metabolic syndrome, is becoming more and more prevalent. Although there is some
debate over the definition of metabolic syndrome
and exact criteria for Jts diagnosis, it
.
.

_· generally involves increased· waist circumference, elevated blood pressure, increased low
density lipop.rotein cholesterol, increased triglycerides, and insulin resi_stance.
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Obesity and Cardiovascular Disease. Obesity predisposes an individual to
cardiovascular disease. The mechanisms by which this occurs are many and are still
being defined. However, controlling adiposity is a key component in the defense against
cardiovascular.complications. For example, greater than 60% of cases of diabet_es are
attributable to excess.weight gain. 97 An interesting study was recently published·
regarding the effects of weight loss, either by dietary intervention or bariatric surgery, in
obese humans that did not exhibit other cardiovascular risk factors such as hypertension,
diabetes, and hypercholesterolemia. 98 Compared to lean subjects, obese individuals
demonstrated evidence of cardiac hypertrophy, diastolic dysfunction, and reduced aortic
distensibility. At the end of ayear of drastic weightloss, all parameters were improved .
. compared to baseline measurements· and to those obese individuals that did not los_e
.weight.
Obesity and Stroke.. Obesity is considered an independent risk factor for stroke. 99
A· study by Kurth et at. 100 demonstrated increased occurrence of ischemic and
hemorrhagic strokes in men with a body mass index over 30 .. The exactmechanisms
linking obesity and stroke, however, are not clearly defined. ·Interestingly, a recent
analysis of data from the Atherosclerosis Risk In Communities (ARIC) Study indicated a
direct relationship between the number of components of metabolic syndrome ( defined
according to guidelines of the National Heart, Lung, and Blood Institu~e and the
· American Heart Association) present in a.ii individual ~d the relative risk of stroke. 101
These findings suggest that although obesity is an independent. ~troke ·risk factor, its
effects on stroke are further complicated by presence of obesity-induced metabolic
· syndrome.
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Obesity and Hypertension. Obesity is associated with hypertension and its
related end-organ damage. Moreover, tissue injury associated with hypertension is
present in obese patients, most notably an increased occurrence ofrenal injury. However,
the exact m~chanism relat_ing these cardiovascular risk factors is -not completely
understood. Findings from the National Health And Nutrition Examination Survey
(NHANES) III reveal a striking correlat_ion between obesity and hypertension; the
prevalence of hypertension in lean individuals is approximately 15%, whereas the
·prevalence among obese subjects is about 40%. 102 Not· all obese people develop
hypertension, but a clear relationship has been described between body m.ass index and .
blood pressure even in non:--obese individuals. 103
The increase in blood pressure in obese individuals appears to be associated with .
an increase in sodium. reabsorption in the kidney and involves changes in the reninangiotensin system. as well as increases in activity of the sympathetic nervous. system.
One explanation for the role of increased sympathetic activity-in obesity-induced
hypertension is sum.m.arized by the Landsberg hypothes_is. Landsberg proposed that the ·
. increased sympathetic activation to maintain body m.ass and restore energy balance in
obesity also re·sults in regional increases in sympathetic stimulation of the cardiovascular
system., resulting in obesity-induced hypertension. 104 Vaz et al.105 demonstrated
differences in regional catecholamine spillover, reporting that spillover was higher in
kidneys· and ·lower in the heart of obese humans compared to lean. Interestingly, there .
were no·differences in plasma catecholamine levels between lean_and obese subjects.

Leptin. Leptin is a peptide hormone that _is synthesized in adipose tissue; this
hormone is involved in the control of food intake, body m.ass, and energy expenditure. 106
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Following release from adipose tissue that is proportional to·the amount of adiposity,
leptin binds its receptor in the hypothalamus to increase anorexic and decrease orexigenic
stimuli. This results in decreased food intake and increased energy expenditure until
.

.

.

.

adipose energy stores are depleted, signaling. to turn off leptin release.

106

Although .

genetic abnormalities in the synthesis of leptin or its receptor are rare in the human
population, several rodent models of leptin and l~ptin receptor mutation exist and provide
useful tools for studying the effects of obesity as described below.

Leptin Resistance. Plasma leptin levels correlate with the amount of body fat.
When leptin levels of obese humans were compared to those of lean individuals, it was
reported that leptin concentrations were much higher in obese subjects, with a positive
·correlation between leptin concentration and percentage of body fat. 107 Eventually the
satiety and weight reducing actions of leptin become depressed despite hyperleptinemia
in obese individuals, leading to leptin resistance.
.

Rodent Models of Obesi'ty. There are several rodent models
of genetic obesity,
.

and many of these have been described recently by Shafrir and Ziv. 108 Several of these
. models involve genetic mutations in leptin or the leptin receptor. The ob/ob ·and db/db
mouse strains are commonly used by investigators and represent mutations in leptin and
the leptin· receptor, respectively. Both models are severely obese and hyperinsulinemic,
.

.

but the db/db mouse develops robust hyperglycemia and pancreatic cell.necrosis, whereas
.

.

.

.

.

.

the ob/ob mouse remains only mildly hyperglycemic with pancreatic cell hyperplasia.
The obesity in th.e obese Zucker rat (OZR) also results from a mutation· in the leptin
receptor; 109,uo this model of obesity is.described in more detail below. Other genetic
. models of obesity include the New Zealand obese mouse, the Koletsky rat, the JCR:LA-
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cp rat, and the Otsuka Long-Evans Takushima fatty rat. Beyond obesity, all ofthe_se
models exhibit varying degrees of metabolic dysfunction. Diet-induced obesity is
another common approach to generating an obese rodent model. Diets high in fatresult
in varying degrees of obesity in mice and rats, depending upon the rodent strain used and
the composition of the diet.
OZR as a Model of Obesity. The OZR is a widely used rat model of overt obesity
that was initially described b_y Zucker and Zucker111 in 1961 .. The authors observed the
occ_urrenqe of obesity in approximately 25% of the offspring in multiple litters in their
I 3M rat stock and termed this spontaneous, recessive mutation "fatty," designated by fa
(versus Fa for the normal allele). These rats become obese at a very early age because of
a recessive point mutation in the gene encoding the leptin receptor; 2 mutations have.
been reported by different laboratories: an A88pC mutation and a Q269P mutation.

109 110
•
.

.

The dysfunctional leptin receptor leads to hyperphagia, with food consumption increased
by approximately 30%, and decreased metabolic rate. OZR also display evidence·or
insulin resistance, mild hypertension, and altered lipid profiles, allowing them to serve as
. a model of metabolic syndrome. The lean control for OZR is the lean Zucker rat (LZR), ··
which has a normal metabolic and hemodynamic profile:
Weight gain in OZR occurs at different rates depending on the age of the rat. ·
-

.

Early weight gain is more rapid~ followed by slower but steady weight gain. Johnson and
colleagues 112 reported. that ·body mass continually increases in male OZR until around 60
weeks of age, at 'Nhich point it begins to decline. The same stut-ly also demonstrated that
··food intake is higher in OZR than LZR until approximately 48 weeks. of age; then it
becomes similar between· groups until about 95 weeks of age, after which time intake
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becomes highly variable. At the time of death, the percentage of body fat was 9.8% in.
LZR, whereas it was 40.9% in OZR. Pair-feeding obese and lean rats does not.prevent
obesity in OZR, 1 q underscoring that hyperphagia alone does not account for obesity in
this model.
Obesity-induced changes in specific organs have been documented iri. OZR.
Renal hypertrophy is evident in OZR; 112- 123 this becomes more· apparent as OZR age.
Additionally, cardiac hypertrophy has been reported in OZR, 112• 114• 123-133 again becoming
more obvious with age. These effects likely reflect hypertension, as discussed below.
Liver mass is increased in OZR from a young age, 113 • 123• 134-149 and livers from these rats
become markedly steatotic. 150 The size of multiple fat pads; including but not limited to
epididymal, 128• 137•

144 148 151
•
•

retroperitoneal, 137• 148• 151 and ingµinal,

141 148
'

is also increased

in OZR as evidenced by increased fat pad mass and greater adipocyte size.

152

Furthermore, the percentage of body fat is.strikingly increased iri OZR compared to LZR,
averaging greater than 36% in OZR and less than 10% in LZR. 112• 113• 1.53

Metabolic Profile ofOZR. · Of the extensive work carribd out in OZR, one of the
most clearly characterized facets of this model is its metabolic profile. ·Many laboratories
have contributed to defining the metabolic ·status of OZR. Even at a young age, these rats
.·have elevated body mass compared to LZR. 154• 155 They al~o become hyperinsulinemic at
. a young age.

154

Other plasma markers of metabolic dysfunctioh that are increased in

. OZR include triglycerides and total cholesterol. There. is some controversy over the
glycemic status of OZR. Some groups have reported no difference in blood glucose
. levels between LZR and OZR at an early adult age, 114•. 156 whereas others have reported
hyperglycemia in OZR. 157 Many studies do not report· whether rats were fasted prior to
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measurement of blood glucose levels, and this may contribute to some of the controversy.
As OZR age, the controversy is dissolved ·and studies clearly indicate hyperglycemia. 158

Hypertension in OZR. ·Sympathetic nervous system activity plays a role in
driving the increased blood pressure in OZR; as autonomic· ganglionic blockade produces
a greater decrease in blood pressure in these rats than in their lean counterpart~. 159
Chronic adrenergicblockade with terazosin and propranolol decreases.blood pressure in
LZR and OZR, but only the pressure drop in OZR is sustained 8 days after initiation of
blockade. 114 Also, renal sympathetic nervous activity is increased in OZR ~ompared to.
LZR

160

The renin-angiotensin system appears to be another player irt the blevated blood

pressure in OZR. ·Plasma renin activity is suppressed in OZR compared to LZR, 114• 161 • 162
. but treatment. with the ARB losartan reduces blood pressure more in OZR than LZR. 114
Additionally, a bolus infusion of angiotensin II produces a greater pressor response in
OZR, as measured by a greater area under. the curve in the blood pressure response, but
the peak response is similar between lean and obese rats. Zemel et al. also demonstrated
a greater pr.essor sensitivity to angioten~in II in OZR compared to LZR. 163 Prior to the
studies outlined below;the extent to which hypertension contributes to obesity~induced
cerebral injury had not been examined.

·Vascular Function in OZR. In recent years many studies have characterized
vascular function in ·ozR compared to LZR. These studies include investig.ation into the
resistance vasculature, includitJ.g the hiridlimb and mesenteric circulations. In the gracilis'
artery,.OZR demonstn1te increased constriction to norepinephrine compared to LZR, but
responses to angiotensin II and endothelin are similar between groups. 164 Schreihofer ·
and colleagues

16 5
·

demonstrated increased vascular resistance in the hi;ndlimb circulation
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of OZR in response to phenylephrine infusion in intact, anesthetized rats. Reports
regarding myogenic tone in gracilis arteries from OZR vary, with results suggesting
either_ increased tone or no change in tone compared _to LZR. 1_66 • 167 · Vasodilation to
acetylcholine arid hypoxia is impaired _in OZR, but scavenging of oxidative stress
improves these responses. 167 Structural changes have also been reported in the gracilis
artery of OZR; lumen diameter and wall thickness are decreased, and vessel stiffness is
increased. 168
· Although several studies have addressed mesenteric artery reactivity in OZR,
there are many conflicting reports .. It has been reported that adrenergic reactivity is
similar in LZR and OZR, 169 but others suggest that it is d~creased
in OZR. In the above.
.

mentioned study by Schreihofer and colleagues 165 investigating alterations in vascular
resistance, mesenteric vascular resistance was decre·ased in intact OZR in response to
phenylephrine infusion. There seems to be more evidence in favor of impaired
acetylcholine-mediated relaxation of small mesenteric arteries in QZR, 133 • 110- 112 yet there
are also reports of similar responses to acetylcholine in LZR and· OZR. 169

·

Cerebral Circulation in OZR. One potential mechanism by which obesity
increases the risk of stroke is alteration in the function of the cerebral·circulation. Several
• studies have examined the effects of ob~sity on the cerebral circulation, focusing on
endothelial function of the middle cerebral and basilar arteries in OZR. There are
.

.

multiple reports of reductions in endothel1um-dependent vasodilation in the cerebral
vasculature o{OZR. 173 -115· Obesity-induced cerebrovascular endothelial dysfunction·
involves an impairment in NO signaling and ·appears to be mediated at least in part by
oxidative stress, as treatment with an antioxidant either partially or completely reverses
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P otassmm
· · s1gna
.
1·mg and protem
. kinase C (PKC). act1v1ty
. . appear to a1so be
1't. '

involved in the reported impairments in endothelium-dependent vasodilation .. Erdos and
colleagues

173

demonstrated decreased vasodilation to agonists of large· conductance

potassium channe_ls and ATP-sensitive potassium channels. In the same study, they
reported increased PKC activity in basilar arteries from OZR and improved
acetylcholine-mediated dilation upon treatment with a PKC inhibitor.
Phillips et al. 174 also demonstrated that OZR have increased constriction to 5hydroxytryptamine (5-HT) and an altered myogenic response over a range of .
intralumenal pressures. Interestingly, neither the constrictor response to 5-HT nor the
increased tone was affected by treatment with the superoxide-disrtmtase mimetic tempo!._
This study would suggest it is not simply the increased oxidative stress driving all the
cetebrova~cular changes in OZR. Another study by Erdos and associates 176 reported no
differences in constriction to endothelin, a PKC.activator, or a thromboxane A2 mimetic
in basilar arteries from LZR and OZR.
Several studies have also addressed cerebrovascular function in rats fed a high~
fructose diet in order to isolate the effects of insulin resistance from obesity. Fructosefed rats do not become obese or hypertensive. 177• 178 Rats that are insulin resistant due to
fructose feeding demonstrate impaired endothelium-dependent vasodilation ·of the MCA,
.. and this appears to be mediated by a defect in the cyclooxygenase pathway. 179 Insulin
.·

.

.

.

resistance also alters potassium signaling .in the-MCA from fructose-fed rats.
Specifically, alterations in ATP-sen~itive and calcium-activated potassium channel
activity contribute to the reported impairment in endothelium-dependent dilation in these
rats.1so
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Significance of Study 3. Worldwide obesity rates continue to rise, and along with
this comes increased prevalence of obesity-induced cardiovascular complications.
Alth_ough obesity is considered a risk factor for stroke, the mechanisms linking obesity
.

.

and stroke are not clearly_understood. The underlying mechanisms of obesity-induced
cerebrovascular dysfunction and the causal risk factors present in obe.sity are also
unknown. Therefore, the initial goal of Study 3 was to better understand the
cerebrovascular changes that occur in a rodent model of obesity and to identify potential
mediators of these changes in the context of obesity. Subsequent studies established a
role for blood pressure in the cerebrovascular perturbations· observed in OZR and tested
the hypothesis that increased blood pressure is essential for worse stroke injury and
changes in MCA structure in OZR. These studies are of clinical importance not only .
because of the increasing obese population but also because oftbe. complexity of the
obese condition.

II. MATERIALS AND METHODS

GENERAL METHODS
The procedural details in the General Methods section are cominon to all experiments.
More specific details are provided in subsequent sections.

Animals
Male rats were used for all experiments and were maintained on

a12 hour light/dark

cycle with access to food and water ad libitum. Rats were housed in an American
Association for Accreditation of Laboratory Animal Care accredited facility, and all
·_ protocols were approved_ by the Institutional Animal Care and Use Committee.

Middle Cerebral.Artery Occlusion
Cer~bral ischemia was -induced by the intralumenal suture model developed by Longa et

al. (depicted in Figure 3). 12 Rats were initially anesthetized with isoflurane in an
induction chamber, and anesthesia was maintained with 2% isofluranein oxygen
. throughout the procedure; body temperature was maintained at 3 7°C. A single~point
laser Doppler flow probe (Perimed, Stockholm, Sweden) was attached to the skull to
measure blood _flow to the region of the brain supplied by the MCA. The common

32

33
carotid artery was isolated and ligated, along with the external carotid and·
pterygopalatine arteries, and lingual and thyroid arteries were cauterized. Following
ligation of these vessels, a small incision was made in the common carotid artery near the
bifurcation of the external and internal carotid arteries. A 3-0 nylon monofilament with a
rounded end was inserted into the common carotid artery and advanced through the·
internal carotid artery to occlude blood flow to the MCA at the point at which it branches
off the Circle of Willis. Occlusion of the MCA was verified by a decrease in flow as
measured by laser Doppler.· The type of occlusion (permanent or temporary) and the time
of occlusion varied by study and are described in later sections. Rats were euthanized 24
hours after the induction of ischemia; brains were removed, sliced into 2-mm sections,
and stained with 2% 2,3,5-triphenyltetrazolium chloride (TTC) for 20 minutes to assess
ischemic damage. Brains were fixed in 2% parafonnald.ehyde, and digital images of
brain slices were taken. The percentage of infarction was determined by the following
equation:

· % hemisphere infarcted = [(V L - V c)Nc] * 100

where.VL is the volume of the lesioned hemisphere, and Ve is.the·volume of the control ·
hemisphere. 181
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Figure 3. Diagram of middle cerebral artery occlusion.
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Isolated Middle Cerebral Artery Measurements

MCAs were dissected from brains following decapitation and were placed in cold buffer.
Vessel sections proximal to the Circle of Willis were-mounted on glass micropipettes of
·. a pressure myograph (Livi~g Systems Instrumentation, Burlington, VT), heated to 37°C,
and equilibrated at 80 mmHg for development of spontaneous tone. Only vessels that
. held pressure at 80 mmHg were used for exp~rimentation. The use·of a pressure servo
control attached to a pressure transducer allowed for manipulation of intralumenal
pressure. MCAs were visualized on a monitor, and lumen diameter and wall thickness
was measured through the use of a video dimension analyzer; measurements were made
under zero-flow conditions. Following equilibration, the appropriate protocol was
employed, including vessel reactivity studies and active and passive pressure-response
curves. Active and passive pressure-diameter relationships were determined by
measuring MCA diameter in the presence and absence of calcium, respectively, over a
range of intralumenal pressures in 20-mmHg increments .. Comparing the lumen
diamete~s under active and passive conditions,. the percentage ofmyogenic tone wa~
· calculated: ·

% myogenic tone= (1 - (IDA/lDp)) * 100

.

.

where. ID A is inner diameter under active conditions, and lDp is inner diam~ter under
· passive conditions.· From the·passive data, wall thickness, circtlmferential wall stress,
and circumferential wall strain were extrapolated.using the following equations:
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wall thickness= (OD - ID)/2
circumferential wall stress= (P * ID)/2WT
circumferential wall strain = (ID - IDo)/IDo

where ID is inner diameter, OD is outer di_ameter, Pis intralumenal pressure, WT is wall
thickness, and ID 0 is inner diameter at OmmHg. Individual st~ess-strain. curves were fit
with an exponential regression equation to determine the slope coefficient, or ~. coefficient, an indicator of vessel stiffness.

· Aortic Reactivity
Following euthanasia of rats, thoracic aortae were quickly dissected and placed in ice~
cold buffer. Aortae were cleaned of adipose and connective tissues and cut into
approximately 3-mm rings. Each ·ring was mounted on stainless steel pins in a modified ·
myograph system (DanishMyo Technologies, Aarhus, Sweden), and passive tension was
· adjusted to 36-37 mN. Vessels were allowed to equilibrate in buffer heated to 37°C,
after which.a contractile response to PE (10-7 M).and dilation of acetylcholine (ACH)
7

(10- M) were confirmed to ensure vessel viability and ail intact endothelium,
·respectively. Dose-response curves were then conducted according to the protocols
outlined below.

Metabolic Cage Collection
Subsets of rats were individually housed ·in.metabolic cages f~r measurement offood and·
water consump.tion and collection ofurine. Rats were allowed to equilibrate in the cages
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for 1-2 days, followed by 1-2 days of data collection. (The number of equilibration and
. data collection days varied by study.)

STUDY 1:. CEREBROVASCULAR EFFECTS OF 11~-IIYDROXYSTEROID
DEHYDROGENASE 2 INHIBITION

Animals
Six-week-old male Sprague Dawley rats (Harlan, Indianapolis; IN) were employed in
Study 1. Rats were divided into 2 groups: control (regular tap water) and CBX-treated
(2.5 mg/d). It should be noted that CBX inhibits both isoforms of l lpHSD. CBX rats
were also given 0.9% NaCl in their drinking water. This treatment regimen was based on
_ previous·work from another laboratory. 93 An additional group of_lO-week-old rats.was
treated for 48 hours with CBX to assess acute effects of 11 ~HSD inhibition on cerebral
infarct size. Rats were euthanized with a lethal dose of sodium pentobarbital, after which
plasma was collected by cardiac puncture and heart;s and kidneys were weighed.

Blood Pressure Measurements
Blood pressure was.measured in all rats throughout the treatment period by tail-cuff
plethysmography (Kent Scientific Corporation, Torrington, CT). Rats were allowed to
equilibrate in restrainers for approximately 15 minutes prior to m~asurements .. The Kent
Scientific system was programmed· to make 5 equilibration measurements that were
discarded and then 15 sequential measurements that were averaged to obtain pressure

values for the session. Values reported are the average pressures from the final week of
treatment.

MCAO
Cerebral ischemia was induced in control and CBX-treated rats at the end of the 4-week
treatment as previously described. The occlusion was permanent and W8:S maintained _for
24 hours, at which point neurodeficit was diagnosed. Specifically, rats were suspended
. by their tails to determine forearm extension ability, and then rats wer~ placed on a
circular maf and the time required for rats to move all four paws off the mat was
measured. Then rats were overdosed with sodium pentobarbital for decapitation, removal
of brains, and determination of infarct.

MCA Reactivity and Structure Assessment
Isolated MCA experiments were conducted as described earlier in HEPES buffered
physiological salt solution_(PSS) (contents in mM: 119 NaCl~ 4.7 KCl, 3.5MgSO4, 10.0
HEPES, l. l8KH2PO4, 0.40 EDTA, 5.0 glucose, and 3.7 CaCh) gassed with 95% Oi/5%
CO2. Dose-response curves to 5-HT (10- 10 to 10-5 M) and adenosine diphosphate (ADP,
.

10

.

.

.

.

5

10- to 10- M) were conducted, followed by lumen diameter n,ieasuremerits under active
and passive conditions. The response to ADP was assessed after preconstriction with 5~
HT (10:. 6 M).
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Aortic Reactivity

Aortic reactivity was assessed in control and CBX-treated rats following the
aforementioned procedure. PSS buffer was used for all experiments (contents in m.M:
130 NaCl, 4.7 KCl, l.17MgSO4, 1.18 KH2PO4, 14.9 NaHCO3, 0;03 EDTA, 5.5_glucose,
and 1.6 CaCh) and was gassed with 95% 0 2/5% CO2.· Dose-response curves were
10

conducted to the following pharmacological agents: PE (10- 10 to 10-5 M), 5-HT (lo- to
10

5

10-5 M), ACH (10- 10 to 10-5 M), and sodium nitroprusside (SNP, 10- to 10· M). Prior to
6

-_ addition of ACH or SNP, vessel segments were preconstricted with PE (1 o- M); these
· responses are expressed as relaxation from preconstriction.

Plasma Measurements

Plasma thiobarbituric acid reactive substances (TBARS) were measured according to the
· manufa~turer' s instructions (ZeptoMetrix -Corpor~tion, Buffalo, NY). Malondialdehycie
(MDA) forms adducts with thiobarbituric acid, which are detectable by fluorescence and
serve as an indicator or oxidative stress. Results are expressed as nmol MDA/mL.
Plasma 8-isoprostanes were also measured as a marker of oxidative stress(Cayman
Chemical, Ann Arbor, MI).

11f3HSD2 Staining

A control rat was perfusio:g-fixed with 2.5% glutaraldehyde, and the brain was removed.
-Each MCA was excised with a small aniount of surrounding tissue, incubated in 2.5%
glutaraldehyde for 4 hours, and stored in cryoprotectant (20 mL-100 mM phosphate
buffered saline, 3 g sucrose, and 0.02 g sodium azide) overnight. The tissue was then
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fixed in O.C.T. Compound and sliced into 8-µm sections for 1 l~HSD2 staining using

a

Biotin-Avidin system (Vector Laboratories, Burlingame,· CA). An 11 ~HSD2-specific
primary antibody (1 :200, courtesy of Dr. Celso Gomez-Sanchez) and a rabbit anti-sheep
biotinylated secondary antibody(l :100) were used to detect 11PHSD2 in the MCA. The
primary antibody was omitted on slides designated as negative controls.

Statistics

.

.

.

.

.

.Physiological parameters, blood pressure,' infarct size, ~-·coefficients, myogenic tone, and
. oxidative stress markers were compared between control and CBX-treated rats using a
Student's t-test. A two-way ANOVA was used to compare lumen diameter, outer
. diameter, wall-to-lumen ratio, myogenic response, and dose-response curves to 5-HT,
ADP, PE, ACH, and SNP. AP value of less than 0.05 was considered statistically
significant. Values are presented as mean ± SEM.

. STUDY 2: CEREBROVASCULAR EFFEC':(S OF ISCHEMIA/REPERFUSION
INJURY

Animals
Ten-week-old male Sprague Dawley rats (Harlan, Indianapolis, IN) were obtained for
Study 2. Rats were divided into control and experimental groups. The experimental
.

.

.

.

.

.

.

group was exposed to I/R injury as outlined below, whereas the control group remained
free of surgical manipulation.
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MCAO
Rats were subjected to cerebral ischemia according to the MC,AO protocol. Ischemia was
induced for 1 hour, and then the filament was pulled back to allow for reperfusion. The
animals were allowed to recover and then were returned to_ regular housing for 2 wee~s,
after which they were used for infarct determination or vessel experiments.

MCA Reactivity and Structure
MCAs were_isolated and mounted-in a pressure myograph for determination of vessel·
reactivity and structure. Dose-response curves to 5-HT (10- 10 to· 10-5) and ADP (10- 10 to
10-5) were conducted. Active and passive pressure-respons_e curve~ were also conducted
in PSS. Vessel measurements were compared to those from_ control rats which were age.;.
matched but did not undergo the MCAO procedure.

s·tatistics
P_hysiological parameters were compared by Student's t-test. Dose-response curves _and
pressure:...response curves were compared by two-way ANO VA. AP value of less than

.,

.

0.05 was considered statistically significant. Values are presented as mean± SEM.

.

~

STUDY 3: CEREBROVASCULAR EFFECTS OF OBESITY

Animals·
Male LZR (Fa/?) and OZR (fa/fa) (Harlan, Indianapolis, IN) were employed in Study 3.
Rats were considered young at 6-7 weeks of age and adult at 14~ 17 weeks. Three
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separate study designs were used to assess the cerebrovascular effects 9f obesity.. In the
first study, adult LZR and OZR were used and were then compared to young LZR and
OZR. In the second~ measurements were made in adult LZR and OZR with and without
treatment with the antiliypertensive agent hydrochlorothiazide (HCT). Water
consumption was measured, and HCT was administered in the drinking water at a dose ·of

2 mg/kg/day from 8-17 weeks of age. HCT-containing water was replaced with regular·
tap water in the final 72 hours prior to experimentation to allow for washout ofHCT.
The third study employed LZR and OZR fed normal (0.2%) or low sodium (LS, 0.02%,
Harlan Teklad CA.170950) chow from 8-17 weeks of age.

·An additional study was carried out in a group ofLZR fed a high-fructose diet (60%

fructose by weight; Harlan Teklad TD.89247, Madison, WI). Control LZR received
regular rodent chow (Harlan Teklad 8604). At the end ofthe·diet regimen, passive luinen
diameter of the MCA was determined in fructose-fed and control LZR as described
below.

Blood Pressure Measurements

All blood pressure measurements were made by telemetry. Transmitters (Data· Sciences
International, St. Paul, .MN) were implanted in 6-week-old rats. Rats were anesthetized
.

.

with isoflurarte in oxygen, and a niidline incision was· made to 8xpose the abdominal .
aorta. The abdominal aorta was briefly occluded for insertion of the transmitter catheter,
and the body of the transmitter was sutured to the abdominal wall. The wound was
· closed with staples, which were removed 7 days after the procedure. Rats were allowed
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to recover and then were placed on top of telemetry receivers for measurement of arterial
waveforms every 10 minutes. In the final week of recording, the frequency of spikes in
pressure was counted. Thresholds were set at 130 and 140 mmHg, and the number. of
times systolic blood pressure exceeded these thresholds was counted~ Based on 1
measurement every 10 minutes, there were 1,008 measurements in a week; results are
expressed as the number of times out of those 1,008 measuremeJ:?..ts that pressure
exceeded either 130 or 140 mmHg. Rats that were implanted with transmitters and also
exposed to the- MCAO_ protocol were used to measure the blood pressure response during
stroke.

MCAO
The general protocol for MCAO used in Study 3 is described above. Ischemia was
· induced for 1 hour; incisions were ~losed directly after MCAO, and rats were allowed to
wake up during ischemia. At the end of 1 hour of ischemia, rats were re-anesthetized and
· the filament was pulled back to allow for reperfusion. After 24 hours of reperfusion, rats
were anesthetized with isoflurane and decapitated. In a subgroup of rats, cerebral blood
flow was monitored by

ascanning laser Doppler (Perimed) at baseline, during ischemia,

and at the end of the reperfusion period. The changes fu cerebral blood flow during ·
ischemia an~ at the end of reperfusion are expressed as the percentage of baseline blood .
flow.

The time p·eriod selected for ischemia was chosen after soine experimentation. First,

a

permanent, 24 hour MCAO was employed, but many rats did not survive, including both

44
LZR and OZR. A similar problem occurred with a 6 hour occlusion. The protocol was
altered for ischemia and reperfusion, ·with a 90 minute occlusion, but again the survival
rate was not high. The final approach, 1 hour ischemia, was chosen because it was the
time period with the highest survival rate (.100% of LZR and approximately 80% of
OZR).

Blood Gas and Glycemia Measurements during Stroke
Separate groups ofLZR, OZR, LZR+HCT,-and OZR+HCTwere designated forblo_od
sampling during stroke. Rats were anesthetized with isoflurane in oxygen, and a femoral
artery catheter was inserted for blood collection. A baseline blood sample was taken, and
then the MCAO procedure was followed. Contrary to other rats used. in Study 3, these
rats were not allowed to wake up during ischemia so that samples could be tak~n from the
catheter.· Importantly, these rats were nofused for determination of cerebral infarct, as
isoflurane anesthesia affects infarct size. 182 Blood samples were taken at baseline, early
. ischemia (10 minutes after MCAO), late ischemia Gust before reperfusion), and
reperfusion (10 minutes after reperfusion). Blood gases, pH, and glucose were measured
. using ari iSTAT CG8+ cartridge (Heska Corporation, Loveland~ CO).

MCA Reactivity and Structure Assessment
Isolated vessel experiments were conducted in Krebs buffer (contents in mmol/L: 118
NaCl,23.8 NaHCO3;4.7 KCl, 1.2 MgSO4, 1.18 KH2PO4, 11.1 glucose, 1..9 CaCh) that
was gassed with21 % O2 ~ 5% CO2,

and N

2

to balance, and maintained at_ 37°C in· a water
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bath. Active and passive pressure-response curves were assessed in all groups of rats in
Study 3.

Hyperinsulinemic-Euglycemic Clamp
Insulin sensitivity was assessed in adult and young LZR and OZR. Rats were fasted
overnight and then were anesthetized with isoflurane (2%) in oxygen; body temperature
was maintained at 37°C with a heating pad. The carotid artery was catheterized for blood
sampling, and the jugular and femoral veins were catheterized for infusion of insulin and
glucose, respectively. Stock solutions of insulin (1: 100 in saline) and glucose (10% in
saline) were made for infusions. Baseline blood glucose levels were measured; then rats
were infused with insulin (10 µL/min) via the jugular vein, and blood glucose was
· measured every 5 minutes for 100 minutes. Although insulin infusion rates are typically
adjusted for body weight in this protocol, a constant infusion rate was used because
.

Bchreihofer et al.

165

.

previously demonstrated that LZRand OZR have comparable plasma

volumes. Glucose was infused to maintain euglycemia (approximately 120 mg/dL
glucose). The glucose ·infusion rate provides an indication of inisulin sensitivity; the
average infusion rate over the last 30 minutes is reported.

Aortic Reactivity
Reactivity of aortic ring segments was determined in Krebs buffer (contents in rnmol/L:
. 118 NaCl, 23 .8 NaHCO3, 4. 7 KCl, 12 MgSO4, 1.18 KH2PO4,. 11.1 glucose, .1.9 CaCh)
that was gassed with 21 % 0 2,· 5% CO2, and N2 to balance, and maintained at 37°C in a
water bath. Potassium chloride was administered to vessel segments to determine
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receptor-independent constriction. Dose-response curves to PE (10- to 10- M) and
ACH (10- 10 to 10-5 M) were conducted in LZR and OZR. The response to PE is
expressed as the percentage of the potassium chloride response. Prior to-administration
of ACH, vessels were preccmstricted with PE (10- 6 M); the ACH response is expressed as
relaxation from preconstriction.

Flow Debt Repayment
LZR and OZR were anesthetized with _isoflurane in oxygen. A laser Doppler flow probe
(Perimed, Stockholm, Sweden) was attached to the skull to monitor cerebral blood flow.
The previously described protocol for occluding the MCA was employed. After 1 minute
of ischemia, the filament was pulled back to allow for reperfusion~ After a 5 minute
period, the I/R was repeated. A total of 5 cycles of 1 minute ischemia/5 minutes
reperfusion were conducted. The change in cerebral blood flow recorded by the flow .
probe allowed for calculation offi'ow debt during the ischemic periods. The time to
·repayment was calculated by determining the time necessary to recover the flow debt.

Plasma and Urine Measurements
Plasma aldosterone (Siemens, Los Angeles, CA), insulin (Alpco, Salem, NH),
triglycerides (Wako Diagnostics, Richmond, VA), and cholesterol (Waka Diagnostics)
were measured according to manufacturers' protocols. Plasma and urine electrolytes
were ·measured with an EasyElectrolytes Analyzer (Medica, Bedford, MA). Urinary
albumin excretion was measured iri control and LS diet rats with an SPI Bio Rat Albumin ·
BIA kit (Cayman Chemical, Arin Arbor, MI).
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Statistics
Physiological parameters, elevated pressure counts, infarct size, the blood pressure and
glycemic responses to stroke, blood gases during stroke, glucose infusion rates- during
insulin clamp, and time to recover_ flow debt were compared in LZR and OZR by
Student's t-test. A two-waY. ANOVA was used to compared blood pressure, active and
passive pressure-response curves, and aortic dose-response curves. All comparisons
between LZR, OZR, LZR+HCT, and OZR+HCT and LZR, OZR, LZR+LS, and
OZR+LS were made by two-way ANOVA,_ assessing the effect of strain and treatment or
diet. AP value of less than 0.05 was considered statistically significant. Values are
presented as mean± SEM.

III. RESULTS

STUDY 1: CEREBROVASCULAR EFFECTS OF llP-HYDROXYSTEROID
DEHYDROGENASE 2 INHIBITION
An 11 PHSD inhibitor was administered to rats for 4 weeks to determine the
cerebrovascular effects of alternative MR activation by glucocorticoids. Summary data
for body and organ masses of control rats and those treated with the 11 pli:SD inhibitor
. CBX are shown in Table I. Rats treated with CBX had significantly increased body
mass. CBX-treated rats also showed evidence of cardiac and renal hypertrophy as
indicated by increased heart-to-body mass and kidney-to-bo.dy mass ratios. Heart and
kidney mass.es are expressed· in relation to body mass since CSX-treated rats weighed
more. Additionally, there was a significant increase in systolic blood pressure (122±4 vs.
153±7 mm.Hg, control vs. CBX, P<0.05) at the end of 4 weeks of CBXtreatment (Figure
4), indicating that alternative MR activation increases blood pressure.
. To determine the effect of 11 PHSD inhibition on cerebral infarct size, control and
CBX-treated rats were exposed to 24 hours of permanent cerebral ischemia using an
intralumenal suture technique that blocks blood flow to the MCA. Damage due to
cerebral ischemia was greater in CBX-treated rats than control (14.8 ± 4.2 vs. 27.1 ±
5.4%, control vs. CBX, P<0.05) as indicated by the percentage of the hemisphere

48 .

Table L Body and organ masses of control and carbenoxolone-treated rats.

Control

CBX

Body Mass (g)

304.3 ± 3.4

336.5 ± 8.2*

Heart/Body Mass (mg/g)

3.71 ± 0.06

4.07 ± 0.15*

Kidney/Body Mass (mg/g)

3.49 ±0.11

3.89 ± 0.12*

Parameter

Values are mean± SEM.. * P<0.05 vs. control. n.2::6 for both groups.
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Figure 4. Systolic blood pressure in control and carbenoxolon~-treated rats. Blood
pressure was measured throughout the study by tail-cuffplethysmography. Data shown
are average pressures from the final week of treatm_ent. Values are mean ± SEM
*P<O. 05 vs. control. n?.7 for both groups.
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Figure 5. Response to cerebral ischemia in control and carbenoxolone-treated rats.
Infarct was measured after 24 hours ofpermanent occlusion ofthe·MCA. Values are
mean± SEM *P<0.05 vs. control. n~6for both groups.
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infarcted in Figure 5. Importantly, the degree of occlusion of the MCA was the same in
each rat, as confirmed by laser Doppler flowmetry. There was no difference between
groups in the time required by rats to move off a circular pad after strok~ (30.3±7.0 vs.
24.1±4.8 seconds, control vs'. CBX, P=NS) .. All rats that had an infarct.showed
neurodeficit by twisting their bodies when suspended by their tails. Most rats also were
unable to extend their forearms when suspended by the tail; the fraction of those that.
.

2

could not was not different between groups (4/6 vs. 12/15, control vs. CBX, x =0.42,

P=NS). Thus, the markers ofneurodeficit employed in this study did not correlate with
stroke injury, but 24 hours may be too short of a time period to adequately differentiate
changes in behavior between groups. Chronic administration of CBX was required for
the increase in infarct size. The percentage of the hemisphere infarcted in rats treated
with CBX for only 48 hours was not different from control rats (14.8 ± 4.6%).
Passive lumen (Figure 6) and outer (Figure 7) diameters ofMCAs measured
under calcium-free conditions were significantly decreased in CBX-treated rats over a
range of intralumenal pressures. Specifi.cally, lumen diameter was smaller from 40:.180 ·
mmHg, and outer diameter was decreased· from 60-180 rinnHg in CBX-treated rats. Al~o ·
the wall-to-lumen ratio was increased in the CBX group (Figure 8). Stress-strain curves·
.

.

were produced to ass~ss MCA compliance in the ·two groups. CBX treatment resulted in
a leftward shift in the stress-strain curve, indicating. decreased compliance of the MCA
(Figure 9). Also, these rats had a significant increase in the stiffness of the: MCA as
indicated by a larger P-coefficient (4.75±0.41 vs. 6.37±0.48, control vs. CBX, P<0.05)
following 11 PHSD inhibition (Figure 10).
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Figure 6. Passive lumen diameter in control and carbenoxolone-treated rats. Lumen
diameter was measured in isolated, pressurized MCAs in zero-calcium conditions.
Values are mean± SEM *P<0.05 vs. control. n?:.7 for both groups.·
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Figure 7. Passive outer diameter in control and carbenoxolone..,treated rats. Outer
diameter was measured in isolated, pressurized MCAs in the absence of calcium. Values
are mean± SEM *P<0.05 vs. control. n'?.7 for both groups.
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both groups.
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CBX treatment altered the myogenic response of the MCA (Figure 11). CBXtreated rats maintained a smaller lumen diameter as intralumenal pressure was increased
over the range of pressures compared to control rats. Interestingly, the force mediated
dilation appears to occur around the same pressure in both groups.ofrats, implying that
CBX treatment does not affect the autoregulatory range in the MCA. 11 PHSD inhibition
also resulted in an increase in the percentage ofmyogenic tone in the MCA at 80 and.120
mmHg (Figure 12).
The constrictor activity of the MCA in response to 5-HTwas assessed by
conducting a dose-response curve to 5-HT at a constant pressure of 80 mm.Hg. As shown
in Figure 13, there was a significant increase in the percentage of constriction in CBXtreated rats at the higher doses of 5-HT. Relaxation to ADP was also measured in these
vessels to assess endothelium-dependent vasodilation; no differences were observed
between control and_CBX-treated rats (Figure 14). Vasoreactivity to several
pharmacological agents was also investigated in the aorta to determine whether 1 l~HSD
inhibition_ altered the reactivity of larger vessels. Similar to MCA experiments, the
percentage of constriction .to 5-HT was also noticeably increased in aorta from CBXtreated rats compared to control (Figure 15). -However, responses to PE, ACH, and SNP
.were not different between groups (Figures 16-18).
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Figure 12. Percentage of myogenic tone in middle cerebra/. arteries from control and
carbenoxolone-treated rats. Comparisons of lumen diameter under active and passive
conditions were made based on the following equation to determine tone: % tone = (1IDAllDp) *100 where IDAis inner diameter under active conditions and /Dp is inner
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Figure 13. Middle cerebral artery constriction to 5-hydroxytryptamine in control and
carbenoxolone-tre_ated rats. Isolated MCAs were pressurized at 80 mmHg, and
sequential doses of 5-HTwere administered _in the circulating buffer. Values are mean±
SEM · *P<0.05 vs. control. n?..7 for both groups.
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Figure 14. Middle cerebral artery relaxation to adenosine diphosphate in control and
carbenoxolone-treated rats. Isolated MCAs were pressurized at 80 mmHg, and.
sequential doses ofADP were.administered in the-circulating buffer after preconstriction
to 5-HT (10- 6 M). Values.are mean± SEM·. n?::.3/or both groups.
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Figure 15. Aortic constriction to 5-hydroxytryptamine in control and carbenoxolone-

treated rats. A wire myograph was used to assess 5-HT constriction in aortic ring
segments. Values are rriean± SEM. *P<0.05 vs. control~ n?::..6/or both groups.
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Figure 16. Aortic constriction to phenylephrine in control and carbenoxolone-treated
rats. A wire myograph was used to assess PE constriction in aortic ring segments.
Values are mean ± SEM n'?::.6 for both groups.
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treated rats. SNP was administered to aortic ring segments fallowing preconsiriction
with PE (10- 6 M). Values are mean± SEM ·n~6for both groups.
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Two markers of oxidative stress were measured in the plasma: of control rats and
those treated with the 1 l~HSD inhibitor. The first measurement w·as ofTBARS; the kit
employed for this measurement uses an Iv.IDA standard to quantify TBARS because
MDA forms adducts with thiobarbituric acid (1 :2) that are detectable by fluorescence.
There was no difference in TBARS between the 2 groups ofrats (Table II). It should be
noted that these concentrations are higher: than what is typically reported.

183

The assay

was conducted multiple times, always yielded .higher than normal values, but never
indicated a difference between groups. Contrary to TBARS,_ a_ between-group difference
in 8-isoprostane concentrations was detected (Table II). Taken together, these findings
are ambiguous but suggest the possibility that oxidative stress is stimulated by 11 ~HSD
inhibition.
Although it has been ~stablished·that 1 l~HSD2 is ·expressed in blood vessels,
185

184
•

there has been controversy over whether it-is expressed in both endothelial-and

vascular smooth muscle cells. In order to address this, MCAs were isolated, fixed, and
stained with an 11 ~HSD2-specific antibody. Staining was evident in the endothelial
layer of the MCA but was not detectable in smooth muscle (Figure 19), suggesting that
.

.

.

cerebrovascular effects of 11 PHSD .inhibition may be mediated through endothelial MR.
Vessels from other anatomical sources were not stained; therefore, conclusions cannot be _
drawn about 11 PHSD2 expression in other vascular beds or in larger or smaller arteries.
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Table Il Oxidative stress in control and carbenoxolone-treated rats.
Parameter

Control

CBX

TBARS (mnol MDA/mL)

9.3 ± 1.9

8.7 ± 1.1

0.68 ± 0.23

1.55 ± 0.30*

8-isoprostanes (pg/mL)

Values ate mean± SEM. *P<0.05 vs. control. ~6 for TBARS and n~S for_ 8isoprostanes.
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Figure 19. 11 /J-hydroxysteroid dehydrogenase type 2 sta_ining Qf the middle cerebral
artery. The upper left image is an MCA section stained with the 11 f]HSD2 antibody; the
lower left image is that of a negative control (no primary antibody). The larger picture _
to the right is a magnification of the _upper left image.
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STUDY 2: CEREBROVASCULAR EFFECTS OF ISCHEMIA/REPERFUSION
INJURY
Rats were exposed to I/R injury (60 minutes ofischemia), and MCA reactivity
and structure were assessed 2 weeks later. A summary of physiological parameters for ·
rats used in this study is provided in Table III. Body and organ masses were similar
between control and I/R rats. As initial body mass was similar between groups, I/R
injury did not affect weight gain, and there was no indication- that it caused cardiac or
renal hypertrophy. Stroke damage was assessed in rats 2 weeks after 1/R injury; no
infarct was detectable by TTC staining. However, analysis of the brain scans used to
quantify infarct size revealed evidence of edema in brains from 1/R rats. The damaged_
hemisphere was larger than the undamaged hemisphere in all brains.
There w_as no effect ofl/R injury on vascular reactivity as assessed by constriction
to 5-HT (Figure 20) and relaxation to ADP (Figure_21). Interestingly, MCA lumen
diameter, measured in isolated vessels, was increased in I/R rats under active -(Figure 22)
and passive conditions (Figure 23). One hour of focal cerebral ischemia was sufficient to
stimulate cerebrovascular remodeling, evident 2 weeks after injury. However, with .
similar changes in·active and:passive lumen diameter, there was no net change in
myogenic tone (Figure 24). There was also no change in MCA stiffness, based on similar
stress-strain curves (Figure 25). Beta-coefficients were also similar between control and

I/R rats (6.5±0.3 vs. 5~9±0.4, control vs. 1/R, P=NS).
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Table IIL Body and organ masses of control and ischemia/reperfusion rats.

Parameter

Control

1/R

Body Mass (g)

307±4

304± 8

Heart_ Mass· (g)

1.14 ± 0.04

1.12 ± 0.04

Kidney Mass (g)

1.07 ± 0.03

1.10 ±.0.04

Values are mean± SEM. ~4 for both groups.
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Figure 20. Middle cerebra/artery constriction to 5-hydroxytryptamine in control and

ischemia/reperfusion rats. Isolated MCAs were pressurized at 80 mmHg, and sequential
doses of 5-HTwere administered in the circulating buffer. Values are mean± SEM .n~4
for .both groups.
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Figure 22. .Active pressure response in control and ischemia/reperfusion rats;
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MCA lumen diameter was measured. . Values· are mean ± SEM * P<0. 05 vs. control.
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Figure 23. Passive pressure response in control and ischemia/reperfusion rats ..
Intralumenal pressure was in~reased from 0-180 mmHg under zero-calcium conditions,
and MCA lumen diameter was measured. Values are mean ± SEM * P<0. 05 vs.
control. n?:.4 for both °groups.
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Figure 24. Myogenic tone in middle cerebral arteries from control and
ischemia/reperfusion rats. Lumen diameter under active and p~ssive conditions at a
given pressure was compared using the following equation to determine tone: % tone =

(I-ID A/IDp) *100 where IDAis inner diameter under active conditions and /Dp is inner
diameter under passive conditions. Values are mean ± SEM n?:..4 for both groups.
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Figure 25. Stress-strain· curves for middle cerebral arteries from control and
ischemialreperfusion rats. Data were extrapolated from the passive pressure-response
based on the following equations: circumferential wall stress
circumferential wall strain

= (P * ID)/2 WT and

= (ID - IDo)IIDo where ID is inner diameter, OD is outer

diameter, P is intralumenal pressure, WT is ·wall thickness, and /Do is inner diameter at 0
mmHg. Values are mean * SEM n~4 for both groups.
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STUDY 3: CEREBROVASCULAR EFFECTS OF OBESITY
Initial studies to determine the cerebrovascular effects of ohesity were carried out
in age-matched adult LZR and OZR; comparisons of baseline physiological parameters
between these rats at 14-17 weeks of age are provided in Table IV'. Body mass was
dramatically increased in adult OZR compared to LZR. Elevated concentrations of
plasma insulin and cholesterol indicated metabolic dysfunction, including insulin
resistance, in OZR, but a normal percentage of glycosylated hemoglobin (HbA1c) suggests
· that these rats are normoglycemic ·in this age range. Evidence for insulin resistance in
OZR is clear~y expressed in Figure 26. Rats were subjected to an insulin clamp protocol.
The average glucose infusion rate to maintain euglycemia was higher in LZR (69±4 vs.
36±9 µL/minute, LZR vs. OZR, P<0.05), indicating that they are more sensitive to·
insulin than OZR. Average blood glucose concentrations were similar between groups
(124±4 vs·. 122±1 mg/dL, LZR vs. OZR,P=NS).
Average mean arterial pressure (MAP) was also increased in adult. OZR. The
progression of this increase in pressure is shown in Figure 27. At a young age, .OZR are
normotensive, but pressure begins to increas~ with age until it is consistently higher than
what is observed in LZR. · Beyond increased pressure in adult OZR, these rats have more .
frequent spikes in pressure (Figure 28). Counts of pressure spikes {designated by
thresholds of 130 and 140 mmHg) were taken during the final week of telemetry
recordings and indicated that systolic blood pressure is above· 130 and 140 mmHg more
often in OZR. Average systolic blood pressure was also elevated in OZR (117±3 vs.
130±4, LZR vs. OZR, P<0.05). Therefore, perfused tissues may be exposed to higher
pressure and more frequent spikes· in pressure in OZR, rendering them more susceptible

79
Table IV. Physiological parameters in adult lean and obese Zucker rats.

Parameter

AdultLZR

AdultOZR

Body Mass (g)

380±7

573 ± 17*

(%)

4.8 ± 0.1

4.8 ± 0.4

Plasma Insulin (µg/L)

0.18 ± 0.05

5.28 ± 0.55*

Plasma Cholesterol (mg/dL)

46.1 ± 3.4

78.5 ± 12.4*

HbAlc

Mean Arterial Pressure (mmHg)

95±3 ·

Values are mean± SEM. *P<0.05 vs. LZR. ~6 for all measurements.
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Figure 26. Glucose infusion rates to maintain euglycemia in lean and obese Zucker rats.
Average infusion rates over the final 30 minutes of the protocol are reported. Values are
mean± SEM *P<0. 05 vs. LZR. n~5 for both groups.
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to injury. The degree to which this occurs in the cerebral circulation is unclear because
of autoregulation of cerebral blood flow.
The response to cerebral _ischemia was assessed in LZR and OZR. Ischemia was
induced for 1 hour, followed by 24 hours of reperfusion. OZR had a greater percentage
of infarction than LZR(l0.6 ± 2.0_vs. 27.4 ± 5.5% hemisphere infarcted, LZR vs. OZR,
P<0.05) as assessed by TTC staining (Figure _29). Laser Doppler flowmetry was used to
confirm that the degree of occlusion was similar between the two groups (58.4 ± 4.6 vs.
57.5 ± 5.2% change in cerebral blood flow, LZR vs. OZR, P=NS). A scanning laser
Doppler was also used to assess changes in cerebral blood flow after stroke and at the end
of the reperfusion period in a subset of rats. Quantification of these changes in blood
flow confirmed a similar decrease after stroke in LZR and OZR; furthermore, there were
no differences in cerebral blood flow between LZR and OZR at the end of the reperfusion
_period (Figure 30). Beyond suffering more damage due to stroke, 2 of the

8 OZR did not .

survive the 24-hour reperfusion period, whereas all 7 LZR survived, suggesting a
.decreased survival rate in OZR. However, these values are from a small sample size and
did not reach statistical significance (x,2=2.019, P=NS).
Blood samples were taken from a subset ofrats subjected to cerebral ischemia at
the following points: baseline, early ischemia, late ischemia, and reperfusion. Blood
gases and pH were measured in these samples. Baseline and ischemic values are shown ·
.

.

.

.

in Table V. There were no differences between LZR and OZR at any time point · ·
measured. Therefore, alterations in these factors do not explain the difference in infarct
size. Glucose was also ineasured in these blood samples. The glycemic response to
stroke is depicted in Figure 31. ·Baseline blood glucose levels were elevated in LZR and
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OZR, likely due to anesth¢sia, but were not different between groups. However, the
glycemic status of OZR during stroke was very different from that of LZR; their blood
glucose levels increased dramatically during stroke, whereas LZR maintained relatively
stable levels.
_The blood pressure "response to_ cerebral ischemia was assessed in rats that were
implanted with telemetry transmitters and subjected to the stroke protocol. Baseline
measurements were collected; there was a break in blood ·pressure recording during the
MCAO procedure, but rats were returned to the telemetry receivers during ischemia. A
representative trace of the blood pressure response to stroke is shown in Figure 32. LZR
and OZR had similar blood pressure responses to stroke: both responded to ischemia
with elevated pressure (Figure 33). ·Therefore, differences in this reflex, known as the
Cushing' s reflex, cannot explain worse stroke injury in OZR.
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Figure 28. Elevated pressure counts in adult Zucker rats. Pressure spikes were counted
during the final week of telemetry recording. Values are mean± SEM *P<0.05 vs. LZR.
n?::.5 for both groups.
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Table V. Arterial pH and Pco2 in Zucker rats before and during stroke.
Parameter

LZR

OZR

Baseline pH

7.44 ± 0.02

7.42 ± 0.01

. 49.4 ± 2.6

52.3 ± 0.8

IschemiapH

7.44 ± 0.02

7.40± 0.02

Ischemia P co2

48.9 ± 1.5

50.7 ± 3.1

Baseline Pco2

Values are mean ± SEM. 112:4 for all measurements.

88

_600

=s

'c, soo

·E

-LZR

c::J OZR

*

*

-400
G>
(/)

0

u 300·
:,
(!) 200
"'C
0

.S? 100
m
0

Baseline

Early lschemia· Late lschemia

Reperfusion

Figure 31.. Glycemic response to cerebral ischemia in lean and obese rats. Samples
were taken via the femoral artery throughout the course of the MCAO procedure in
anesthetized rats. Values are mean± SEM *P<0.05 vs. LZR. -n~4for both groups.

· 89

;

100

d)

:!
MCAO
ao~--------------------.,...,__,..-....-__..-,----.-

Time
Figure 32. Representa_tive trace of the bloodpressure response to stroke. Telemetry ·
measurements were taken every 10 minutes at baseline and dur_ing the ischemia and
,.)'

reperfusion periods. _Average responses are shown in the next figure.

90

75

Cl)

-LZR
c:::J OZR

·C

!e
CC

E

i

50

e ffl

'lo-'Cl)

a.

C> .
C

25

cu
.c

u

0

lschemia

Re.perfusion

Figure 330 The blood pressure response to stroke in lean and obese Zucker rats.
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In order to determine whether OZR have impaired ability to restore perfusion
following ischemia, the flow debt repayment protocol was employed. Using a laser
Doppler flow probe to monitor cerebral blood flow, the debt in blood flow following a 1minute period of ischemia was determined. Then LZR and OZR were compared in the
time required to repay this flow debt; results indicate that LZR and OZR have similar
ability to recover from an acute loss of flow, with each group requiring similar time to
repay the loss (28±3 vs. 30±3 seconds, LZR vs. OZR, P=NS [Figure 34]). Whether the
same is true following longer periods of flow loss is uncertain.
Alterations in myogenic tone and MCA structure were assessed to determine
whether these important contributors to cerebral blood flow were altered in obesity. The
myogenic response of the MCA was assessed in isolated, pressurized vessels ·as described
above; active vessel diameter was smaller in OZR than LZR (F1gure 35). Additionally,
OZR demonstrated a smaller passive lumen diameter· over the entire range· of pressures

measured compared to LZR (Figure 36). These findings suggest that MCAs from OZR
undergo aninw:ard remodeling. The percentage ofmyogenic tone was.calculated-from _
active and passive pressure-~esponse curves. Myogenic tone was significantly increased
in vessels from OZR from 80-120 mmHg compared. to those from.LZR (Figure 37).

Alterations in vessel stiffness were also assessed in isolated, pressurize<;! vessels. As
indicated by the similar stress-strain curves and similar ~-coefficients shown in Figures
38 and 39, respectively, there was no difference in vessel stiffu.ess between LZR and
- OZR. · Overall passJve MCA char~cteristics at the maximal pressure of 140 mmHg are . ·

shown in Table VI. Maximal lumen and outer diameters were decreased in OZR, and
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Figure 34. Time .required to repay flow ·debt by adult Zucker rats. MCA flow was
blocked for 1 minute by MCAO; the debt inflow was calculated; and the time to repay
this. debt was compared between groups. Values are mean ± SEM n'?::.3 for both groups.
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Figure 35. Active middle cerebral artery lumen diameter in adult lean and obese rats.
Lumen diameter·was measured in isolated vessels in the presence of calcium. Values are
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Figure 3 6. Passive middle cerebral artery lumen diameter in adult lean and obese rats.
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Figure 37. Middle cerebral artery myogenic tone in adultZucker rats. Comparisons of
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Figure 38. Stress-strain curves for middle cerebral. arteries from lean and obese Zucker·
rats. Data were extrapolated from the passive pressure-response based on thefollowing
equations.; circumferential wall stress
.

.

= (P
.

.

* ID)/2 WT and circumferential wall strain ~
~

(ID - IDo)IIDo where ID is inner diameter, OD is outer diameter,. P is intralumenal
pressure, WT is wall thickn.ess, and /Do is inner diameter at OmmHg. Values are mean ±
SEM n'?:.8 for both groups.
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Table VI. Maximal passive characteristics of middle cerebral arteries from lean and
obese Zucker rats. ·
Parameter

LZR

OZR

Lumen Diameter

278± 5

236 ± 5*

Outer Diameter

316±5

272 ± 6*

Wall Tluckness

18.3 ± 0.6

17.5 ± 0.4

Wall-to-Lumen Ratio

0.067 ± 0.003 .

0.076 ± 0.002*

Values are mean± SEM. *P<0.05 vs. LZR. n2:8 for all measurements.
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there was no difference in wall thickness compared to LZR. These alterations resulted in
an increase in the wall-to-lumen ratio in OZR.
Vascular reactivity to PE and ACH was measured in aorta from LZR and OZR in
order to determine whether there _are differences in vascular function of large, conduit
arteries in these rats. The response to PE was not different between LZR and OZR ·
(Figure 40). Likewise, no differences were observed between groups in reactivity to
ACH (Figure 41).
The initial characterization of adult Zucker rats described above provides
evidence that OZRhave elevated blood pressure and are insulin tesistant, consistent with
previous reports. 114• 156 Furthermore, OZR suffer more damage following cerebral
ischemia (Figure 29) that is not explained by differences in blood gases (Table V) or_
altered Cushing's reflex (Figure 33); they show evidence of incteased myogenic tone
(Figure 37) and inward remodelin_g of the MCA {Figure 36). shbsequent experiments
sought to determine which component(s) of the pathophysiol~gy of obesity is responsible
for the observed cerebrovascular complications in OZR. The first approach was of a
chronological nature, with experiments conducted in young Zucker rats.
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Figure 40. Aortic constriction to phenylephrine in adult Zucker rats. Measurements
were made in aortic rings on a wire myograph and are expressed as a percentage of
constriction to KC!. Values are mean ± SEM n?.4 for both groups.
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Figure 41. Aortic relaxation to acetylcholine in lean and obese Zucker rats.

Measurements were made in aortic rings in a wire myograph. Ringswere constricted to
PE (10- 6 M) prior to administration ofACH. Values are mean± SEM n?:.4for both
groups.
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· Baseline characteristics of young Zucker rats are shown in Table VII.
Importantly, there was already evidence of increased body mass in OZR at 6-7 weeks of
age. The majority ofHbAicmeasurements in young rats yielded results that were lower
than the detection of the kit because of the fong"'.term nature of the measurement;
therefore, these values cannot be reported. Plasma insulin levels were increased in young
OZR compared to_ LZR, indicating that even at a young age, OZR demonstrate evidence
of insulin resistance. Furthermore, there was a difference in insulin sensitivity between
young LZR and OZR detected by a euglycemic-insulin clamp {t'igure 42); glucose
infusion rates to maintain euglycemia were higher in LZR than OZR(55±6 vs. 39±5
µL/minute, LZR vs. OZR, P<0.05), but average glucose concentrations during the
experiment were similar between groups (128±2 vs. 126±2 mg/dL, LZR vs. OZR,
P=NS). Although OZR become more severely insulin resistant at an age beyond the

scope of this study, it is worth noting that young. and adult OZR exhibit a similar degree
of insulin resistance based on the insulin clamp data. MAP was significantly elev_ated in
adult OZR; however; it was similar between young LZR and OZR. Taken together,young OZR represent a normotensive model of obesity and insulin resist_ance,: whereas
.

.

adult OZR are obese, "insulin resistant, and mildly hypertensive. These _observations
highlight a potential role for blood pressure in the cerebrovascular changes ~n OZR
because it is the tnain difference between young and adult OZR of the parameters
measured.
In order to determine whether infarct size, myogenictone, and MCAstructure in
OZR are associated with blood pressure~ these param.eters were assessed in young rats,
prior to the increase in MAP.· As shown in Figure 43, following 1 hour ofMCAO and 24
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Table VIL Physiological parameters ofyoung Zucker rats.
Parameter

YoungLZR

Young OZR

.202 ± 14

288 ± 15*

Plasma Insulin (µg/L)

0.20 ± 0.08

4.39± 1.10*

Plasma Cholesterol (mg/dL)

26.9 ± 1.7

38.5 ± 3.5*

95 ± 1

98 ± 1.

Body Mass (g)

Mean Arterial Pressure (mmlig)

Values are mean± SEM. *P<0.05 vs. LZR. n2:::6 for all measurements.
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hours ofreperfusion, infarct size was similar between young LZR and OZR (7.5 ± 1.5 vs.

8.3 ± 1.8% hemisphere infarcted, LZR vs. OZR, P=NS). The magnitude of injury in
these 2 groups is similar to what was observed in adult LZR. All of the young rats·
survived the entire reperfusion period. Additionally, myogenic tone was similar or
decreased in MCAs from young OZR (Figure 44), and there was no evidence of inward
remodeling of the MCA according to passive measurements of lumen diameter (Figure
45). These results indicate that deleterious changes in the cerebral circulation of adult
OZR are not present in young OZR prior to the onset of hypertension despite obesity and
insulin resistance. Additionally, these studies provide the rationale for subsequent
·studies·, in which the effects of preventing increased blood pressure in OZR are tested.
The next study consisted. of treatment with the antihypeitensive agent HCT to
· determine the effects of maintaining normal blood pressure 1n OZR. Experiments were
also conducted in control LZR and OZR to serve as references for HCT-treated rats .
. Physiological parameters for LZR and OZR with and without HCT treatment are outlined
in Table VIII. Compared to LZR, OZR had increased body mass and evidence of cardiac
and renal hypertrophy. HCT treatment did not affect body mass in OZR but improved
organ hypertrophy. Untreated OZR also had increased plasma levels of insulin,
cholesterol, and triglycerides. Importaritly, HCT treatment did not improve these indices
ofmet~bolic dysfunction in OZR. HCT is considered a potassium-wasting diuretic, but
.

.

plasma potassium measurements confirmed that there were no differences in potassium
concentration between groups.
As shown above in Figure 27 and previously reported by our laboratory and
others,

114 155 156 165 186
•
•
'.
•

blood pressure progressively increased in adult OZR compared to
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LZR (Figure 46). Treatment with HCT, beginning at 8 weeks of age, was ·sufficient to
prevent this increase in blood pressure in OZR. The result ofHCT treatment in
normotensive LZR was also assessed and was found to be without effect on pressure in
LZR. OZR also demonstrated.evidence of more frequent spikes in systolic blood
pressure, and this was prevented by treatment with HCT (Figure 4 7). Therefore, chronic
.

.

tre_atment with HCT normalized both average blood pressure and exposure to bursts of
elevated pressure.
At the end of.the HCT treatment, rats were subjected to cerebral I/R injury using
.

the intralumenal suture method. Following 1 hour ofischemia.and 24 hours of·
reperfusion~ control OZR suffered more stroke damage than LZR, consistent with the
findings shown in Figure 29. HCT treatment normalized this increase in infarct size in
OZR but was without effect in LZR (Figure 48). Furthermore, 2 control OZR did not
survive the 24~hour reperfusion period, but all OZR+HCT rats survived; this finding
suggests that maintaining normal pressure in OZR not only decreases infarct size but
· might improve survival rates, an effect that requires a larger sarllple size to confirm.
Importantly,·the improvement in infarct size in the OZR~HCT group appears to be due to
chronic normalization of blood pressure rather thall' acute changes in blood pressure
regulation during stroke. Lean and obese rats with thiazide treatment had similar blood
. pressure responses to stroke as those described above for untreated LZR and OZR
(Figure 33). Namely, all rats demonstrated a normal Cushing's reflex: an increase in
blood pressure in response to cerebral ischemia (Figure 49). Therefore, differences in the
Cushing's reflex are not an explanation for the improved stroke outcome in OZR+HCT.

Table VIIL Physiologi,cal parameters in hydrochlorothiazide-treated Zucker rats.

LZR

OZR

LZR+HCT

OZR+HCT

Strain Effect?

Drug Effect?

Body Mass (g)

401 ± 10

595 ± 15*

340 ± 6t

560±11*

yes

yes

Heart Mass (g)

1.18 ± 0.05

1.33 ± 0.04*

0.97 ± 0.02t

1.17 ±0.03*t

yes

yes

Kidney Mass (g)

1.34 ± 0.05.

1.75 ± 0.18*

l.07±0.03t ·

1.45 ± 0.04*t

yes

yes

Insulin (µg/L)

-1.2± 0.5

5.4± 0.9*

0.3 ± 0.1

5.4 ± 0.8*

yes.

no-

Triglycerides (mg/d.L)

72.6 ± 10.4

277.3 ± 56.0*

.32.0 ± 11.0

316.5 ± 49.9*

yes

no

Cholesterol "(mg/d.L)

70.6±-6.7

· 121.5 ± 16.7*

55.1 ± 5.2

115.7 ± 8.3*

yes

no

Parameter

Values are mean± SEM. *P<0.05 vs. treatment-matched LZR. t P<0.05 vs. strain-matched untreated rats. ~8 for all measurements
except for plasma measurement iµ. LZR+HCT n=5.
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Figure 46~ Mean arterial pressure in control and hydrochlorothiazide-treated Zucker
rats. Blood pressure was measured by telemetry. Values are 3-day averages and are
presen_ted as mean± SEM *P<0.05vs. LZR, LZR+HCT, and OZR+HCT. n'?::.6 for all
groups except LZR+HCT, in which n=3.
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Arterial Pco2 and pH were not different between groups at baseline or at any time
point measured during the ischemia protocol. Baseline and late ischemia levels are
shown in Table IX. The glycemic response to stroke was also measured in HCT-treated
LZR and OZR. Much like untreated Zucker rats (Figure 31 ), LZR+HCT maintained
relatively stable blood glucose levels during stroke, whereas glucose concentrations of
OZR+HCT were greatly elevated during stroke (Figure 50). The lack of improvement in
the increased glycemic load during stroke in OZR+HCT suggests that the elevation in
blood glucose levels during stroke in OZR is not sufficient to" cause the worse stroke
damage, as OZR+HCT.rats have an impaired glycemic response to stroke but an
improvement in injury. Although there is· clear experimental evidence that
hyperglycemia worsens stroke· outcome, these results suggest that hyperglycemia is not
the major mechanism of worse stroke injury in this model.
· As there is a direct_relationship between vessel lumen diameter and flow, MCA
lumen diameter was measured in each group of rats over a range of pressures under both
. active and passive conditions .. Consistent with what is reported above in Figure 35, OZR
showed increased myogenic constriction of the MCA compared to LZR (Figure 51 ),
perhaps providing one mechanism of worse stroke injury. However, contrary to our
hypothesis, this increased constriction was not improved in OZR+HCT, suggesting that
increased blood pressure may not be the cause of increased MCA myogenic constriction
in OZR. Passive lu~en diameter was also measured-over a range of intralumenal
pressures .. As expected from previous findings shown in Figure 36, OZR exhibit
evidence of inward remodeling of the MCA (Figure 52), providing another possible
mechanism of worse stroke inj"ury. Chronic treatment with HCT significantly improved ·
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· Table IX. Arterial pli and Pcoz in hydrochlorothiazide-treated rats before and during

stroke.
Parameter·

LZR+HCT

OZR+HCT

Baseline pH

7.42 ± 0.005

7.45 ± 0.01

Baseline pCO2

48.3 ±.1.3

. 55.8 ± 1.3

IschemiapH

7.43 ± 0.01

7.45 ± 0.02

Ischemia Pco2

48.6 ± 2.2

49.8 ± 1.0

Values are mean ± SEM. n?:4 for all measurements.
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inward remodeling of the MCA in OZR, with a maximum lumen diameter similar to that
ofLZR.
_Once it was established that preventing increased blood pressure in OZR with a
thiazide diuretic improves several of the observed cerebrovascular complications in these
rats, a second approach to lowering blood pressure was taken to ensure that the
improvements were not specific to HCT treatment. LZR and OZR were fed a sodiumrestricted diet in attempt to lower blood pressure. Physiological parameters of control
and LS-fed rats are shown in Table IX. The LS diet resulted in decreased body mass in
LZR and OZR compared to·rats fed normal chow. However, OZR+LS maintained
increased adiposity compared to LZR+LS. The difference in body mass can likely be
attributed to decreased food consumption, which is also shown in Table X. Compared to
lean rats, obese rats had increased renal and heart masses. Plasma markers of metabolic
dysfunction were also elevated in obese rats compared to lean. Plasma sodium was
similar between all groups, but the reduction in sodium consum'.ption in LS· rats was
apparent by the decrease in urinary sodium excretion to levels below detection. As
-expect~d in response to sodium restriction, rats fed LS diet had_ a marked increase in
plasma aldosterone concentration; however, aldosterone was similar between lean and
obese rats fed a LS diet.
Blood pressure was monitored by telemetry throughout the duration of the diet
.

.

manipulation and is shown in F1gure 53. Restricting dietary sodium consumption in OZR
did not affect MAP; by adulthood, pressure was significantly elevated in OZR+LS
compared to LZR+LS, much like what is observed in control OZR. Rats fed the LS diet
were subjected to cerebral ischemia at the end of the protocol. MCAO was induced for 1
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hour, followed by 24 hours ofreperfusion. Stroke damage was worse in OZR+LS
compared to LZR+ LS (Figure 54), indicating that there was no effect of diet on infarct
size. Sodium restriction also_ failed to influence passive MCA diameter (Figure 55), with.
· OZR+LS having a smaller diameter compared.to LZR+LS, again similar to control OZR.
Results from a brief study in rats made insulin resistant by fructose feeding shed
light on the effects of insulin resistance on MCA lumen diameter. Passive MCA lumen
diameter was measured in. adult control and fructose-fed LZR; there were no differences
between groups over. the range of intralumenal pressures measured (Figure 56). This
finding suggests that insulin resistance is not sufficient to elicit alterations in the size of
the MCA. Previous reports from the Stepp Laboratory determined that body mass and
· blood.pressure are not increased by fructose feeding. 177• 178 It should be noted that plasma
insulin levels are elevated in fructose-fed LZR compared to coritrol rats, 177• 178 but they do
not reach the concentrations observed in age-matched OZR. ·

TableX. Physiologi,cal parameters in lean and obese rats fed a low sodium diet.

LZR

OZR

LZR+LS

·ozR+LS

Strain
Effect?

Diet
Effect?

Body Mass (g)

· 374± 15

565 ±21*

299 ± St

450± ll*t

yes

yes

Kidney Mass (g)

1.14 ± 0.05

1.43 ± 0.05*

0.92± 0.O2t

1.01 ± 0.04t

yes

yes

Heart Mass (g)

1.08 ± 0.04

1.24± 0.03*

0.90± 0.02t

1.01 ± 0.03*t

yes

yes

21±2

29±5*

15 ± 1

21 ± It

yes

yes

Insulin (µg/L)

0.3 ± 0.1

3.2 ± 0.8*

03 ± 0.03

4.0± 1.4*

yes.

no

Triglycerides (mg/dL)

62.3 ± 7.4

156.0 ± 13.8*

55.6± 12.9

103.5 ± 7.9*t

yes

yes

'85.3±17.1

133.2± 17.7

106.9 ± 25.4

243.8 ± 30.1 *t

yes .

yes

Plasma Na+ (mM)

139±3

138±2

141 ± 1

139±2

no

no

Urinary Na+ Excretion (mEq) .

1.4 ± 0.1

2.3 ± 0.3*

<1

<1

· 222± 47

91 ± 15

8895 ± 1364t

8708± 1363t

no

yes

Parameter

Food Consumption (g/day)

Cholesterol (mg/dL)

Plasma Aldosterone (pg/mL)
Values are m~an ± SEM.

*P<0.05 vs. diet-matched LZR.

t P<0.05 vs. strain-matched control rats. re4 for all measurements.
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Figure 53. Mean arterial pressure of lean, and obese rats fed a low sodium diet. Blood
pressure was measured by telemetry. Values are 3-day averages and are presented as
mean± SEM *P<0.05 vs. LZR+LS. n=3 in LZR+LS and n=5 in OZR+LS.
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IV. Discussion

Stroke is a major cause of death and disability worldwide, and the health of the
cerebral blood vessels contributes to both the occurrence of stroke and the damage that .·
results from a stroke. The studies described above have established evidence of worse
stroke
damage in 2 distinct models of endocrine dysfunction, increased activation of the
.
.

MR by glucocorticoids and obesity. Furthermore, results demonstrate that these
conditions trigger alterations in the structure and function of the MCA, providing
potential mechanisms for altered perfusion during stroke and worse stroke injury. The
specific d~tails of each study are discussed below, along with tlie_accompanying caveats
· .and auxili8:ry considerations.

STUDY 1: CEREBROVASCULAR EFFECTS OF 11'3-HYDROXYSTEROID
DEHYDROGENASE 2 INHIBITION ·
A k~y finding of Study 1 is that inhibition of l 1.J3HSD2 results in increased infarct
size following 24 hours of permanent cerebral ischemia, much like direct MR activation
. viaDOCA (Figure 5). 69 Also, like direct MR activation, llJ3HSD2 inhibition results in
inward hypertrophic remodeling (Figures 6-8) and increased stiffness of the MCA·
(Figure 10). Additionally, increased corticosterone access to the MR alters the myogenic
and constrictor profile of the MCA to produce a vessel_ with heightened tone (Figure .12)
127
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and reactivity to the vasoconstrictor 5-HT (Figure 13). CBX treatment resulted in cardiac
and renal hypertrophy, as well as increased body mass (Table I).
Although the mechanism behind the increase in body mass is as of yet
unexplored, it is possible that it is partially due to fluid retention as a result of increased
MR activation. However, the increase in body mass is too great to be explained by fluid
retention alone. Another possibility is a difference in food consumption between control
and CBX-treated.rats. Food consumption was not measured in this study; however, in a
previous pilot-study using a higher dose of CBX without NaCl supplementation, there
was no difference in food·consumption between control and CBX-treated rats according
to preliminary measurements. _From a different perspective, there is evidence that
increased expr~ssion of 11 J3HSD2 in adipocytes results in resistance to diet~induced
obesity, 187 but adipocyte-specific expression of 11 PHSD2 is not normaily present at high
levels; inhibition of the enzyme, therefore, could render the rats in Study 1 more
· susceptible to weight gain. Nonetheless, our results are consistent with the findings of
.

Young et al.

93

.

as we have shown that altering pre-receptor regulation of the MR ·mimics

direct MR activation, leading to a pathological condition in the cardiovascular system.
Huinan studies indicate a °Iink between i~creased levels of plasma aldosterone and
stroke. 188 • 189 The role for MR activation

in the pathology of stroke is further underscored

by studies from the Dorrance laboratory indicating that MR antagonism with
· .spironolactone improves.infarct size following cerebral isch~mfa. 68 In the CBX-induced
model of alternative MR activation, the cerebrovascular remodeling and heightened
constriction may provide an explanation for the observed increase in infarct size because
an inward, hypertrophic remodeling,· increased stiffness,

and increased tone can all impair
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the ability of a vessel to respond to ischemia. The hypertrophic remodeling likely
involves an increase in vascular smooth muscle cell proliferation, and increased collagen
deposition likely explains the increased vessel stiffness. Although these factors were not
measured in the curr_ent study, both of these pathways have been implicated in signaling
downstream of MR activation and are described in more detail below.
Aldosterone increases vascular _smooth muscle cell proliferation in cell culture. 190
Additionally, it was previously reported that aldosterone stimulates increased expression
of murine double minute type 2 (MDM2) protein in vascular smoot~ muscle cells; this
protein is-involved in cell cycle regulation and cell growth. 191- Furthennore, MDM2
expression was increased in resistance vessels from patients with primary aldosteronism
compared with control patients, 192 suggesting that the observed decrease ·in lumen .
· diameter and increase in media thickness in arteries from gluteal biopsies from patients
with primary aldosteroni.sm 193 involve MDM2. It is well established that aldosterone
increases fibrosis and collagen deposition, as separately reviewed by Schiffrin and
Brown.

194 195
•

Rizzoni and· colleagues 193 .compared collagen levels in arteries from gluteal

biopsies from hypertensive it1dividuals and patients with primary aldosteronism and
reported that collagen expression was higher in primary aldost~ronism patients despit~
· similar blood pressure between groups. Interestingly, treatment of SHRSP with . ·
spironolactone decreases stiffuess of the MCA, 70 providing another example of MR
involvement in promotion of vessel stiffuess.
The observed incre_ase in infarct size in rats treatedwitltthe 1 l~HSD inhibitor
·cannot simply be explained by a difference in the effectiveness of the occlusion of the
MCA. Laser Doppler flowmetry was used to. ensure that the degree of occlusion was
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comparable in each rat, indicating that the worse outcome following ce~ebral ischemia in
CBX-treated rats is due to an alteration in the response to ischemia rather than variability
in the technique used to induce ischemia. Also, the _increase in stroke injury in CBX.

.

.treated rats is likely due to chronic effects of 11 PHSD inhibition because acute treatment
with CBX had no effect on the response to cerebral ischemia but instead yielded results
similar to control rats. There were no between-group differences in neurodeficit based on
the techniques used in this study to measure it; it must be noted though, that a more
extensive and sophisticated battery of tests may have detected differences in neurodeficit.
Of interest, the magnitude of the increase in infarct size and decrease in MCA
diameter in this model of chronic 11 PHSD inhibition was less than what was reported in
the DOCA model. 69 It is ·possible, therefore, that the extent of the increase in MR
activation due to CBX treatment is less than receptor activation by DOCA. Importantly,.
the duration of CBX treatment was 2 weeks less than· that of DOCA. Although 4 weeks
of CBX treatment is sufficient to induce cereqrovascular changes, a longer treatment may .
result in a more robust response. Another alternative is a difference between strains of
tats, as these studies were conducted in Sprague Dawley rats, whereas the DOCA studies
were done in Wistar rats. Interestingly, the blood pressure of the control rats i~ the 2
studies, as well as the CBX and DOCA rats was comparable despite strain differences.·
The increased 5-HT-induced constriction of the MCA in the ~BX-treated group
maybe important upon consideration of the nature of an ischemic stroke. The majority
of ischemic strokes are caused.by clots, and platelets are a source of 5-HT, which caus~s
constriction of the MCA. 196 Therefore, the heightened constrictionto 5-HT·could be
involved in the impaired response to ischemia in CBX-treated rats. Additionally, these
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findings· indicate that constriction to 5-HT is also increased_in the aorta of CBX-treated
rats, demonstrating that 1 l~HSD inhibition alters the response to 5-HT in both conduit
and resistance vessels. This alteration in vasoconstriction seems to be specific to 5~HT,
as constriction to PE was not different in aortae of control and CBX-treated rats (Figure
16). Interestingly, Hadoke and colleagues 197 demonstrated that whole-body knockout of
. 1 l~HSD2 results in heightened constriction to both 5-HT and norepinephrine; this
increased vasoconstriction involves endothelial dysfunction, as endothelial denudation
equalized constrictio_n between control and knockout mice. Conversely, the same study
demonstrated no evidence of altered vascular reactivity in 11 ~HSD 1 knockout mice.
Contrary to what has been reported in the current study, constriction to a host of
adrenergic agonists, including PE, is· elevated in DOCA-salt rats compared to control. 198
Additionally, White et al. 199 demonstrated heightened sensitivity to PE in the carotid
.artery following treatment with DOCA and salt. Again, differences in CBX and DOCA
treatments may relate to differential degrees of MR activation.
Previous studies have examined the effects of DOCA-sa'.lt hypertension on
vascular reactivityto 5-HT, but the curre~t study is·the first to investigate.whether
. alternative MR activation alters constriction to 5-HT. Watts etal. 200 demonstrated an
increas~ in the constriction to 5-HT in isolated mesenteric arteries ofDOCA-salt-treated
rats and found that this constriction was mediated by the 5-HT2B receptor. A subsequent .
study indicated that DOCA-salt treatment upregulates 5-HTrn and 5-HT2B receptors in
the aorta. 201 Whether CBX-induced alternative activation of the l\tIR alters expression or signaling of 5-HT receptors·is unknown.
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Vasodilator experiments in both the MCA (Figure 14) and aorta (Figure 17)
indicate that CBX treatment does not impair endothelium-dependent vasodilation. The
dilation to ADP in the MCA was not very robust, but there were no differences between
control and CBX-treated rats. Likewise, no differences were observed in ACH-mediateci
relaxation in aortic rings from the 2 groups. This is contrary to what has been observed
in rats treated with DOCA and salt; Van de Voorde and Leusen202 reported impaired
ACH-mediated vasodilation in DOCA-salt hypertensive Wistar rats.
Study 1 results regarding the state of oxidative stress in CBX-treated rats are
ambiguous. TBARS measurements suggest that 11 PHSD inhibition does not augment
levels of oxidative stress, whereas 8-isoprostanes are increased in these rats, suggesting
. an increase in oxidative stress (Table II). This may simply be rflated to the type and
· distribution of reactive oxygen species or the level of sensitivity of the assays used to
measure them. It should be noted that only plasma was surveyed for oxidative stress. A
better approach may have been tissue-specific measurements in tissues such as the brain,
kidneys, and blood vess~ls;
There has been much debate over the expression of 11 PHSD2 in blood vessels.
Some groups have reported expression of the type II isofonn of the. enzyme in both ·
endothelial and vascular smooth muscle cells, 184 others have reported that only 11 pHSDl
is expressed ll1 smooth muscle cells, with 11PHSD2 restricted to the endothelium. 185
Whereas it is ·likely that 11 PHSD2 is differentially expressed iri various vascular beds

and·

vessel sizes, our results indicate that 11 pHSD2 expression in tlie MCA is limited to the
endothelium (Figure t9). Endothelial-specific expression of the enzyme suggests that· the
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observed results are due to alternative activation of endothelial MR in the MCA or
systemic effects of increased glucocorticoid activation of the MR.
It is iqiportant to note that CBX is not specific for the type 2 isofonn of 1lPHSD.
This may appear to be a confounding factor when interpreting the results of Study 1;
however, the effect of 11 PHSD 1 inhibition must be considered. The role of this enzyme
is to convert inactive glucocorticoids to their active counterparts. Studies using a specific
11 PHSD 1 inhibitor suggest that tts blockade would be beneficial for the cardiovascular
system rather than deleterious. 203 • 204 The dose of CBX used in Study 1 was based on a
.

.

.

.

previous publication in which CBX treatment elicited effects that mimicked DOCA
· treatment, 93 suggestive of mostly 11PHSD2 inhibition.· However, it is unclear to what
extent 11 PHSD 1 may have been inhibited in these studies or to what extent its inhibition
may have affected the response to cerebral ischemia or vascular structure and reactivity.
One limitation of this study is that corticosterone concentrations and adrenal mass Were
not measured. The status of these parameters_ may have provided insight into the effects
of CBX on 11 PHSD 1 and its contribution to the observed cerebrovascular complications.
Glucocorticoids and 11 PHSD 1 have received much attention in recent years,
perhaps because of the. similarities between Cushing' s syndrome, a state of excess"ive
glucocorticoid production~ and metabolic syndrome. Although total cortisol levels are
not always elevated in human obesity and metabolic syndrome, it has been proposed that
tissue-specific cortisol excess or impaired cortisol metabolism may be a factor in these
conditions. In patients with Cushing's syndrome, decreasing cortisol concentrations· ·
elicits beneficial results, leading to the proposition that the same might be true of obesity
and metabolic syndrome. In this line of thought, several groups have demonstrated that
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heightened 11 ~HSD 1 activity promotes obesity· and metabolic syndrome205 • 206 and have
put forward the use of a specific 11 ~HSD 1 inhibitor as a potential therapeutic
intervention for these health pr_oblems. 204
A moderate increase in blood pressure was observed in the CBX-treated rats
(Figure 4 ), consistent with other studies employing the use _of systemic administration of
CBX. 93 Gomez-Sanchez and Gomez-Sanchez207 provide evidence that both oral and
intracerebroventricular (ICV) infusion of CBX increases blood pressure, with ICV
infusion rapidly increasing pressure but to a lesser extent than what we report.
Importantly, the increase in pressure by oral or ICV CBX was blocked by central infusion
of the MR antagonist RU28318 at a dose that does not affect pressure when given
.,

subcutaneously. These results imply a role for mineralocorticoids in the central control
of blood pressure. Although there are several possibilities for ri'.iechanisms involved in
the CBX-induced increase in blood pressure, including direct actions in the kidn~y to
increase sodium reabsorption as well as increased activation of the sympathetic nervous
system and direct effects on the vasculature, the exact mechanism is not clearly defined.
_Interpretation of the increase in blood pressure in this study is further complicated·
by a study by Leshchenko et al. 208 in which high performance· liquid chromatography was
used to demonstrate that CBX does not cross the blood brain barrier. This would imply
that systemic administration of CBX versus ICV administration may result in differential
MR activation and thus, differential outcomes on parameters such as blood pressure. It is
also important to note that blood pressure was measured by tail-cuff plethysmography in
Study 1. Although these measurements cJ,re not regarded as being as accurate -as telemetry
measurements,_ a previous _study from the Dorrance laboratory provided evidence that the·
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Kent Scientific tail-cuff system used in these studies provides readings that are
comparable to telemetry measurements. 70
It is possible that the observed effects of CBX treatment are mediated strictly by
the increase in blood pressure. However, there is evidence for blood pressureindependent effects of MR activation in the cardiovascular ~ystem. In a recent study
from the Dorrance laboratory~ MR antagonism was shown to prevent the inward
remodeling ofMCAs from male SHRSP and improve the outcome of cerebral ischemia
without affecting blood pressure. 70 Additionally, in the previously mentioned study .
investigating the cardiac· effects of CBX treatment, 93 MR antagonism with eplerenone
prevented the deleterious effects of CBX treatment without affecting blood pressure.
Although the aims.of this study were different from those of Study 1, these results
support the blood pressure-independence of our findings. Importantly, the increased risk
of stro.ke in patients with primary aldosteronism is blood pressure independent.
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RALES 73 and EPHESUS 72 provided evidence that MR antagoni.sm can have
beneficial effects on the morbidity arid mortality associated with heart failure.
Interestingly, the patients in these trials did not have elevated aldosterone levels, yet
·bene:6ted from MR antagonism. Previous studies have shown the protective effects of ·
MR antagonism on ischemic cerebral infarct size and vessel structure in the SHRSP .
model.

68 70
•

Aldosterone levels are not increased in the SHRSP, suggesting the possibility
.

.

that a steroid other than aldosterone is binding to and activating the MR, perhaps because
of the increased oxidant load in these rats ... Taken together with the findings in Study 1,
these studies suggest that patients who are at risk for disproportionate MR activation by
ghicocorticoids due to disruption of 11 PHSD2 activity may have an improvement in

.
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overall cardiovascular health upon treatment with 8-!1 MR antagonist, including a_
reduction in the damage caused by ischemic stroke. With stroke ranking as the third
leading cause of death in the United States, these studies are clinically relevant and
underscore the potential therapeutic effect of MR antagonists iti patients who are at risk
for stroke.

STUDY 2: CEREBROVASCULAR EFFECTS OF ISCHEMIA/REPERFUSION
INJURY
The goal of Study 2 was to characterize the chronic effects of a brief period of
ischemia in the cerebral vasculature; effects on vessel reactivity and diameter and-,cerebral tissue damage were assessed. Interestingly, no infarct was detectable in rats
exposed to ischemia after 14 days ofreperfusion. _This is likely a limitation of using TTC
to stain the_brain slices. TTC ·stains live mitochondria; if other cells had migrated into the
ischemic core during_ the 14 day recovery, they would stain pink, making it difficult to
detect infarct. A more appropriate technique would have been cresyl violet staining of
brain sections; although cresyl violet and TTG provide comparable determinations of
_infarct size at 24 hours.after reperfusion, 210 cresyl violet would have been a superior
approach at 14 days after reperfusion because neuronal death would have been
detectable. A previous study by Li et al. 211 demonstrated the presence of neuronal
damage after 14 days ofreperfusion using hematoxylin and eosin staining; the difference
between this study and the current one is the use ofWistar rats and a 2 hour ischemic
period. Although infarct was not detectable by TTC staining, analysis of the brain scans
did reveal evidence of edema in all rats.
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N eurodeficit was diagnosed in these rats by determining whether they extended
their forearms when suspended by the tail. All rats extended their arms, but 75%
demonstrated a slight body twist when suspended by their tails; this twist was not as ·
robust as what is normally observed in rats after 24 hours of permanent MCAO or a
short~r reperfusion period following 1 hour ofischemia, but observation has indicated
that rats do not normally twist at all when suspended by the tail. Exposure to ischemia
did not affect weight gain during the 2 week period following reperfusion (Table III).
One.hour ofischemia was sufficient to trigger changes in the MCA. Although
there were no changes in reactivity to 5-HT or ADP (Figures 20 and 21) or vessel
stiffness as assessed by the stress-strain curve (Figure 25), myogenic constriction·was
decreased (Figure 22) and passive lumen diameter was increased (Figure 23). Taken
together, these changes did not result in a net change.in myogenic tone though (Figure
24). As mentioned in th~ "Introduction," the Cipolla laboratory has provided evidence of.
loss ofmyogenic reactivity following I/R injury. 94• 95 This was only measured acutely
following injury, and Study 2 suggests that 14 days is sufficient to recover myogenic
reactivity following

an ischemic insU:It.

Although the change in passive lumen diameter

_was small, the effect of a change in lumen diameter must be considered. Poiseuille's
Law indicates that flow through a blood vessel is proportional to the radius of that vessel
to the fourth p~wer. Therefore, the small increase in lumen diameter observed in
response to 1 hour of ischemia is magnified when the effect on flow is considered. This
becomes especia1ly important in the face of a second stroke or s_troke following a TIA. It
is possible that the small increase in lumen diameter triggered by a brief period of
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ischemia would improve the response to a second stroke by increasing the perfusion
capability of the cerebral vasculature.
The mechanisms by which a brief period _of ischemia trigger an increase in lumen
diame_tei- of the MCA are unknown. It is possible.that this occurs in a similar fashion as _
the events associated with ischemic preconditioning, or the process by which a transient
period of ischemia induces protection against a subsequent period of prolonged ischemia;
however, preconditioning is generally thought to elicit beneficial effects for only a few
days and likely does not play a role .14 days after ischemia. Of the potential pathways
involved· in preconditioning, there is evidence for involvement of vascular endothelial
growth factor, 212 "inward rectifier potassium channels, 213 and chloride channels in cardiac
ischemic preconditioning. 214' 215 It is possible that _these factors are also involved in the
vascular changes reported here. Previous studies have demonstrated that chronic
.

1

.

hypoperfusion of the _brain increases the diameter of the large arteries on the surface of. ·
the brain and decreases stroke severity following MCA0. 216' 217 Kim et al. 218
demonstrated that 4 weeks of cerebral hypoperfusion induced by bilateral carotid artery
- occlusion results in: increased tortuosity of the basilar artery and increased vessel density.
Furthermore, diameter.of posterior cerebral, posterior communicating, and basilar.arteries
. was increased by hypoperfusion, and damage due to I/R injury was decreased. The
novelty of Study 2 is that simply 1 hour of ischemia rather than chronic hypoperfusion
was sufficient to elicit increased lumen diameter of the MCA.
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STUDY 3: CEREBROVASCULAR EFFECTS OF OBESITY

The initial goal of Study 3 was to determine the effects of obesity on the response
to cerebral ischemia, as well as the functional and structural changes in the cerebral
.

.

vasculature elicited by obesity. The key findings of the initial phase· of this study are that
adult _OZR with moderate hypertension and severe insulin resistance present with
increased cerebral tissue death following I/R injury, increased cerebral vascular
myogenic tone, and inward cerebrovascular remodeling.
The metabolic profile of adult Zucker rats that is summarized in Table IV is
consistent with previous findings of hyperinsulinemia and elevated total cholesterol in
OZR. 114• 219-221 There is some discrepancy over the glycemic status of OZR at the aduit
age employed in Study 3, 114• 156• 157 but _the normal HbAlc percentage of OZR reported in.
Table N indicates that the chronic glycemic load of these rats_ is normal._ The increased
secretion of insulin in OZR is the response to impaired insulin sensitivity, which is
clearly depicted in the results of the hyperinsulinemic euglycemic clamp shown in Figure _
26. Adult OZR required less glucose to maintain euglycemia, indicating decreased
sensitivity to the irtsulin_infusion.
Previous studies have reported mixed results with regards to- blood pressure in·
OZR, with some laboratories reporting no blood pressure difference between LZR and
OZR222 • 223 and others reporting increased pressure in OZR. 114• 155• 156~186 The discrepancy
in results may relate to the technique used to measure blood pressure or differences in colonies of rats. The findings presented in Figure 27 clearly demonstrate increased
pressure in OZR at an adult age. These _results are strengthened by the use of telemetry to_
measure pressure. Beyond elevations in average pr~ssure, OZR also demonstrate more
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frequent spikes in systolic blood pressure (Figure 28). Whereas average blood pressure is
only moderately elevated in OZR, these findings suggest that they may suffer greater
damage to perfused tissues with more frequent exposure to spikes in pressure.
OZRhave been.widely employed to investigate the cardiovascular effects of
obesity and insulin resistance. One novel aspect of Study 3, however, is that OZR
demonstrate increased susceptibility to cerebral I/R injury (Figrire 29). Several
. potentially confounding factors were ruled out as explanations for this worsened stroke
injury_. There were no differences between groups in the degree of occlusion of the MCA
as measured by the drop in laser Doppler blood flow. Additionally, both groups
demonstrated. similar recovery of cerebral blood flow by the end of the reperfusion period
(Figure 30). The ability of LZR and OZR to equally recover from a loss in blood flow in
the brain is confirmed by similar time to repay a flow debt (Fighre 34); following acute
blockade of cerebral blood flow, LZR and OZR required similar time to recover the flow
deficit. Control of pH and arterial Pco2 during ische111ia was similar between LZR and
OZR (Table V), and:the acute blood pressure response to stroke was·similar_ between
groups (Figure 33). Although a subset ofrats was used to determine control of blood
· gases during ischemia, it should be noted that in those rats in which infarct was
determined,. anesthesia during the ischemic period was brief; rats were conscious and
breathing normally during th~ majority of the ischemic period, as rats were allowed to
wake up during ischemia and during the entire 24 hour reperfusion period.
Whereas the above-mentioned factors are similar between LZR and OZR and
_likely do not provide an explanation for ·the worse stroke injury in OZR, the glycemic
response to stroke was different between groups (Figure 31 ). Baseline blood glucose
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levels were similar between LZR and OZR but were elevated, likely due to anesthesia.
During the early and late phases of ischemia and reperfusion, OZR demonstrated a
significant increase in blood glucose levels, while LZR maintained relatively constant
concentrations. This altered glycemic response to stroke provides one of the explanations
of worse stroke injury in OZR and is consistent with a previous report of impaired
glucose tolerance irt OZR. 224 Siemkowicz and colleagues225 showed that increa~ing
blood glucose levels prior to 10 minutes of complete brain ischemia led to increased
·mortality rates in rats. Also, a recent study by Martin et al. 226 demonstrated that
induction of acute hyperglycemia in non-obese rats is associated with worse stroke injury
following transient MCAO. Furthermore, a meta-analysis conducted by Capes et al.
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indicated that hyperglycemia is associated with worse functional outcome arid increased
mortality in humans following stroke.
The impact of obesity and it~ associated risk factors on the cerebral vasculature is
incompletely understood. The current study demonstrates evidence of increased
myogenic constriction (Figure 35), decreased passive lumen diameter (Figure 36), ancl
increased myogenic tone (Figure 37) in adult OZR compared to LZR. These findings
provide another mechanism of wor.se stroke injury in OZR, as alterations in vessel size
and constriction cari. _affect the response to cerebral· ischemia. Additionally, several
studies have reported that adult OZR have impairments in endothelium-dependent
vasodilation of many vascular beds, including the cerebral circulation. 173 -175 fu addition
to reporting endothelial dysfunction of the MCA, Phillips et al. i 74 described that OZR
display evidence of increased constriction to 5-HT and an increased myogenic response
and increased myogenic tone at baseline pressures. These results are consistent with our
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findings of increased myogenic tone in OZR over a range.of inti-alumenal pressures.
Contrary to what is reported here, a previous study described remodeling of the hindlimb
but not the cerebral circulation of OZR. 168 The reason for this discrepancy is unclear, but
the lumen diameter measurements from the other study show atrend towards decreased
diameter with a smaller sample size.
Another marker of vascular health that was assessed in Study 3 was MCA ·
compliance. This was done by extrapolating the stress-strain curves from the passive
measurements oflumen diameter and wall thickness. As indicated by Figure 38, the
stress-strain curves ofMCAs from LZR and OZR were similar, indicating similar MCA
compliance between groups. The ~-coefficient, an indicator of vessel stiffness, is the
slope coefficient of the exponential regression fit to individual stress-strajn curves.
Since the stress-strain curves ofLZR and OZR were similar, the ~-coefficients were also
similar (Figure 39). These findings are consistent with a previous report .of MCA
compliance in Zucker rats 174 but are different from, a recent study in rats fed a high fat
diet.2_

28

High fat diet-induced obesity resulted in decreased MCA compliance and

increased stiffness·as determined by a leftward. shift in the stress-strain curve and·
increased _~-coefficient228 The reason for these discrepant findings may be due to
differences in the models,: such as the hyperglycemia present in high fat-fed rats
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and

not _OZR. Hyperglycemia may b~ sufficient to increase vessel stiffness; Harri~ et al.

229

reported increased collagen deposition in_the MCA from hyperglycemic Goto-Kakizaki
rats.
Several laboratories have· assessed vascular reactivity of the aorta from OZR, only
to produce mixed ~esults. Altered reactivity of the large, conduit artery is less clearly
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established than that of the resistance vasculature described in·the "Introduction." In
order to determine whether reactivity to PE or ACH was altered in OZR, aortic rings
were placed in a wire myograph, and dose-response curves to each agent were conducted.
As shown in Figures 40

and 41,·no differences in reactivity to either drug were detected..

These findings are _in agreement with a previous report of no statistical difference in the ·
maximal constriction to PE in LZR and OZR. 230 In contrast, Mingorance et al. 231
demonstrated decreased constriction to PE. in aorta from OZR, and other results suggest
augmented aortic sensitivity to PE in OZR. 169• 232 The reason for-these discrepant
findings may involve the ·age at which OZR are studied. For example, Turner et al. 169
··demonstrated increased sensitivity to PE in OZR, but experiments were conducted in rats
age 8 months and older, whereas Study 3 employs 4;..month-old rats. A similar conflict
exists regarding aortic reactivity to ACH, with evidence of no_. difference in maximal
·relaxation between LZR and OZR23 l and dampened relaxation in OZR. 231 • 234
One of the factors that may contribute to the worse stroke injury in OZR but was
not addressed in these experiments is inflammation. Obesity is associated with a baseline
state of chronic, low-grade inflammation. 235 There is evidence for increased
inflammation in OZRunder baseline conditions. Barbu and colleagues236 demonstrated·
that interleukin-6 mRNA is increased in adipose tissue of OZR. The production of
interleukin-IP by peritoneal macrophages is. increased in OZR compared to LZR. 237
Inflammation appears to play a role in the endothelial dysfunction observed in OZR, as
treatment with an inhibitor of proinflammatory cytokine production, semapimod, restores .
·endothelium-dependentvasodilation in OZR. 238 However, the. contribution that chronic
inflammation makes in. the cerebrovasculature of OZR is not clear. Furthermore,
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inflammation is one of the key mediators of damage during stroke. 7 The· extent to which
basal or stroke-induced inflammatory responses contributed to stroke injury in OZR
remains unknown.

It is important to consider that although the c_ause of obesity in the OZR is. not
common among humans, the phenotype parallels human obesity in many ways. These
rats have increased triglycerides, cholesterol, and insulin and eventually develop diabetes
and die of renal failure. It must be noted, however, that OZR ate morbidly obese, and
there is evidence that stroke occurrence is directly related to body mass index. A
prospective study by Kurth and colleagues 100 reported that there is a significant focrease
in the incidence of total stroke, both ischemic and hemorrhagic, with each unit increase in
body mass index, even after correcting for hypertension and dia'.betes.
.

.

~

.

Once the initial assessment of the cerebrovascular •effects of obesity in adult OZR
was carried out, the next _phase of experiments assessed many of the same parameters in
young OZR, prior to the onset of elevated blood pressure,. in order to determine whether
. increased blood pressure or insulin resistance was abetter correlate with the observed
changes in the cerebrovasculature of adult OZR. Even at a young age, OZRhave
increased body mass and elevations in plasma insulin and cholesterol compared to LZR;·
however, their blood pressure is normal {Table VII). Beyond hyperinsulinemia, evidence .
of insulin resistance in young OZR is presented in Figure 42. Much like adult OZR,
young OZR required less glucose to maintain -euglycemia, indicating impaired
insulin
.
.

sensitivity. The fact that young OZR are obese and insulin resistant but normotensive _
made them a .useful tool for isolating the effects of increased blood pressure on MCA
- function and structure and the response to stroke.
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Key findings from the experiments conducted in juvenile OZR indicate that
cerebrovascular deficits are not present at an early age in this model, despite obesity and
insulin resistance. The response to cerebral ischemia and passive MCA lumen diameter
.

.

were similar in young LZR and OZR (Figures 43 and 45). Myogenic tone was similar.or
decreased in young OZR (Figure 44). The reason for the decreased myogenic tone in
young OZR is unclear. This study is the only study to assess cerebrovascular function in
young OZR and thus, cannot be compared to other work. Nonetheless, myogenic tone is
not increased in young OZR as was reported in adult OZR.
Clinical and statistical evidence indicates that hypertension is the single greatest
modifiable-risk factor for stroke. 1 A relationship between blood pressure and stroke has
been clearly defined iri experimental models, however, the majority of studies examining
the effect of blood pressure on stroke have been in malignantly hypertensive models such
. _as the SHR. 25 -27 Less clear is· the effect of a more moderate increase in pressure. The·
temporal -correlation between blood pressure and ischemic injury in OZR, as well as
alterations in cerebrovascular structure and tone presented in the current study suggest
that even a modest increase in pressure over time in the context of obesity may be
. detrimental to the cerebrovasculature and worsen the response to cerebral ischemia. The
findings in young OZR provided the first evidence_ that prolonged, moderate
hypertension, as evident in the adult OZR, may be the key risk factor for cerebrovascular
_dysfunction and stroke. Furthermore, these experiments laid the groundwork for··
subsequent investigation into the contribution of blood pressure_ to the previously
described cerebrovascular complications in adult OZR. .
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One caveat to consider is that the increased MAP in OZR may be necessary for
the cerebrovascular complications in obesity but not sufficient in itself to drive the
_increased vascular and stroke injury. The extent to which other risk factors present in
obesity, such as insulin resistance, amplify the.role of increased arterial pressure in
obesity remains to-be determined. The results from the euglyc_emic hyperinsulinemic
clamp experiments suggest that the extent of insulin resistance in young and adult OZR is
similar. Thus, a worsening ofinsulin resistance cannot explain the observed changes in
the, cerebrovasculature of OZR. Although insulin resistance is ~ot worse in adult OZR
· thari young OZR, the ~portance and contribution of long-term, sustained insulin
resistance in this model is not clear. Moreover, metabolic perturbations such as
hyperinsulinemia and changes in plasma lipids may have simil& long-term consequences
on severity of stroke. The potential interaction of metabolic and hemodynamic factors in
cere~ral vascular function in obesity_ remains an important 8!ea of future study.
The next phase of Study 3 was to determine the cerebrovasctilar effects of
chro~callypreventing increased blood pressure in OZR. One of the key findings from
this phase of the study is that preventing the mild increase in blood pressure in OZR via
treatmentwith a thiazide diuretic improves the response to cerebral ischemia (Figure 48) .
. Importantly, this improvement in stroke injury occurred without amelioration of
metabolic compli~ations observed in OZR, such as hyperinsulinemia and.increased serum
triglycerides (Table Vill). Maintaining normal blood pressure_ in OZR did not improve
the observed increase in myogenic constriction (Figure 51) but improved inward
remodeling of the MCA (Figure 52). The improvement in vascular remodeling in
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OZR+HCT may explain the improvement in infarct size in these rats because of
increased perfusion capability during stroke._
Other rodent models of obesity have also implicated that obesity worsens the
response to ischemia. A recent study by Terao et al. 239 demonstrated that leptin-deficien{

ob/ob mice 4ave a larger infarct size following MCAO with an intralumenal suture than
their litter-mate controls. Additionally, photochemically-induced thrombosis in the MCA
results in increased stroke dam_age in ob/ob mice and diet-induced obese mice compared
to controls. 240 Rats fed a high fat diet also show evidence of worse stroke outcome and
vascular remodeling. 228 Although these studies provide evidence.that obesity worsens
stroke injury, they also highlight the complexity of obesity-related worse stroke.injury.
In these models of obesity, the cause of obesity varies from genetic mutations in the
.

.

.

leptin signaling pathway to obesity induced by high fat feeding. The accompanying
complications also vary by model. Terao etal. 239 reported similar blood pressure and
blood glucose levels between ob/ob mice and wildtype controls. High-fat-fed rats, on the
other hand, _are hypertensive and hyperglycemic compared to·control rats.
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Therefore, it must be noted.that not all models of obesity are the same; furthermore, not
all examples
of obesity-induced stroke injury are equivalent. The cause of obesity and
.
.
.

.

the presence of other risk factors mµst be considered when asses·sing the mechanisms and
effects of obesity on stroke injury.
Several parameters were measured in LZ:R and OZR with and without HCT
treatment afthe end of the protocol and are shown in Table Vill. Body mass, heart mass,
and kidney mass were incre~sed· in OZR, and only heart and kidney masses were reduced
in OZR+HCT. There may have been a nonspecific effect ofHCT on body mass in HCT-.
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treated LZR because it was significantly lower than in control LZR. A study by George
et al.

241

evaluated the toxicity effects of HCT treatment in pregnant mice and rats. There ·

was no effect on weight gain in rats until a dose of 1000 mg/kg/day was used; therefore,
· it seems unlikely that the dose of 2 mg/kg/day used in ·Study 3 would have ·an effect on
weight gain. Food
consumption was not measured in these rats; therefore,
it is unknown
.
.
whether HCT affected food consumption in LZR to cause decreased bodymass.
Statistically, heart and kidney masses were also decreased in LZR+HCT compared to
LZR. However, when corrected for body mass, there were no differences between the 2·
groups of LZR. Importantly, concentrations of plasma insulin, triglycerides, and
cholesterol were increased in OZR and were not improved by treatment with HCT,
suggesting that preventing increased blood pressure in these rats was without effect on
their metabolic dysfunction and confirming that the results wer~ not confounded by
·alterations in the metabolic profile of OZR. .
Consistent with the first collection of blood pressure measurements, Figure 46
demonstrates increased blood pressure in OZR. Treatment with HCT was sufficient to
prevent the increased pressure. As indicated in Figure 48, preventing the increased
pressure in OZR led to an improved response to cerebral ischemia. HCT was without
effect on blood pressure or infarct size in LZR. Much like the initial phase of Study 3,
several factors were ruled out as explanations for the improved stroke injury in
OZR+HCT. Seventy-two hours before the MCAO procedure,-HCT-containing drinking
water was switched to regular tap water to exclude the potential for acute effects of the
drug. The estimated-half-life ofHCT is 6-15 hours, thus 72 hours provided time for
washout of the majority. of the drug. Laser Doppler blood flow measurements confinned
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similar occlusion of the MCA in all groups. All groups had a similar blood pressure
response to stroke (Figure 49) and demonstrated appropriate and similar control of blood
gases during ischemia (Table IX).
_We have previously demonstrated that OZR are nomioglycemic at the age used in
the current study, but, as mentioned previously and shown in Figure 31, OZR
demonstrate evidence of altered glycemic status during ischemia. Baseline blood glucose
concentrations were elevated in all obese rats, and OZR with and without HCT treatment
exhibited a dramatic increase in glycemic load during ischemia and just after reperfusion
(Figure 50); glycemic status remained relatively unchanged in both groups of LZR.
Although stroke-induced hyperglycemia is a potential mechanism by which stroke injury·
is increased in OZR, the finding that OZR+HCT had a comparable increase in blood
glucose levels during stroke but had decreased stroke injury suggests that the
hyperglycemia is not sufficient to explain the increased infarct in OZR.
As previously mentioned, experimental and clinical evidence has established a
clear relationship between blood pressure and stroke occurrence and outcome.. Several
clinical trials have indicated beneficial effects oflowering blood pressure on the
occurrence of stroke. Specifically, the Heart Outcomes Prevention Evaluation (HOPE)
Study2
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and_ PROGRESS 19 showed that antihypertensive therapy improves the·

occurrence of new-onset and recurrent strokes compared to placebo, respectively.
Similar results are true ofanimal studies. For example, the SHR, a model of malignant
hypertension, has a worse outcome following cerebral ischemia: than normotensive
coll.llterparts; 243 chronic tteatmynt with the antihypertensive agent hydralazine results in
improvement in stroke injury. 244 The novel~y of the current study is that OZR
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demonstrate only a mild increase in blood pressure, yet we report improvement in stroke
injury when this increase in blood pressure is prevented.
There is much evidence of hypertension-induced alteration in the myogenic and
structural properties of cerebral arteries. SHR have increased myogenic tone of the
posterior and middle cerebral arteries. 245' 246 Several models of hypertensive rats also
display evidence of cerebrovascular remodeling. 57' 247-250 Alterations in either the
myogenic or structural properties of cerebral blood vessels may affect perfusion of brain
tissue. As vessel size is directly proportional to flow, decreased lumen diameter leads fo
flow reduction, especially in the face of ischemia. The current study demonstrates that
OZR have a heightened myogenic constriction of the MCA, consistent with our previous
findings and those of Phillips and colleagues, 174 but this was not affected. by HCT
treatment (Figure 51). Importantly,OZR have a decrease in passive lumen diameter of
the MCA, suggesting impaired perfusion capability during stroke, which was normalized
by preventing the increased blood pressure in OZR (Figure 52). Therefore, these results
demonstrate that lumen diameter, but not myogenic constriction, is associated with blood
pressure and stroke outcome in OZR.
In addition to OZR, LZR were also treated with HCT in order to determine . ·
whether the reported improvements in cerebrovascular complications in OZR were due _to
.

.

.

.

nonspecific effects of treatment with HCT. Administration of HCT to LZR did not lower
·blood pressure, suggesting that any differences observed between control LZR and
LZR+HCT are attributable to pressure-independent effects of the drug. The response to
cerebral ischemia was not improved by HCT in LZR, and the· functional and structural .
. characteristics of the MCA were similar in control and HCT-treated LZR. These findings
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suggest that improvements in stroke injury and passive lumen diameter in OZR+HCT are
due to maintenance of norm.al blood pressure in these rats.
The thiazide diuretic HCT was employed as the antihypertensive agent in this
study in an attempt to avoid directly manipulating the renin-angiotensin system·or
directly affecting smooth muscle tone with agents such as hydralazine~ potentially
confounding measurements of myogenic. constriction in the MCA. Evidence suggests
that renin-angiotensin system blockade has beneficial effects on the response to cerebral
ischemia beyond blood p'ressure reduction. 251 • 252 The HOPE trial
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demonstrated that

treatment with the ACE. inhibitor ramipril decreased the occurrence of stroke compared to
placebo. Ito et al. 253 reported that treatment with the ARB cantlesartan or the ACE
inhibitor captopril in SHR improved the outcome of cerebral ischemia. Importantly, the
calcium channel blocker nicardipine did not improve infarct size despite lowering blood
pres_sure to

a similar degree as candesartan and captopril. .·Furthermore, chronic treatment

with candesartan was necessary for the improvement in infarct size, as acute treatment
was without effect. With these .findings in mind, it seems possible that attempting to
lower blood pressure in OZR by blocking a component of the renin-angiotensin system
.

.

.

could· confound interpretation of the results regarding stroke injury.
The mechanism of action -of thiazide diuretics is only partially understood.

It is

known that these compounds elicit effects on the sodium-chloride cotransporter in the
.

.

.

.

.

distal nephron of the kidney to inhibit sodium reabsorption. It has been proposed that the
long-term hypotensive effects ofthiazide diuretics are the result ofvasodilation; however,
these vasodilatory effects are not well established, and· evidenc_e for indirect vasodilatory
effects of HCT remains controversial. In. an initial· report, Pickkers and colleagues254 did
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not observe an effect of HCT infusion on forearm blood flow in humans, even at
concentrations beyond those of therapeutic use. In a subsequent study, however, the
same group reported thiazide-induced vasodilation when HCT was infused at a dose
.

beyond therapeutic concentrations.

.

255

A study by Zh~u et al.

256

demonstrated that

chronic HCT treatment lowers blood pressure in Dahl salt-sensitive rats on a high salt
diet, however, there was no improvement in endothelium-dependent v~sodilation in the
aorta. Furthe~_ore, the dose ofHCT used by Zhou and·colleagues256 (75 mg/kg/day) is
higher than'thatofthe current stqdy (2 mg/kg/day), further negating the potential for
nonspecific vasodilatory eff~cts ofHCT in the current study.
A recent study by Jessup et al. 251 evaluated the effects of 7 days of low-dose HCT
treatment on the renin-angiotensin system in SHR and WKY. HCT significantly lowered
blood pressure in SHR but was without effect in WKY, consistent with the lack of effect
on blood pressure in LZR reported here(Figure 46). At the end of the 7-day treatment,.
HCT stimulated increased concentrations of angiotensin I and II in WKY and SHR, as .
well as increased plasma renin concentration in SHR. These findings raise the possibility
.

I

that HCT treatment altered angiotensin concentrations in LZR and OZR. However, the
.· effect of long-term treatment with HCT on the renin-angiotensin system is unknown.
Potentially relevant to the.current study, if indeed angiotensin II concentrations are.

elevated, Reed et al.

258

.

recently reported that a subpressor dose of angiotensin II

increases coronary collateraljzation in response to repetitive ischemia in the heart, .
suggesting beneficial effects of low levels of angiotensin II in the face of ischemia~
Several clinical trials.have demonstrated that lowering blood pressure with.
thiazide diuretics or thiazide-like diuretics is associated with decreased stroke occurrence
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in humans.

18 259 2 0
•
•

? The Antihypertensive and Lipid Lowering treatment to prevent Heart

Attack Trial (ALLHAT)2 61 was a large double-blind, active-controlled clinical trial
· assessing the effects of different antihypertensive agents on coronary heart disease; stroke
.

.

.

occurrence was measured. as a secondary endpoint of the trial. The thiazide-like diuretic·
chlorthalidone was compared.to the calcium channel blocker amlodipine and the ACE
inhibitor lisinopril. No differences in the primary endpoint of fatal coronary heart disease
or nonfatal myocardial infarction were observed in amlodipine or lisinopril treatment
versus chlorthalidone. However, patients treated with chlorthalidone had a reduction in
stroke occurrence when compared to those treated with lisinopril but not those receiving.
amlodipine. Interestingly, there were no blood-pressure differences ~etween patients
treated with chlorthalidone or amlodipine, but chlorthalidone was more effective that
lisinopril for blood pressure control.
After determining that treatment with HCT appropriately lowered blood pressure
in OZR and elicited positive results on stroke injury, a second approach was taken to
lower pressure by a different mechanism. Unpublished results from the Stepp laboratory
. demonstr~te that acutely increasing sodium consumption in OZR leads to increased blood
pressure. Reddy and Kotchen262 reported that chronic consumption of 4%NaCl drinking
water increased blood pressure in OZR but not LZR, and evidence suggests improper.
sodium handling in OZR. Taken together, these findings suggested that feeding OZR a
sodium-restricted diet might lower blood pressure.
As indicated in Table X, sodium restriction resulted in decreased_ body mass in .
both LZR and OZR.; . This is likely due to decreased food consumption; although not
offi_cially document~d, observa~ion of various diet.manipulations in Zucker rats in the
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Stepp laboratory indicates that these rats do not respond well to Ghanges in diet. Contrary
to our expectations, the LS diet did not lower pressure in OZR {Figure 53), consistent
with a previous report of a shorter regimen of LS feeding. 263 The LS diet also did not
improve stroke outcome (Figure 54) or MCA lumen diameter in OZR (Figure 55).
Although these results do not provide another angle of blood pressure lowering, we still _
observe that increased blood pressure, worse stroke injury, and smaller MCA lumen
diameter aggregate together. The finding that sodium restriction did not lower pressure
· in OZR was somewhat surprising given the previously mentioned evidence that high
sodium consumption. increases pressure in th_ese rats. 262 A study from the Ecelbarget
· laboratory may shed some light on the ineffectiveness of.sodium restriction to decrease
blood pressure in OZR. 264 LZR and OZR were switched from

anormal salt diet to 0.02%

. NaCl. Blood pressure· fell in OZR when the diet was switched; however, it began fo
retll11?- to baseline after a· few days. The study was not carried out beyond 8 days, so there
is no information about the blood-pressure effects of the LS diet after that point
.

.

'

.

'

,·,

.

.

.

Cbronic·s~clium.restriction resul~ed in dramat1~ but similar increases in plasma · ..
aldosterone concentrations in LZR andOZR. Investigations into the effects of LS diets
· do not usually cover as many weeks of sodium restriction as the current study, -~aking it
difficult to. compare aldosterone concentrations between studies. Nonetheless, sodium
·restriction did not.differentially stimulate a1dosterone productidn in LZR and OZR. The

a

cerebrovascular effects of st1ch high aldosterone concentrations over long period of
time are unknown.

It does not seem likely that this is a major issue in the current study,

however, _because concentrations were equally high in LZR and OZR, but sodium
restriction was without effect in LZR. Interestingly,. Riazi and colleagues264 -reported
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very high plasma aldosterone concentrations in LZR and OZR following sodium
restriction and aldosterone infusion for 8 days. Specifically, the aldosterone
concentration in OZR was .18 nM; when this is converted to pg/mL, the units used in
Study 3, the concentration was 6488 pg/mL, a value comparable to those reported in
TableX.
Figure 56 illustrates the lack of effect of insulin resistance alone on passive MCA
lumen diameter. LZR made insulin resistant by fructose
feeding were compared to
.-,
.

.

.

control LZR. .Previous reports document that fructose feeding does not affect body mass
or blood pressure. 177 ' 178 Despite chronic insulin resistance, passive MCA lumen diameter
was similar between control and fructose-fed LZR. It should be noted..that that degree of
insulin i-e·sistance induced by this duration of fructose feeding}~ not as· severe as that
observed in OZR. However, a•similarfructose feeding protocol was sufficient to induce
endothelial dysfunction in the cerebral vasculature. 179 The lack of effect of chronic
insulin resistance alone on MCA lumen diameter provides support to the notion that
. elevated blood pressure is the· key component driving the decreased MCA lumen
diameter.in OZR.
Taken together, results from Study 3 demonstrate that preventing even a moderate
· increase in blood pressure in a model of obesity results in.improved stroke outcome and
prevents vascular remodeling of the MCA. Additionally, the results underscore the
· relationship between blood pressure, vessel size, and stroke outcome. The current study ·
shows a clear link between blood pressure and stroke in a model of obesity. Although
blood pressure is only moderately elevated in OZR, preventing this increase in pressure
with a thiazide diuretic improves the response to cerebral ischemia and. prevents
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remodeling of.the MCA. These results highlight that moderately elevated blood pressure
in the context of other cardiov~scular risk factors, such as obesity and insulin resistance,

is sufficient to have deleterious effects in the cerebrovasculature and underscore the need
.

.

.

.

for tight blood pressure management ·in obese humans even if pressure is only moderately
· elevated.

The studies described above have provided evidence of pathological changes in

.

the brain in 2 distinct models of endocrine dysfunction. Study 1 addressed the
cerebrovascular effects of aberr-ant. MR activation by glucocorticoids, whereas Study 3
foc~sed on the cerebrovascular effects of obesity. Both studies highlight several changes
that occur in the brain in the context of these endocrine abnormalities. Despite distinct
origins of the conditions represented in each study~ as well as manifestations of different
characteristics of disease, several common factors emerged· in Studies 1 and 3. Both
.alternative MR activation and obesity resulted in worse stroke dutcome·and alterations in
MCA structure and tone. Blood pressure was also increased in both conditions. The
blood pressure-dependency of the worse stroke outcome in Study 1 remains unknown but
· was clearly established in Study 3. _Importantly, blood pressure may be one of key
. variables linking abnormal endocrine function and deleterious cerebrovascular effects in
both studies.
Although there is not an obvious link between 11 ~HSD2 activity and obesity,
there is evidence of interplay between these entities. A greater body of evidence exists,
however, linking 1 l~HSDlto obesity. Expression and activity of the enzyme are ·
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increased in adipose ~issue from obese humans compared to lean individuals. 2 ~5-267 . Mice
that lack .1 lPHSDl are resistant to high-fat-diet-induced hyperglycemia.

268

Overexpression ·of 11 PHSD 1 in adipose tissue leads to obesity, diabetes, hypertension,
and hyperleptinemia, 205 and hs overexpression in the liver leads to insulin resistance
without obesity. 206 Taken together, these studies demonstrate a strong relationship
between 11 PHSD 1 and obesity. The relationship is not limited to the type 1 isoform
though. A recent study provided evidence that increased expression of 11 PHSD2 in
adipose tissue protects against diet-jnduced obesity. 187 11 PHSD2 expression was
increased specifically in adipose tissue of mice under the control of the murine adipocyte
fatty acid binding protein; this increased expression of the enzyme not only resulted in
resistance to weight gain but also led to increased energy expenditure and improvement
in glucos.e tolerance and insulin sensitivity. Collectively, these results suggest that the
balancebetween 1 lPHSDl and ·l 1PHSD2 activity, glucocorticoid metabolism, and lo~al
glucocorticoid access to target tissues play an important role in obesity.
There is also evidence of abnormal function of the hypothalamus-pituitaryadrenal (HP A) axis in OZR, providing another link between adrenal steroids and obesity.
· OZR exhibit evidence of adrenal hypertrophy. 125 ' 139' 269 Along with this increase in
adrenal mass ·comes an increase in pl~sma cortic6sterone concentration. 269-273 . The
increase in circulating corticosterone may be due to increased secretion of ACTH, which
has been demonstrated in OzR..13 9 As mentioned previously; restriction of food consumption does not prevent obesity in OZR. 113 Howeve!, adr~nalectoiny of these rats
results in decreased weight gain; 274 a role for corticost~rone involvement in this .
decreased weight gain is implicated by the finding that replacement of the steroid restores

158
weight gain. 275 Taken together, the abnormal function of the HPA axis in OZR highlights
the importance of adrenal steroids in obesity.

V. SUMMARY

The findings of Study 1 demonstrate that increased glucocorticoid activation of
the MR mimics the cerebrovascular effects of direct MR activation by
· mineral9corticoids. The incidence of dampened or impaired activity-of 11 PHSD2
activity i~ h~ans remains uncle~. If the proposed effects of oxidative stress to c;lecrease
;

enzyme activity prove to b~ true, it is possible that disruption in 11 PHSD2 activity is
-

-

more common than previously assumed. Importantly, Study 1 suggests that MR
inhibition may provide protection against stroke in a population susceptible to decreased
11 PHSD2 activity.
· The effect of a brief p~riod of ischemia on the MCA was assessed in Study 2.
Two weeks afterthe ischemic exposure, there were structural_ changes in the MCA; the
.

.

.

.

vessel underwent an outward remodeling _by increasing lumen and outer diameter. This
-brief study did not address the mechanisms that induce the remodeling or the time course
of the vascular changes._ Nonetheless, results highlight that even an acute exposure to
ischemia is capable of triggering chronic alterations in cerebral vessel size, potentially
affecting the ability of the cerebral vasculature to respond to subsequent iscli.emic events.
Study 3 further underscores the relationship between obesity and stroke.
Furthermore, it provides new evidence tha! obesity is a risk factor for pathologicai
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alterati.ons in the cerebral vasculature. Results also suggest that a chro.nic, moderate
.

'

increase in bl,ood pr~ssure may be a major contributor to inc~eased stroke risk and injury ·
in the obese population even in the face of metabolic dysfunction. Furthermore, these
.

.

.

.

.

findings highlight the importance of blood pressure regulation in the obese population ,
despite only moderately elevated pressures in these individuals.
Taken tog¢ther, the studies described above demonstrate evidence of deleterious
effects of endocrine abnormalities in the cerebrovasculature. Both increased MR
activation by glucocorticoids and obesity lead to worse stroke injury and pathological
changes in the cerebral blood vessels. These findings provide insight into the status of
the cerebrovasculature in humans with either aberrant MR activation or obesity

and ·

provide targets to decrease stroke occurrence in these pop.ulatio:ns by way of MR
blockade or tight blood pressure control, respectively.
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APPENDIX: LIST OF ABBREVIATIONS

1 lPHSDl - l lp-hydroxysteroid dehydrogenase type 1
11 PHSD2 - 11 P-hydroxysteroid dehydrogenase type 2

5-HT - 5-hydroxytryptamine
. ACE - angiotensin converting enzyme
ACH - acetylcholine
ACTH - adrenocorticotropic hormone
. ADP - adenosine diphosphate
ALLHAT - Antihypertensive and Lipid Lowering treatment to prevent Heart Attack
Trial
AME - apparent mineralocorticoid. excess
ARB - angiotensin receptor blocker
ARIC ~ Atherosclerosis Risk In Communities
CBX - carbenoxolone
COX-2 - cyclooxygenase-2
DOCA

7""

deoxycorticosterone acetate .

EPHESUS - EPlerenone neuroHonnonal Efficacy and SUrvival Study
HbA1c--:-glycosylated hemoglobin
HCT --:- hydrochlorothiazide
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202
HOPE - Heart Outcomes Prevention Evaluation
HP A - hypothalamus-pituitary-adrenal
ICV - intracerebroventricular
I/R - ischemia/reperfusion
LS - low sodium
LZR- lean Zucker rat

MAP - mean arterial pressure .
MCA - middle cerebral artery
MCAO - middle cerebral artery occlusion
MCP-1 - monocyte chemoattractant protein-I
MDA- malondialdehyde
MDM2 - murine double minute type 2
MMP - matrix metalloproteinase
MOSES - Morbidity and mortality after Stroke, Eprosartan compared with nitrendipine
for Secondary prevention
·. MR - mineralocorticoid receptor .
NHANES . .:. National Health And Nutrition Examination Survey
NO - nitric oxide
OZR - obese Zucker rat
PE - phenylephrine
PKC - protein kinase C
PROGRESS .- Perindopril pROtection aGainst REcurrent Stroke Study
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PSS - physiological salt solution
RALES - Randomized.ALdactone .Evaluation Study
\,

SHR - spontaneously hypertensive rat
SHRSP - stroke-prone spontaneously hypertensive rat
SNP --" sodium nitroprusside
TBARS ·- thiobarbituric acid reactive substances
TIA - transient ischemic attack
TNFa - tumor necrosis factor a

TTC - 2,3,5-triphenyltetrazolium chloride
WKY - Wistar Kyoto

