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ABSTRACT OF THE DISSERTATION

The Role of Caveolin-3 in Cardiac Protection and Hypertrophy

By

Yousuke Takashi Horikawa

Doctor of Philosophy in Biomedical Sciences

University of California, San Diego, 2009

Professor David M. Roth, Chair
Professor Paul A. Insel, Co-Chair

Heart failure occurs when the heart is unable to maintain sufficient blood flow
to the body. In response the body retains salt and water, secretes neuro-hormones, and
activates a variety of signaling cascades within the heart to increase cardiac function.
However, these temporary changes ultimately add to the growing problem facing the
myocardium. Unfortunately, the signaling involved in heart failure is highly complex,
involving a vast variety of receptors, mediators, and end effectors. Rather than

focusing on a unique isolated pathway, it may be preferable to understand the

XiX



temporal and spatial organization and localization of these proteins and how this
affects signaling involved in heart failure.

Caveolae are small flask like invaginations of the plasma membrane. Their
constituents include cholesterol, glycosphingolipids, caveolins (Cav), and numerous
other proteins including signaling molecules involved in the prevention and
progression of heart failure. Cav, the structural proteins that are responsible for
caveolae formation have also been implicated in numerous signaling cascades
involved in heart failure. I hypothesized that Cav-3 is essential for temporal and
spatial organization of specific protective molecules and protects against heart failure
and that modulation of Cav-3 can induce cardiac protection and inhibit hypertrophy
possibly by the increased expression of atrial natriuretic peptide (ANP: a
cardioprotective, anti-fibrotic, and anti-hypertrophic protein).

This dissertation utilized various in vivo (Cav-3 overexpressing and knockout
mice) and in vitro (adult cardiac myocytes) techniques along with molecular (Cav-3
adenovirus), biochemical, and histological analysis to understand the importance of
Cav-3 in cardiac protection and cardiac hypertrophy.

The results reveal that Cav-3 was not only essential to induce cardiac
protection, but also that myocyte-specific overexpression of Cav-3 (Cav-3 OE)
protects the heart from lethal ischemia/reperfusion (I/R) injury and pressure-induced
cardiac hypertrophy. Interestingly, as Cav-3 expression increased, ANP expression
also increased. These results suggest that modulating Cav-3 expression alters
caveolae formation and increases ANP expression, as a mechanism that protects the

myocardium from lethal I/R injury and cardiac hypertrophy.

XX



Chapter 1:

Introduction



1.1 Scope of the problem: Prevalence of heart failure.

Cardiovascular diseases are the leading cause of mortality and morbidity in the
Western world. There is approximately one death every 37 seconds attributed to
cardiovascular disease(1). Of the numerous cardiovascular diseases, heart failure is
mentioned on one out of eight death certificates and approximately 5 million
Americans have been diagnosed with heart failure. Out of these 5 million people

approximately half will die from this disease within five years(1).

Normal Pathological
Heart Hypertrophy

Leading Risk Factor
Myocardial Infarction
Arrythmias
Coronary heart disease
Heart Failure

Aortic Yalve Stenosis
Chronic Hypertension

>

Increased afterload

Myocardial Infarction
Diabetic Cardiomyopathy

Heart Failure

Extensive fibrosis
Myocyte death
Advanced cardiac dysfunction

Figure 1- 1: Pathophysiological mechanisms involved in heart failure.

In heart failure, the heart dilates and displays extensive fibrosis, myocyte
death, and advanced cardiac dysfunction. The leading causes of heart failure are a

consequence of prolonged cardiac hypertrophy (via, for example, chronic hypertension



or aortic valve stenosis), myocardial infarction, or diabetic cardiomyopathy (Figure 1-
1)(2). As aresult, understanding the mechanisms for heart failure that accompany
myocardial infarction and cardiac hypertrophy is vital to understanding the

progression of the underlying disease.

1.2 Understanding heart failure.

Heart failure occurs when the heart is unable to supply adequate blood flow
and pressure to the body’s changing demands. Heart failure can occur, for example,
when the heart is physically damaged via ischemic disease or from cardiac
hypertrophy. In order to compensate for the weakening heart, various physiological
changes occur: these include salt and water retention from the kidneys, stimulation of
neurohormones, and activation of intracellular signaling cascades in the heart (3).
Although initially compensatory, these adaptations can ultimately further damage the
heart. As a result, many current therapies focus on these neurohumoral changes by
decreasing cardiac workload (e.g. -blockers, diuretics, angiotensin converting
enzyme inhibitors, angiotensin receptor blocker, and left ventricular assist devices) or
increasing cardiac contractility (e.g. digoxin). However, these treatments are limited
in their effectiveness and as a result, new therapies focus on specific signaling

cascades involved in heart failure so as to prevent these detrimental changes.

1.3 Molecular signaling involved in heart failure.
The pathophysiology of heart failure is highly complex and involves numerous

signaling pathways. Myocardial infarction (MI) traditionally results in severe tissue



necrosis and ventricular remodeling, which includes wall thinning and myocardial
fibrosis. These changes can induce activation of the renin-angiotensin-aldosterone
system (RAAS) and epinephrine secretion (4). Stimulation of the RAAS and
epinephrine secretion can induce an inflammatory response and cardiac hypertrophy in
the surviving myocardium. Reperfusion of the infarcted area can also introduce
reactive oxygen species (ROS), which can further induce myocyte apoptosis and
subsequent heart failure (5).

Hypertrophy-induced heart failure has been associated with mechanisms
similar to those found in MI-induced heart failure. Cardiac myocyte surface receptors
such as G-protein coupled receptors (GPCR), receptor tyrosine kinases (RTK), and
ctyokine receptors have all been implicated in cardiac hypertrophy. Activation of
these receptors can lead to a subsequent “stress response” of protein kinases and
phosphatases, which include cyclic-adenosine 3°,5” monophosphate (cAMP)-
dependent protein kinase (PKA), protein kinase C (PKC), protein kinase D (PKD),
mitogen activated protein kinases (MAPK), calcium (Ca*")/calmodulin-dependent
kinase II (CAMKII) and calcineurin(3). These mediators in turn activate transcription
factors such as GATA binding protein 4 (GATA4), myocyte enhancer factor 2
(MEF2), and nuclear factor of activated T cells (NFAT), which induce changes to the
myocardium that include cardiac hypertrophy and fibrosis (3). Persistent stimulation
of these pathways eventually results in decompensation and heart failure.

The molecular maze of signaling molecules involved in heart failure is one that
continues to change and about which there is considerable debate. There is crosstalk

between the various molecules, especially between GPCRs and RTKs. Originally,



inhibition of this transactivation was believed to inhibit pressure-induced
hypertrophy(6); more recently it has been identified that 3-adrenergic receptor (3-AR)
transactivation of RTKs is protective against hypertrophy(7). Furthermore, there has
been much debate on whether extracellular regulated kinase (Erk), once believed to be
a hallmark molecule involved in hypertrophy, is required for hypertrophic growth as

recent studies show that Erk knockout mice can still undergo hypertrophy(8).

Caveolae

GPCRs

Adrenergic

Opioid
Angiotensin
Endothelin
lon Channels etc.
K.l'-‘qf'—"
KH..] . .
L-type Ca2+ SC Kﬂﬂﬂl_c.';&pr_l[[ﬁir[‘ﬂﬂﬂm
orc. 5 rlkinase

C

s
Fla Kinase
Caveolin o
Oligomer ' " e

Figure 1-2: Schematic depicting various signaling molecules interacting with
caveolae and the caveolin scaffolding domain (CSD).

Even though efforts increase that seek to understand individual signaling
molecules involved in hypertrophy, the impact of spatial and temporal organization of
various signaling molecules has been largely overlooked. Recently, there has been a
growing interest in the compartmentalization of these molecules. Small flask-like
invaginations of the plasma membrane called caveolae (“little caves™), are enriched

with cholesterol, glycosphingolipids, and a vast number of important signaling



molecules that include adrenergic receptors, G-proteins, RTKs, GPCRs, and ion

channels (Figure 1.2)(9).

1.4 Caveolae and caveolins in heart failure.

Caveolae are approximately 50-100 nm in diameter and are anchored to the
actin cytoskeleton (Figure 1-3)(10, 11). Due to their unique composition caveolae are
detergent-insoluble and can be isolated from the rest of the plasma membrane via
density gradients(12). Furthermore, there are a variety of compounds that can disrupt
morphological caveolae from the plasma membrane; these include methyl-f3-
cyclodextrin (MBCD, which depletes cholesterol) and colchicine (Colch, which

disrupts microtubules)(13).

Figure 2-3: Electron microscopy of a caveolae located on the plasma membrane in rat
adult cardiac myocyte (ACM). Scale bar 0.05 um.

Caveolins are the structural scaffolding proteins that are essential to caveolae
formation. There are three known isoforms of caveolins: caveolin-1, -2, and -3 (Cav-
1, Cav-2, and Cav-3, respectively). Traditionally, it is believed that Cav-1 and Cav-2
are ubiquitous, whereas Cav-3 is predominantly found in skeletal and cardiac
muscle(14). All three isoforms of Cav are expressed in cardiac myocytes(15). All
Cav isoforms have unique sequence motifs found within the caveolin scaffolding

domain ¢XYXXXXPX X, pXPXXXX, or pXXXXXX¢



(¢=aromatic residue and X is any amino acid; CSD on Figure 1-2)(16). This motif is
conserved across numerous species and essential for the ability of Cav to regulate and
interact with numerous signaling molecules, including Erk, phosphoinositide 3-kinase
(PI3K), GPCR, and G-proteins (Figure 1-2) (16).

Caveolins were first associated with heart failure by evidence showing that
pacing-induced heart failure was associated with a dramatic increase in caveolae
formation and Cav-3 expression (17). Subsequent data indicated that disruption of
Cav-1 can cause severe systolic and diastolic heart failure (18). In humans, Cav
expression increases in response to mechanical loading in failing hearts (19). These
results suggest a relationship between caveolins and the progression of heart failure

and imply a compensatory role for caveolins in this setting.

1.5 Role for caveolins in preconditioning against ischemia/reperfusion (I/R)
injury.

Myocardial infarction is a major cause of heart failure and death. Although
certain advances have led to increases in survival, prognosis remains poor particularly
in early ischemia-reperfusion injury. The most beneficial experimental intervention in
preventing subsequent MI is termed ischemic preconditioning (IPC). IPC occurs when
the myocardium is exposed to brief non-lethal ischemic insults that result in protection
from subsequent prolonged lethal ischemic insults(20-23). Since the original
discovery of IPC, numerous agents have been identified that are able to induce
protection: including volatile anesthetics (such as isoflurane) (24) (25), opioids (26),

and adenosine (27, 28). Preconditioning (PC), is a biphasic event (Figure 1-4).
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Figure 1- 4: Schematic of the biphasic protection involved in preconditioning.

Initially, there is a rapid response to the protective stimulus, however, this protection
only lasts from minutes to hours and is a result of translocation and phosphorylation
events(29). Approximately, 24 hours later there is another protective window, which
lasts much longer and is believed to be a result of de novo synthesis of proteins(29).

The signal transduction pathways described for IPC are diverse and complex.
What has emerged since the original description of IPC is a plethora of knowledge that
organizes the mechanism of cardiac protection into putative triggers (e.g., GPCR-
dependent or -independent mechanisms), mediators (e.g., PKC)(30, 31), and effectors
(e.g., generation of ROS, reactive oxygen species(32-34) or activation of ATP-
dependent mitochondrial K* channels(33, 35)). The current belief is that these
components of signal transduction co-exist, interact, and function in a lipid-rich
environment (caveolae) that fosters protein-protein interaction among particular
signaling molecules and thereby produces cardiac protection.

Numerous mechanisms for cardiac protection have been hypothesized,

however, none have considered the possible role of signaling microdomains in the cell



membrane such as caveolae. Recently, we have shown that caveolin-1 is essential in
facilitating temporal organization and phosphorylation of downstream mediators such
as Src kinase (Src) and protein kinase B (Akt) and contributes to isoflurane-induced
cardiac protection (Figure 1-5) (15). Taken together these results suggest that caveolae
and other caveolins may be essential to cardiac protection and preconditioning

mechanisms.

"Precondition
Stimulus
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.pAKf>

“
}

Cardiac Protection

Figure 1- 5: Proposed mechanism of Cav-1 in cardiac protection.

1.6 Caveolins in cardiac hypertrophy.

The Center for Disease Control has stated that nearly 30% of all US adults
older than 18 years of age have hypertension or are being treated for hypertension. As
a result, understanding the mechanism of cardiac hypertrophy is vital to understanding
the progression involved in heart failure. Hypertrophy is commonly caused by

stressors (i.e. exercise, myocardial infarction [MI], or hypertension) that create an
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increased demand on the heart. In order to compensate for such stress, the cardiac
myocyte increases in size, thereby leading to changes in the diameter and geometry of
the heart(36, 37). In certain situations the heart can completely compensate for the
increase in demand, such as in exercise (physiological hypertrophy), however,
following MI or chronic hypertension the initial compensatory hypertrophic response
(pathological hypertrophy) is unable to maintain optimal function and can result in
detrimental changes in size and function and ultimately in heart failure(2, 37, 38).
The signaling mechanisms involved in cardiac hypertrophy are complex and
involve numerous pathways(2, 3, 37). Interestingly, many of the key components
involved in hypertrophic signaling have been identified within caveolae and can
interact with caveolins(16, 39). Although, the exact implications of Cav-3 (cardiac-
specific) interactions are unknown, overexpression of Cav-3 in neonatal cardiac
myocytes results in the inability of adrenergic agonists (e.g.,phenylephrine [PE]) and
endothelin-1 to induce myocyte hypertrophy(40). Furthermore, other studies have
described that caveolae and caveolin-3 levels are increased with cardiac hypertrophy,
suggesting a potentially protective/reparative role for caveolin-3 in hypertrophy(41).
Suppression of cardiac caveolin-3 results in a cardiomyopathy and increased
phosphorylation of Erk1/2(42). Non-specific global overexpression of Cav-3 leads to
a cardiomyopathy-like phenotype(43). However, because Cav-3 is normally only
expressed in skeletal and cardiac myocytes the observed cardiomyopaythy may be a

result of a vasculopathy and not necessarily to Cav-3 overexpression.



11

1.7 How does Cav-3 protect the heart from failure?

Although caveolins have been implicated in preconditioning pathways against
I/R and in cardiac hypertrophy, how do caveolins produce such effects? Previous data
have suggested that caveolins regulate key signaling molecules vital to the
preconditioning and hypertrophic pathways. Nevertheless, how does a structural
protein, such as Cav-3, cause such profound effects? Because Cav-3 expression
directly correlates with caveolae formation and both increase following
preconditioning(15) and during cardiac hypertrophy(41), formation of caveolaec may
have a protective role. One or more components within caveolae may thus
compensate for the detrimental changes associated with heart failure. One such
molecule that is found within caveolae is atrial natriuretic peptide (ANP).

ANP is an endogenous hormone and is part of a larger family of natriuretic
peptides (NPs) that include: B-type (BNP) , C-type, Dendroaspis natriuretic peptides,
and urodilatin (44). All five peptides have a similar 17 amino acid core ring structure

with a cystine bridge (Figure 1-6) (44).

Atrial Natriuretic
Peptide (ANP)

o%e,
&1

j‘«.

Figure 1- 6: Molecular structure of atrial natriuretic peptide (ANP). ANP has a 17
amino acid core structure with a cystine bond.
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Of the five NPs only ANP and BNP are produced and secreted from myocardial cells.
Traditionally, it is believed that ANP and BNP are secreted in response to wall stretch,
which is elevated during cardiac hypertrophy and heart failure(45). ANP has
vasodilatory, natriuretic, anti-fibrotic (46) and anti-hypertrophic (39) properties via the
natriuretic peptide receptor-A, and —B (NPR-A, NPR-B, respectively: Figure 1-7)
(45). Due to its protective cardiac effects, ANP has been investigated as a potential

treatment for heart failure. A 6-year prospective open-label registry study of 3777

nhibies ET1__ i)
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Diuresis
G —_— . .
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Cytoprotective
etc.

Figure 1- 7: Schematic of the effect ANP has on endothelial cells and cardiac
myocytes. ANP signals via the natriuretic peptide receptor-A (NPR-A), aka the guanyl
cyclase A receptor, to have numerous cardioprotective effects.
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patients with acute heart failure treated with recombinant ANP indicated that 82% of
the patients showed clinical improvement(47).

Interestingly, the history between ANP and caveolae/caveolins began nearly
two decades ago when ANP was first localized within caveolae via immunoEM(48). A
few years later, ANP receptors were found to co-localize with Cav-3, suggesting that
ANP was not only stored within caveolae but also that it signaled within caveolae(49).
However, since these early discoveries there have been few further investigations
regarding caveolae and ANP. As aresult, in this dissertation I sought to advance
understanding of the effect that Cav-3 had on caveolae formation, hypothesizing that
Cav-3 expression is essential to caveolae formation and the subsequent effects on
cardiac protection and cardiac hypertrophy, in particular allowing for greater ANP
storage and increased autocrine effects that would protect the myocyte against I/R

injury and cardiac hypertrophy.

1.8 Dissertation Objectives and Hypothesis

The major objective of this dissertation was to identify the importance of a
structural protein, Cav-3, and its impact on cardiac failure by defining its role in
cardiac protection from I/R injury and cardiac hypertrophy. As cardiac disease is one
of the leading causes of death in the Western world, it is vital to understand the impact
of Cav-3 on the normal and diseased myocardium; such understanding may facilitate
the development of new therapeutics. I hypothesized that expression of Cav-3 is

critical for the protection against heart failure and that modulation of Cav-3 can induce
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cardiac protection and inhibit hypertrophy, possibly by the increased expression of
pAkt and ANP. This hypothesis will be investigated in Chapters 3-35.

The objective of Chapter 3 was to test the hypothesis that Cav-3 and caveolae
are essential to isoflurane-induced cardiac protection. Within this chapter both in vivo
and in vitro models of cardiac protection were used and the role of caveolin-3 and
caveolae was determined. Methyl-B-cyclodextrin (MBCD), and colchicine (Colch),
agents known to remove caveolae, were utilized to assess the role of caveolae on
cardiac protection. Furthermore, Cav-3 knockout (Cav-3 KO) mice, which lack
cardiac caveolae, were used to test whether such animals are protected against
ischemia/reperfusion injury.

The objective of Chapter 4 was to test the hypothesis that cardiac-specific
overexpression of Cav-3 could produce a preconditioned phenotype in the absence of
a preconditioning stimulus. Cardiac myocyte-specific caveolin-3-overexpressing
transgenic mice (Cav-3 OE) were developed in order to test this hypothesis. Various
biochemical, histological, and surgical techniques were utilized to determine the
impact of increasing caveolin-3 expression in the cardiac myocyte.

The objective of Chapter 5 was to test the hypothesis that cardiac-specific
overexpression of Cav-3 modulates cardiac hypertrophy. Based on a possible
relationship between caveolae, caveolins, and ANP (50), I investigated the impact of
Cav-3 expression on ANP production and cardiac hypertrophy in Cav-3 OE mice and
adult cardiac myocytes infected with Cav-3 adenovirus.

In Chapter 6 1 discuss the current results and future directions to better

understand the role of caveolins, caveolae, and ANP in cardiac failure.
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Hypothesis

1t Caveolin-3
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T Caveolae

Induces Cardiac Preconditioning
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Decreases Hypertrophy

|

Counteracts Heart Failure

Figure 1- 8: Flow diagram of our proposed hypotheses. The working hypothesis is
that overexpression of caveolin-3 will increase caveolae formation and ANP
expression. These changes will then protect the myocardium from
ischemia/reperfusion (I/R) injury and transverse aortic constriction (TAC) and prevent
the development of heart failure.
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2.1 in vivo methods
Animals.

All animals were treated in compliance with the Guide for the Care and Use of
Laboratory Animals (National Academy of Science) and protocols were approved by
the VA San Diego Healthcare System IACUC. All animals were kept on a 12 h light-
dark cycle in a temperature-controlled room with ad lib access to food and water.

Cav-3 OE mice were on a C57BL/6 background. Full-length Cav-3 cDNA
(455 bp) was cloned into a vector containing the oo myosin heavy chain promoter and
was used for microinjection (UCSD Transgenic Core)(1). Cav-3 KO mice were

created as reported previously (2).

In vivo ischemia-reperfusion experimental protocol.

Pentobarbital (80mg/kg)-anesthetized mice were mechanically ventilated and
ischemia was produced by occluding the left coronary artery with a 7-0 silk suture on
a tapered BV-1 needle (Ethicon) for 30 min(3). After 30 min occlusion, the ligature
was released and the heart was reperfused for 2 h. Reperfusion was confirmed by
observing return of blood flow in the epicardial coronary arteries and via
electrocardiography.

Ischemic preconditioning (IPC) was induced by occlusion of the left coronary
artery for 5 min followed by 15 min reperfusion just prior to ischemia. Isoflurane
(anesthetic)- induced preconditioning (APC) was administered by giving mice 1.4%
isoflurane vol/vol in O,, which is equivalent to 1 minimum alveolar concentration

(MAC)(4) for 30 min followed by a 15 min washout. Some Cav-3 OE mice were also
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treated with 5-hydroxydecanoate (5-HD: 10 mg/kg i.v., Sigma) 10 min before
myocardial ischemia.

The area at risk (AAR) was determined by staining with 1% Evans blue (1.0
ml, Sigma — St. Louis, MO). The heart was immediately excised and placed into 1%
agarose and allowed to harden. Once hardened, the heart was cut into 1 mm slices
(MclILwain tissue chopper; Brinkmann Instruments, Inc. — Westbury, NY). Each slice
of left ventricle (LV) was counterstained with 3.0 ml of 1% 2,3,5-triphenyltetrazolium
chloride (Sigma — St. Louis, MO) for 5 min at 37°C. After overnight storage in 10%
formaldehyde, slices were weighed and visualized under a microscope (Leica
Microsystems Inc. — Bannockburn, IL) equipped with a charge-coupled device camera
(Cool SNAP-Pro, Media Cybernetics, Inc. — Silver Spring, MD). The images were
analyzed (Image-Pro Plus Version 4.5, Media Cybernetics, Inc. — Silver Spring, MD)
and infarct size was determined by planimetry. The AAR was expressed as a
percentage of the LV (AAR/LV). Infarct size (IS) was expressed as a percentage of the

AAR (IS/AAR)(3).

In vivo transverse aortic constriction (TAC).

8-16 week old transgenic mice with cardiac myocyte—specific overexpression
of Cav-3 (Cav-3 OE)(1) and transgene-negative mice (Control) underwent a modified
version of transverse aortic constriction (TAC), as previously published(5). In brief,
following echocardiography mice were briefly anesthetized with isoflurane, intubated,
and mechanically ventilated. An incision was made in the second intercostal space

and a 7-0 silk suture was carefully placed around the aorta and a 27g needle between
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the innominate and left carotid artery. A double surgeon’s knot was utilized and the
needle was carefully removed resulting in approximately 0.41mm stenosis. Mice were
allowed to recover at 34°C and 100% oxygen for one hr. Mice were euthanized after
48 hr or 4 wk of stenosis. Sham animals underwent all aspects of the surgery, except

placement of the stenosis.

Detecting cardiac troponin I levels.

Cardiac troponin levels, a second measure of cardiac injury, were determined
from a subset of animals using a mouse cardiac Tn-I ELISA kit (Life Diagnostics —
West Chester, PA). Serum was prepared from each test group and stored at -80°C.
ELISA was run per the manufacturer’s recommended protocol and absorbance was

read at 405 nm using an Infinite M500 plate reader (Tecan — San Jose, CA).

Echocardiography

Echocardiography was performed in a subset of Cav-3 OE and Control mice
prior to TAC surgery and prior to euthanasia. Mice were anesthetized with isoflurane
using an echocardiograph and L15/6-MHz transducer (Sonos 5500, Philips Medical
Systems, Andover, Mass) as described previously. All mice were evaluated after two

weeks for placement of the stenosis and had >3.5m/s gradient across the stenosis.

Cardiac function.
Mice were anesthetized with pentobarbital (80mg/kg) and cardiac

catheterization was performed using a high-fidelity 1.4F Mikro-tip pressure transducer
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(SPR-671, Millar). The catheter was advanced via the right carotid artery into the LV
after measuring mean arterial pressure (MAP). Parameters were determined by an

algorithm from EMKA Technologies.

Conscious Blood Pressure.

A subset of Cav-3 OE and Control mice were trained so that their blood
pressure could be measured without anesthesia. Mice were trained for 3 days on the
CODA noninvasive tail blood pressure system from Kent Scientific (Torrington, CT).

Data were analyzed using the CODA v2.5 software.

2.2 in vitro methods
Adult cardiac myocyte (ACM) isolation.

ACM were isolated from adult Sprague-Dawley rats (Harlan — Indianapolis,
IN; 250-300 g, male), adult Cav-3 OE mice, and transgene negative (Control) mice.
Animals were heparinized (1,000U, intraparitoneally, IP) 5 min before being
anesthetized with pentobarbital (80 mg/kg IP). The hearts were removed and placed in
ice-cold cardioplegic (20 mM KCI) heart media solution (HM, in mmol/l: 112 NacCl,
5.4 KCl, 1 MgCl,, 9 NaH,POy, and 11.1 D-glucose; supplemented with 10 HEPES, 30
taurine, 2 DL-carnitine, and 2 creatine, pH 7.4) and then retrograde-perfused on a
Langendorff apparatus with Ca®>*-free HM for 5 min at 5 ml/min at 37°C, followed by
perfusion with Ca**-free HM containing collagenase II (210 U/mg; Worthington —
Lakewood, NJ) for 20 min. After perfusion, both ventricles were removed and minced

in collagenase II-containing HM for 2 mins. Minced ventricles were then triturated for
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6 min at 37 °C. The cell solution was then washed several times with wash buffer (1%
BSA in 199 medium) to remove collagenase II and re-exposed to 1.2 mM Ca*" over
25 min to produce Ca*'-tolerant CM. Myocytes were then plated in 4% FBS on
laminin (2 ug/cm?)-coated plates for 1 hr. Plating/maintenance media was changed to
serum-free medium [1% bovine serum albumin (BSA)+0.1% penicillin/streptomycin
in 199 medium (Invitrogen — Carlsbad, CA)] to remove all non-myocytes, and CM

were incubated at 37°C in 5% CO, for 24 hr.

Simulated ischemia/reperfusion (SI/R) in isolated CM.

CM were plated on laminin-coated 12-well plates, allowed to incubate for 24
hr, and then subjected to various experimental conditions at 37°C. Simulated ischemia
was induced by replacing the air with a 95% N, and 5% CO, gas mixture at 2 L/min in
a metabolic chamber (Columbus Instruments — Columbus, OH) and by replacing the
serum free media with glucose-free media (glucose-free DMEM, Invitrogen —
Carlsbad, CA) for 60 min. This treatment was then followed by 60 min of
“reperfusion” by replacing the media with normal maintenance media and by
incubating the cells with 21% O, and 5% CO,. CM were exposed to isoflurane for 30-
min prior to SI/R. Isoflurane concentrations were verified continuously by sampling
exhaust gas with a Datex Capnomac (SOMA Technology Inc. — Cheshire, CT).
Concentrations of isoflurane (0.7%, 1.4%, and 2.8% vol/vol in air) were chosen based
on the minimum alveolar concentrations (MAC) in rodents (where 1.4% vol/vol is
equivalent to 1 MAC). Cell death was quantified by counting trypan blue-stained cells

with results expressed as a percentage of total cells counted. To determine the impact
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of caveolae on cardiac protection, MBCD and colchicines were used to disrupt
caveolae (6). CM were incubated under maintenance media (control conditions) or in
the presence of MBCD (1 mM) or colchicine (30uM) for 1 hr before SI/R or isoflurane

+ SI/R.

2.3 Molecular, Biochemical, Histological, and Electron Microscopy methods
Plasmid and recombinant adenovirus production.

A mouse Cav-3 cDNA (455bp) was generated, cloned, and co-transfected with
pIM170 (containing E1 region deletion). Plaques were expanded in HEK293 cells
transformed with adenovirus (Adv) E1. Adv containing LacZ (Adv.LacZ) served as

control. CM were treated with Adv.LacZ or Adv.Cav-3 for 16-24 h.

Sucrose density membrane fractionation.

ACM were fractionated to isolate caveolae-rich domains using a detergent-free
method(7). Cells from a 10-cm” plate were washed twice in ice-cold PBS, scraped into
3 ml of 150 mM Na,COs; with 1 mM EDTA (pH 11.0), homogenized with a tissue
grinder with three 10-sec bursts, and then sonicated with three cycles of 20-sec bursts
interspersed with 1 min of incubation on ice. Whole cell lysates were normalized to
GAPDH expression. 1 ml of homogenate was mixed with 1 ml of 80% sucrose in
MES-buffered saline (MBS: 25 mM MES, 150 mM NaCl, 2 mM EDTA-MBS, pH
6.5) to form 40% sucrose and loaded at the bottom of an ultracentrifuge tube. A
discontinuous sucrose gradient was generated by layering 6 ml of 35% sucrose

prepared in MBS and then 4 ml of 5% sucrose in MBS. The gradient was centrifuged
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at 175,000 g using a SW41Ti rotor (Beckman Instruments — Fullerton, CA) for 3 hr at
4°C. Samples were removed in 1 ml aliquots to yield 12 fractions, which were
analyzed for protein content. We defined fractions 4-6 as buoyant membrane fractions
(BF) enriched in caveolae and proteins associated with caveolae. Fractions 9-12 were

defined as non-buoyant fractions.

Immunoblot Analysis.

Proteins in individual fractions, whole cell lysates, and whole tissue lysates
were separated by SDS-PAGE using 10% polyacrylamide precast gels (Invitrogen —
Carlsbad, CA) and transferred to a polyvinylidene difluoride (Millipore — Billerica,
MA) membrane by electroelution. Membranes were blocked in 20 mM TBS-Tween
(1%) containing 1.5% nonfat dry milk and incubated with primary antibody overnight
(Caveolin-1 and Caveolin-3, Abcam — Cambridge, MA; GAPDH, Imgenex — San
Diego, CA; p-Caveolin-1 Y14, Chemicon — Temecula, CA; ANP, Santa Cruz
biotechnology — Santa Cruz, CA) at 4°C. Bound primary antibodies were visualized
using secondary antibodies conjugated to horseradish peroxidase (Santa Cruz
Biotechnology — Santa Cruz, CA) and enhanced chemiluminescence reagent (GE
Healthcare/Amersham — Piscataway, NJ). All displayed bands migrated at the
appropriate size, as determined by comparison with molecular weight standards (Santa

Cruz Biotechnology — Santa Cruz, CA).



29

Nitric oxide synthase (NOS) activity and cholesterol assay.

Basal NOS activity was determined in TGy, and Cav-3 OE mice.
Homogenized tissues were prepared and measured using a Nitric Oxide Synthase
Assay Kit, Colorimetric (EMD Biosciences) as described by the manufacturer.
Cholesterol in fractions was measured using the Amplex Red Cholesterol Assay Kit

(Invitrogen) as described by the manufacturer.

Immunofluorescence.

CMs or cryostat embedded ventricular slices were fixed with
paraformaldehyde, incubated with 100 mM glycine, permeabilized in 0.1% buffered
Triton X-100, blocked with 1% BSA, PBS, and 0.05% Tween. Samples were then
incubated with primary antibody (1:100) in 1% BSA, PBS, and 0.05% Tween for 24 h.
Excess antibody was removed, and samples were incubated with fluorescein Alexa-
conjugated secondary antibodies (1:250) for 1 h. To remove excess secondary
antibody, samples were washed with PBS/0.1% Tween and incubated for 20 min with
the nuclear stain 4’°,6-diamidino-2-phenylindole (1:5000) diluted in PBS. Samples
were mounted in gelvatol for microscopy imaging and images were captured with a
DeltaVision deconvolution microscope system (Applied Precision, Inc., Issaquah,
WA, USA). The system includes a Photometrics charge-coupled device mounted on a
Nikon TE-200 inverted epifluorescence microscope. Twenty optical sections spaced
0.2 mm were taken. Exposure times were set such that the camera response was in the
linear range for each fluorophore. Images were taken at 400x magnification and were

deconvolved and analyzed using SoftWorx software (Applied Precision, Inc) on a
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Silicon Graphics Octane workstation. Colocalization of pixels was assessed
quantitatively by CoLocalizer Pro 1.0 software
http://www.homepage.mac.com/colocalizerpro/). All images were normalized to a

background threshold value of 30.

Histology.

Left ventricles from Cav-3 OE and Control mice that underwent sham and
TAC surgery were fixed in 10% neutral-buffered formalin and paraffin embedded.
Sections were stained with wheat germ agglutinin (WGA) to determine myocyte cross

sectional area, and Masson’s Trichrome staining to determine fibrosis.

Apoptosis.

For TUNEL assays, AAR was removed from the mice after 24 h of
reperfusion. The tissue was cut, fixed in 3.7% formalin and sections (5 um) were used
for TUNEL assays using the Apoptosis Detection Kit (R&D Systems), according to
the manufacturer’s instructions. Real-time PCR analysis of gene expression of pro-
and anti-apoptotic genes was performed on total RNA isolated from the heart after 24

h of reperfusion using a RNeasy Mini Kit (Qiagen Inc) as described previously.

Electron microscopy (EM).
Whole hearts or cells were fixed with 2.5% glutaraldehyde in 0.1 M cacodylate
buffer for 2 h, post-fixed in 1% OsO4 in 0.1 M cacodylate buffer (1 h) and embedded

as monolayers in LX-112 (Ladd Research). Sections were stained in uranyl acetate and
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lead citrate and observed with an electron microscope (JEOL 1200 EX-II, JEOL USA
or Philips CM-10, Philips Electronic Instruments). Random sections were taken by an

EM technician blinded to the treatments.

Quantitative Real-Time PCR analysis.

Total RNA was isolated from ACM using a RNeasy Mini Kit (Qiagen,
Valencia, CA, USA). First strand cDNA synthesis (iScript cDNA synthesis kit; Bio-
Rad, Hercules, CA, USA) was performed using random hexamers on 1-2 ug of total
RNA. The concentration of cDNA was determined and adjusted to 50 ng/ul for real-
time PCR analysis, which was performed on a MJ Research Opticon 2 (Bio-Rad,
Hercules, CA, USA) in triplicate using the IQ SYBR Green Supermix (Bio-Rad,
Hercules, CA, USA) with 100 ng cDNA and 0.5 uM forward/reverse primer mix in 20
uL final reaction volume. ANP, BNP, and aMHC primers were QuantiTect Primers
(Qiagen, Valencia, CA, USA). Primer sequences for a-sk-actin forward:
GTGTCACCCACAACGTGC, reverse: AGGGCCACATAGCACAGC;

B-MHC forward: GCTGAAAGCAGAAAGAGATTATC, reverse:
TGGAGTTCTTCTCTTCTGGAG. Thermal cycle conditions were as follows: 94°C-
10 min (1 cycle); 94°C-20 s, 55°C-20 s, and 72°C-30 s (40 cycles). Resulting PCR
products were confirmed by melt curve analysis. Analysis of cycle threshold (Ct) was
performed using Opticon 2 analysis software (Bio-Rad); normalized values were
obtained for each group by subtracting matched glyceraldehyde-3-phosphate

dehydrogenase (GAPDH) Ct values.
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Statistical Analysis.

Data analysis was performed by observers blinded to experimental groups.
Group size to determine the primary outcome variable of infarct size was determined
by power analysis. Statistical analysis was performed with Prism 4.0 (GraphPad) by
the unpaired Student’s #-test or one-way ANOVA followed by post-hoc test with
Bonferroni correction for multiple comparisons. All data are expressed as mean =

SEM. Statistical significance was defined as P < 0.05.
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3.1 Abstract

Volatile anesthetics protect the heart from ischemia/reperfusion injury
but the mechanisms for this protection are poorly understood. Caveolae,
sarcolemmal invaginations, and caveolins, scaffolding proteins in caveolae,
localize molecules involved in cardiac protection. We tested the hypothesis that
caveolae and caveolins are essential for volatile anesthetic-induced cardiac
protection using cardiac myocytes (CM) from adult rats and in vivo studies in
caveolin-3 knockout mice (Cav-3"). We incubated CM with methyl-§-
cyclodextrin (M CD) or colchicine to disrupt caveolae formation, and then
exposed the myocytes to the volatile anesthetic isoflurane (30 min, 1.4%),
followed by simulated ischemia/reperfusion (SI/R). Isoflurane protected CM
from SI/R [23.2+1.6% vs. 71.0+5.8% cell death (assessed by trypan blue
exclusion), P<0.001] but this protection was abolished by MBCD or colchicine
(84.9+5.5% and 64.5+6.1% cell death, P<0.001). Membrane fractionation by
sucrose density gradient centrifugation of CM treated with MB CD or colchicine
revealed that buoyant (caveolae-enriched) fractions had decreased
phosphocaveolin-1 and caveolin-3 compared to control CM. Cardiac protection
in vivo was assessed by measurement of infarct size relative to the area at risk
and cardiac troponin levels. Isoflurane-induced a reduction in infarct size and
cardiac troponin relative to control (infarct size: 26.5%2.6% vs. 45.3%+5.4%,
P<0.01; troponin: 27.7+4.4 vs. 77.7+11.8 ng/mL, P<0.05). Isoflurane induced
cardiac protection was abolished in Cav-3" mice (infarct size: 53.4%+6.1% vs.
53.2%13.5%, P<0.01; troponin: 102.1+22.3 vs. 105.948.2 ng/mL, P<0.01).
Isoflurane-induced cardiac protection is thus dependent on the presence of
caveolae and the expression of caveolin-3. We conclude that caveolae and
caveolin-3 are critical for volatile anesthetic-induced protection of the heart from
ischemia/reperfusion injury.

3.2 Introduction

Protection of the heart from ischemia/reperfusion injury can be induced by
multiple stimuli (e.g., ischemia (1), opioids (2) and volatile anesthetics (3, 4)). Though
many volatile anesthetics, including isoflurane (3, 4), sevoflurane (5, 6), and
desflurane (6) show cardiac protection in vivo, the precise mechanism for volatile

anesthetic-induced cardiac protection has not been elucidated.

Caveolae are small (~100nm diameter), flask-like invaginations (7) of the
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plasma membrane that are enriched in particular lipids [e.g., cholesterol and
glycosphingolipids (8)] and structural proteins, caveolins. There are three known
isoforms of caveolin: caveolin-1, caveolin-2 and caveolin-3 (9), each of which has
scaffolding domains that interact with signaling molecules (10, 11). Cardiac myocytes
(CM) express the muscle-specific isoform caveolin-3 (12) while other cell types in the
heart express caveolin-1 and -2. Recent studies have shown: 1) the presence and
interaction of all three caveolin isoforms in adult cardiac myocytes (13, 14), 2) a
signaling role for caveolin-1 in cardiac myocytes (15), and 3) that caveolins can
scaffold proteins associated with cardiac protection (16, 17).

Caveolae can be disrupted using agents such as methyl-f-cyclodextrin
(MBCD), which depletes membrane cholesterol (18, 19), or colchicine, which disrupts
microtubules (20). Colchicine can abolish anesthetic-induced cardiac protection in
vivo (21) although the molecular mechanism for this effect is not known. We have
recently shown that MBCD can disrupt caveolae and attenuate ischemic- and opioid-
induced cardiac myocyte protection (19) but the role of caveolae expression and
caveolin-3 in volatile anesthetic-induced cardiac protection is not known. Therefore,
in the current study we used both in vitro and in vivo approaches to test the hypothesis
that caveolae and the expression of caveolin-3 are essential for volatile anesthetic
(e.g., isoflurane)-induced cardiac protection from ischemia/reperfusion injury. Our
findings establish that caveolins and caveolae help mediate the action of a wide range

of cardiac protective agents.
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Materials and Methods

Please see Chapter 2 for detailed materials and methods.

3.3 Results
Isoflurane induces cardiac protection in adult CM

Adult CM were exposed to various concentrations of isoflurane and then to
simulated ischemia/reperfusion (SI/R) (Figure 3-2). Exposure to 0.7% and 1.4%
isoflurane before SI/R decreased cell death when compared to SI/R alone (37.4 +
5.0%, and 23.2 + 1.6% vs. 71.0 + 5.8% cell death, respectively). However, at higher
concentrations of isoflurane (2.8%), cardiac protection was not observed (64.4 + 9.8%

cell death).

MPBCD and colchicine abolish caveolae formation and alter caveolin expression

Treatment of CM with MBCD or colchicine reduced the expression of caveolae
(Figure 3-3A). The amount of phosphorylated caveolin-1 was significantly reduced in
buoyant caveolar fractions (BF, Fractions 4-6) following sucrose density fractionation
of MBCD- or colchicine-treated cells (Figure 3-3B). Expression of caveolin-3 in BF
was significantly reduced in MBCD-treated cells and to a lesser extent in colchicine-
treated cells after incubation with isoflurane (Figure 3-3B). Expression of caveolin-3
in non-buoyant fractions (Fractions 9-12) was not significantly altered among the

experimental groups (data not shown).
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MPBCD and colchicine abolish isoflurane-induced cardiac protection

CM were incubated with 1% BSA + 0.1% penicillin/streptomycin (Control)
media or in control media along with MBCD (1 mM), or colchicine (30 uM) and then
exposed to 1.4% isoflurane (Figure 3-4A). The protective effect of isoflurane was
abolished in CM incubated with MBCD or colchicine (84.9 + 5.5% and 64.5 + 6.1%
cell death, respectively). We observed no significant increase in basal cell death with

the various treatments (Figure 3-4B).

Caveolin-3 is required for isoflurane-induced cardiac protection

Electron micrographs of caveolin-3"" mouse hearts revealed the absence of
caveolae in cardiac myocyte sarcolemmal membranes (Figure 3-5A). The absence of
caveolin-3 protein in the hearts of caveolin-3"" mice was verified by Western
immunoblot analysis; these mice had normal levels of caveolin-1 (Figure 3-5B). To
assess the role of caveolin-3 in the protection from ischemia/reperfusion injury, we
treated C57BL/6 mice or caveolin-3"" mice with 1.4% isoflurane for 30 min, followed
by 15 min washout and then exposed the mice to ischemia/reperfusion (Figure 3-5C).
The ability of isoflurane to protect from ischemia/reperfusion injury was abolished in
caveolin-3"" mice compared to control animals [45.3 + 5.4% and 26.5 + 2.6% infarct
size/area at risk (AAR)] even though there was a similar AAR in both groups of
animals (Figure 3-5D; 53.2 +3.5% vs. 53.4 + 6.1% AAR). Cardiac troponin I levels
were significantly attenuated by isoflurane treatment in wild-type mice compared to
control mice subjected to ischemia/reperfusion (27.7 + 4.4 and 77.7 + 11.8 ng/mL);

. . . . . . - .
however, isoflurane failed to reduce cardiac troponin I levels in caveolin-3"" mice, a
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level similar to control caveolin-3"" mice was observed (102.1 +22.3 and 105.9 + 8.2

ng/mL).

3.4 Discussion

The current data show that the presence of caveolae and the expression of
caveolin-3 in CM are essential for isoflurane-induced cardiac protection from
ischemia/reperfusion (I/R) injury. Treatment with MBCD and colchicine, agents that
decrease the number of caveolae and the amount of phosphorylated caveolin-1,
attenuated isoflurane-induced protection in CM exposed to SI/R. Consistent with these
findings, caveolin-3 knockout mice devoid of CM caveolae lack isoflurane-induced
cardiac protection from I/R injury.

Volatile anesthetics are short chain halogenated alkanes and ethers that interact
with cell membrane lipids and are thought to interact with membrane-bound proteins
to produce cellular effects (22). Volatile anesthetics produce cardiac protection in a
number of species, including man (5). It is not clear whether volatile anesthetics act
via specific receptors or via “nonspecific” membrane effects to alter effector
molecules that mediate cardiac protection. Isoflurane administration can activate
opioid and adenosine receptors and blockade of these G-protein-coupled receptors can
abolish cardiac protection produced by isoflurane (23). Volatile anesthetics affect
several signaling pathways implicated in preconditioning, including Src tyrosine
kinase, the phosphatidylinositol-3-kinase/protein kinase B/glycogen synthase kinase 3
beta pathway (24), protein kinase C (25, 26), and mitogen-activated protein kinases

(MAPK), including extracellular signal-regulated kinase 1 and 2 (27) and p38 MAPK
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(28). In addition, volatile anesthetics modulate ATP-sensitive potassium channel
activity (25, 26), the generation of reactive oxygen species, and mitochondrial
permeability transition pore opening (29). Of note, many of those signaling molecules
and effector systems can either interact directly with the scaffolding domain of
caveolin or are known to localize to caveolae (16, 17, 30).

Caveolae and caveolins organize signaling molecules and facilitate rapid,
precise and coordinated signal transduction (31, 32). Isoflurane increases the
phosphorylation of Src kinase and caveolin-1 is required for isoflurane-induced
cardiac protection (15); isoflurane increases the phosphorylation of caveolin-1 in a
Src-dependent manner and caveolin-1 knockout mice are not able to be protected from
myocardial ischemia/reperfusion injury by isoflurane. Importantly, myocytes isolated
from these animals have normal caveolae (unpublished observations). The current
results confirm and extend those findings by showing that two different
pharmacological approaches that disrupt caveolae and reduce caveolin-1
phosphorylation also attenuate isoflurane-induced protection of CM. In addition, the
current data involving the use of caveolin-3"" mice define a requirement for caveolin-3
in isoflurane-induced cardiac protection.

Caveolin-3, the predominant isoform in CM, mediates interactions with
cytoskeletal elements (including a-tubulin and filamin (14)) and is responsible for
caveolae formation in these cells. A role for caveolin-3 in cardiac protection has not
been investigated. Previous studies have shown that caveolin-3 overexpression
prevents cardiac hypertrophy in isolated neonatal myocytes and may be beneficial in

preventing pathological cardiac remodeling via the inhibition of Erk signaling (33).
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Caveolin-3 co-localizes with opioid receptors, which can contribute to cardiac
protection from ischemia (19). The current data indicate that a decreased number of
myocardial caveolae are found in caveolin-3"" mice even though caveolin-1 expression
is normal and that such mice lose the ability to undergo isoflurane-induced cardiac
protection from ischemia/reperfusion injury. Collectively, these and previous data
implicate a role for both caveolin-1 and -3 and the presence of caveolae in cardiac
protection from ischemia/reperfusion injury.

Our results showing the absence of cardiac protection at higher concentrations
of isoflurane (2.8%) are in contrast to past studies in a dog model in vivo (34) and in
an adult rat CM in vitro (35) in which a concentration-dependent increase in cardiac
protection was observed with isoflurane. However, Kehl et al (34), who examined the
cardiac protective effects of isoflurane in an in vivo dog model, only used a maximum
concentration of isoflurane of 1.6%. Although Zaugg, et al (35), showed increased
cardiac protection at 2.8% isoflurane compared to lower concentrations, those studies
utilized different methods of isoflurane delivery (bubbling) and simulated ischemia
(mineral oil layering), and did not investigate simulated reperfusion injury, which is
believed to be a major contributor to cell death following myocardial ischemia (36).

Based on the current results, we conclude that caveolae and caveolin-3 are
essential for the protection of the heart from ischemia/reperfusion injury and in
particular, for volatile anesthetic-induced cardiac protection. The results thus suggest
that treatments designed to enhance expression of caveolins and caveolae in CM have

the potential to prevent ischemic damage in the heart and perhaps other tissues.
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Figure 3-1: Simulated ischemia/reperfusion (I/R) model. Adult cardiac myocytes
were rod-shaped and viable with oxygen exposure alone. Cell death increased with
ischemia, however, maximal cell death was observed following reperfusion.
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Figure 3-2: Effect of isoflurane on simulated ischemia/reperfusion (SI/R) of adult
cardiac myocytes (CM). CM were plated and treated with various concentrations of
isoflurane prior to exposure to SI/R. Cell death was determined by trypan blue
staining. CM under control conditions had minimal cell death. Optimal protection was
observed at 1.4% isoflurane. No protection was observed at 2.8%. n = 6 for all groups.
*#* P <0.01 compared to SI/R, *** P <0.001 compared to SI/R..
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Figure 3-3: Impact of MBCD and colchicine on expression by cardiac myocytes (CM)
of caveolae, caveolin-3 and phosphocaveolin-1 and on response to isoflurane. A.
Electron micrographs of CM reveal caveolae at the surface of the plasma membrane in
cells under control conditions (black arrows). MBCD- and colchicine-treated myocytes
have no visible caveolae n = 2 per group (magnification = 11,500x). B. Whole cell
lysates (WCL) were normalized via expression of GAPDH prior to sucrose density
fractionation. Sucrose gradient fractions of 1.4% isoflurane (Iso) exposed CM
revealed decreased expression of pCaveolin-1 (p-Cav-1 Y14) and Caveolin-3 (t-Cav-
3) in the buoyant fraction (BF = fractions 4-6) of MBCD- and colchicine (Colch)-
treated cells. Densitometry revealed a significant decrease in p-Cav-1 Y14 in both
MBCD- and colchicine-treated groups, whereas t-Cav-3 expression was only
significantly decreased in the MBCD group. n = 3 per group. * P < 0.05 compared to
Iso, ** P <0.01 compared to Iso.
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Figure 3-4: Cardiac protection by isoflurane in the presence and absence of caveolae

disruption. A. Cardiac myocytes were exposed to control conditions, simulated

ischemia/reperfusion (SI/R), or SI/R + isoflurane (Iso) in the presence or absence of
MPBCD and colchicine. MBCD- and colchicine (Colch)-treated groups were incubated
with MBCD (1 mM) or Colch (30 uM) in maintenance media (1% BSA) for 1 hr, the
latter of which was used for control cells. Cells were then incubated with air or 1.4%
isoflurane for 30 min. SI/R was then produced by aerating a metabolic chamber with
95% N, + 5% CO; and changing to glucose-free media, which results in oxygen and
glucose deprivation (OGD). This incubation was then followed by “reperfusion” by

placement of cells in normal maintenance media at 21% O, and 5% CO, for 1 hr. All
experiments were performed at 37°C. B. Isoflurane-induced cardiac protection was

diminished in the presence of MPBCD or Colch. n = 6 in all groups. *** P < 0.001
compared to SI/R + Iso + MBCD, t11 P <0.001 compared to SI/R + Iso +

Colchicine.
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Figure 3-5: Absence of isoflurane-induced cardiac protection in caveolin-3 knockout
mice. A. Electron micrographs of cardiac tissue from caveolin-3 knockout (Cav-3"")
mice reveal an absence of caveolae in the sarcolemmal membrane (8,900x). B.
Western blot analysis confirmed the absence of caveolin-3 protein in the hearts of the
Cav-3"" mice but with similar levels of caveolin-1 (Cav-1), n = 6 in all groups. C. In
vivo anesthetic (isoflurane)-induced cardiac protection protocol. D. Isoflurane-induced
cardiac protection was abolished in Cav-3"" mice, as shown by no significant decrease
in infarct size (IS)/area at risk (AAR) when compared to control Cav-3""; however, a
significant decrease in IS was noted between Control + Isoflurane vs. Control and
Cav-3""+ Isoflurane, n = 6 in all groups. ** P < 0.01 compared to Control. 1 P <
0.01 compared to Cav-3""+ Isoflurane. E. Following ischemia/reperfusion injury
cardiac troponin I levels in Cav-3"" mice were elevated when compared to control. In
addition, no significant decrease in troponin I levels were observed in Cav-3"" mice
following isoflurane-induced cardiac protection, whereas, a significant decrease was
noted in control mice that received isoflurane. Troponin I was also decreased in
Control + Isoflurane vs. Cav-3" + Isoflurane, n = 4-6 for all groups. * P < 0.05
compared to Control, ** P < 0.01 compared to Cav-3""+ Isoflurane.
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4.1 Abstract

Background: Caveolae, lipid-rich microdomains of the sarcolemma, localize and
enrich cardiac protective signaling molecules. Caveolin-3 (Cav-3), the dominant
isoform in cardiac myocytes, is a determinant of caveolae formation. We
hypothesized that cardiac-specific overexpression of Cav-3 would enhance the
formation of caveolae and augment cardiac protection in vivo.

Methods and Results: Ischemic preconditioning (IPC) in vivo increased
formation of caveolae. Adenovirus for Cav-3 increased caveolar formation and
phosphorylation of survival kinases in cardiac myocytes. A transgenic (TG)
mouse with cardiac myocyte-specific overexpression of Cav-3 (Cav-3 OE) showed
enhanced formation of caveolae on the sarcolemma. Cav-3 OE mice subjected to
ischemia/reperfusion injury had a significantly reduced infarct size relative to
TGueg mice. Endogenous cardiac protection in Cav-3 OE mice was similar to
wild-type mice undergoing IPC; no increased protection was observed in
preconditioned Cav-3 OE mice. Cav-3 knockout mice did not show endogenous
protection and showed no protection in response to IPC. Cav-3 OE mouse hearts
had increased basal Akt and GSK3f phosphorylation comparable to wild-time
mice exposed to IPC. Wortmannin, a PI3K inhibitor, attenuated basal
phosphorylation of Akt and GSK3f and blocked the endogenous cardiac
protection in Cav-3 OE mice. Cav-3 OE mice had improved functional recovery
and reduced apoptosis at 24 hours of reperfusion.

Conclusion: Expression of caveolae is both necessary and sufficient for cardiac
protection, a conclusion that unites long-standing ultrastructural and molecular
observations in the ischemic heart. The current results indicate that increased
expression of caveolins has the potential to preserve tissue in the heart exposed to
ischemia-reperfusion injury.

4.2 Introduction

The concept that an organ can develop tolerance to subsequent ischemic stress
was initially suggested by studies of traumatic injury.(1) In 1986, Murry et al(2) found
that non-lethal injury, termed ischemic preconditioning (IPC), could protect the heart
from lethal injury. Subsequent work has shown that IPC is a highly effective way to
protect multiple organs from ischemic injury. Many studies have evaluated individual

signaling molecules and pathways in IPC(3) but no single, unifying intervention

explains the temporal efficiency (i.e., rapid coupling of plasma membrane to
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intracellular signaling) and spatial 3-dimensionality (i.e., simultaneous activation of
numerous parallel pathways) of IPC. An emerging idea in signal transduction
emphasizes the role of multi-protein complexes organized in discrete
microenvironments in cell regulation and pathophysiology;(4, 5) such organization
perhaps might explain the temporal/spatial conundrum of IPC.

Caveolae, cholesterol- and sphingolipid-enriched invaginations of the plasma
membrane, a subset of lipid/membrane rafts, are one such microenvironment.(6-8)
Caveolins, structural proteins essential for caveolae formation, are present in three
isoforms:(9) caveolin-1 and -2 (Cav-1 and -2) are expressed in multiple cell types,
while caveolin-3 (Cav-3) is found primarily in striated (skeletal and cardiac) muscle
and certain smooth muscle cells.(10) Caveolins have scaffolding domains that anchor
and regulate the function of proteins that modulate a variety of cellular processes(11)
and signal transduction.(4, 5) Caveolins can function as scaffolds for multiple,
interacting signaling molecules, thereby providing temporal and spatial regulation of
cellular signal transduction.(5)

Disruption of caveolae attenuates protection of adult cardiac myocytes from
ischemic damage(12) and Cav-3 knockout mice (Cav-3 KO), which lack cardiac
myocyte caveolae, are resistant to pharmacological preconditioning.(13) Such findings
imply that myocyte caveolae are a prerequisite for protection from ischemia-
reperfusion injury. Because Cav-3 expression is essential for the formation of caveolae
in cardiac myocytes,(14) we hypothesized and provide evidence that cardiac myocyte-

specific overexpression of Cav-3 increases the formation of caveolae and enhances
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protective signaling from ischemia, thus identifying cell-specific expression of

caveolins and caveolae as a novel approach to achieve such protection.

4.3 Results

Ischemic preconditioning modulates membrane caveolae and Cav-3 expression.
We assessed the effect of IPC on cardiac membrane caveolae by subjecting mice to
IPC and performing electron microscopy (EM). Representative EM images show that
IPC increases formation of caveolae (arrows in Fig. 4-1A). To verify these
morphologic findings using biochemical techniques, hearts from IPC and control
animals were fractionated on a discontinuous sucrose gradient and analyzed for
protein and cholesterol content and for distribution of caveolin. IPC increases the total
protein and cholesterol content in fractions 4-6 (buoyant fractions), which are enriched
in caveolin(15) (Fig. 4-1B,C) and increases the amount of Cav-3, but not Cav-1, in
buoyant fractions (Fig. 4-1D,E). These finding are consistent with evidence that

formation of cardiac myocyte caveolae is dependent on Cav-3.(14, 16)

Adenoviral overexpression of Cav-3 in adult cardiac myocytes in vitro increases
caveolae formation and phosphorylation of survival kinases.

Cardiac myocytes incubated with a Cav-3-adenovirus have increased expression of
caveolae (Fig. 4-2A) and increased levels of phosphorylated protein kinase B (Akt)
and glycogen synthase kinase 38 (GSK3p), two enzymes associated with IPC-induced

cardiac protection(3) (Fig. 4-2B).
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Cardiac myocyte-specific Cav-3 overexpressing mice have increased myocyte
caveolae but unaltered nitric oxide synthase (NOS) expression and activity.
Using an a-myosin heavy chain promoter, we generated mice with cardiac myocyte-
specific overexpression of Cav-3 (Supplementary Fig. 4-1A). Thirty-nine mouse
lines were generated, 5 of which were positive for the transgene (TG)
(Supplementary Fig. 4-1B). Two of these 5 lines were propagated, one of which had
an 8-fold elevation in Cav-3 mRNA expression compared to TG-negative (TGpeg)
animals (Fig. 4-3A). We developed and characterized this line and refer to it as the
Cav-3 overexpressor (Cav-3 OE). Cav-3 OE mice have increased Cav-3 protein
expression without a change in Cav-1 and Cav-2 expression (Fig. 4-3B). The
increased protein expression in the Cav-3 OE mice localizes to cardiac myocyte
membranes (red pixels, Fig. 4-3C) and results in an increased number of caveolae in
cardiac myocytes (Fig. 4-3D); increased expression of Cav-3 was not observed in
lung, brain, liver, kidney or skeletal muscle of these mice (data not shown).

Because caveolins negatively regulate activity of NOS isoforms,(11, 17) we
quantitated basal NOS expression and activity in the Cav-3 OE mice. Given the well-
known interaction of NOS with caveolins, we were surprised to find similar
expression of NOS and phosphorylated endothelial NOS (eNOS) isoforms and similar
NOS activity in the whole hearts of TGy, and Cav-3 OE mice (Fig. 4-4A,B). To
determine if compartmented activity of NOS may be altered by cardiac specific
caveolin-3 expression, we subjected TGyee and Cav-3 OE hearts to sucrose density
fractionation and probed NOS activity in buoyant (BF, caveolae rich) and non-buoyant

(non-BF, non-caveolar) fractions using a *H-arginine assay. No difference in NOS
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activity was observed in BF and non-BF in TGy, vs. Cav-3 OE (Fig. 4-4C). Rat
cerebellum homogenate was used as a positive control (H-citrulline, 42000 CPM/ul

sample).

Cav-3 OE mice are protected from ischemia-reperfusion injury.

Cav-3 OE mice exposed to 30 min of cardiac ischemia and 2 h of reperfusion have a
substantial reduction in infarct size compared to TGyeg mice (23.4 = 3.0% vs. 43.0 =
3.9% risk area, n =11, P <0.001, Fig. 4-5A), even though these mice show no
differences in pre-occlusion hemodynamics (heart rate, mean arterial pressure, and
rate-pressure product; Supplementary Table 1) or in the cardiac area at risk (AAR)
for ischemic damage (Supplementary Fig. 2). This “endogenous protection” in Cav-3
OE mice is similar to that produced in TGy, mice subjected to IPC (26.3 + 2.4% risk
area, n = 8 P < 0.05) and was not enhanced by IPC (21.1 + 2.8% risk area, n = 8) but
was attenuated by pretreatment with 5-HD, a mitochondrial ATP-sensitive potassium
(Katp) channel inhibitor (38.1 + 4.4% risk area, n = 8) (Fig. 4-5A). Akin to the results
with 5-HD, IPC does not protect Cav-3 KO mice from ischemic damage (Fig 4-5A).

Cardiac troponin I (cTnl) confirmed infarct size measurements (Fig 4-5B).

Role of survival kinases in endogenous protection.

Hearts excised from Cav-3 OE mice had an ~3-fold increase in basal phosphorylation
of Akt and in phosphorylation of GSK3p (P < 0.05, n = 6, Fig. 4-6A), signaling
molecules involved in cardiac protection.(18) The level of basal elevation in Akt and

GSK3p in the hearts of Cav-3 OE mice were comparable to the elevation seen after
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IPC in vivo (Fig. 4-6A). To determine the role of PI3K/Akt/GSK3p in this endogenous
protection, Cav-3 OE mice were treated with wortmannin, a PI3K inhibitor, or DMSO
(vehicle). Wortmannin reduced the endogenous phosphorylation of both Akt and
GSK3p, which are activated by PI3K relative to vehicle control (Fig. 4-6B). Vehicle
treated Cav-3 OE mice showed a cardiac protected phenotype as in Fig. 4-5A with
reduced infarct size and cardiac troponin-I (Fig. 4-6C,D). Wortmannin attenuated the

endogenous cardiac protection observed in Cav-3 OE mice (Fig. 4-6C,D)

Cav-3 OE mice have preserved ultrastructure following ischemia-reperfusion
injury.

We also used EM analysis to examine the AAR after ischemia-reperfusion (30 min-2
h) in Cav-3 OE and TGy, mice (Fig. 4-7). Following injury, the ischemia-reperfusion
TGueg groups displayed highly disorganized patterns of cardiac myocytes and their
mitochondria. In addition, the sarcolemma exhibited evidence of damage, including
disrupted Z-lines and myofibrillar stretching. Mitochondria were swollen and
contained amorphous matrix densities, indicating that injury was in an irreversible
phase(19) (Fig. 4-7C). By contrast, hearts of Cav-3 OE mice subjected to ischemia-
reperfusion showed limited ultrastructural change relative to sham and in particular,

no mitochondrial swelling, myofibril stretching, or Z-line deformation (Figs. 4-7D).
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Cav-3 OE mice have preserved cardiac function and reduced apoptosis following
ischemia-reperfusion.

We assessed cardiac function of TGy, and Cav-3 OE mice during cardiac
catheterization after 30 min ischemia and 24 h of reperfusion. Left ventricular systolic
function (dP/dt max), was greater while cTnl levels were significantly lower in the
Cav-3 OE mice (Fig. 4-8A,B).

Cav-3 OE mice also had reduced apoptosis, assayed by terminal
deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick end labeling
(TUNEL)-positive cells (arrows in Fig 4-8C, left panel), as the percent of total nuclei
after 24 h of reperfusion (Fig. 4-8C, right panel). Hearts of Cav-3 OE animals also
tended to have decreased pro-apoptotic and increased anti-apoptotic gene expression
(Fig. 4-8D) and protein expression (Fig. 4-8E).

Total body overexpression of Cav-3 results in cardiomyopathy in 6 month old
mice.(20) Accordingly, we assessed morphology, echocardiography and
hemodynamics in 6-9 month old cardiac myocyte-specific Cav-3 OE mice. We found
that heart weight to tibia length were similar in Cav-3 OE and age-matched TGyeg
mice (Supplementary Table 2). In addition, echocardiographic parameters, heart rate,
mean arterial pressure and rate-pressure product were similar between Cav-3 OE and

TGuee mice (Supplementary Table 2).

4.4 Discussion
Numerous mechanisms have been proposed to explain the ability of an organ to

develop tolerance to subsequent lethal ischemia-reperfusion injury.(21) IPC, an
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intervention that was first shown over 20 years ago to prevent such injury, has lacked
a unifying hypothesis to account for the diverse pathways by which it impacts on the
heart and other organs. We show here that IPC alters the morphology and function of
the plasma membrane of cardiac myocytes, increasing the number of caveolae.
Moreover, we find that the protein Cav-3 is both necessary and sufficient to protect the
heart from ischemia-reperfusion injury. Spatial organization of signaling molecules
within caveolar microdomains and the interaction of signaling molecules with
caveolins thus help determine the protection of the heart from ischemia-reperfusion
injury. The current data imply that expression of Cav-3 and caveolae represent a
unifying mechanism for IPC.

Caveolae were first identified by electron microscopy in the 1950’s by Palade
and Yamada(6, 7) in endothelium and epithelium, respectively, and in the sarcolemma
of cardiac myocytes in 1975 by McNutt.(22) Early research on myocardial ischemia
focused on ischemia-induced changes in the sarcolemma(23, 24) and provided
evidence that caveolae in cardiac myocytes can be rapidly affected by perturbation of
oxygen tension and tonicity.(25, 26) In spite of such results, a role for caveolae and
caveolins in the setting of ischemic preconditioning has not been explored.

An emerging concept emphasizes the organization of signaling molecules in
multiprotein complexes, “signalosomes,” that form and dissociate under basal and
stimulated conditions.(11) Caveolins play an integral role in the dynamics of these
multiprotein complexes in caveolae, by interacting with a wide range of signaling
molecules that include multiple G-protein coupled receptors, Ga subunits of

heterotrimeric G-proteins, Src kinases, PI3K, eNOS, protein kinase C (PKC) isoforms,
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extracellular signal-regulated kinase 1 and 2 (ERK 1/2), and superoxide dismutase.
Many of these proteins can bind to the scaffolding domain of caveolin (CSD) and be
regulated by caveolin.(27) A number of proteins that bind caveolin have been
overexpressed in cardiac myocytes and shown to produce tolerance to myocardial
ischemia-reperfusion injury; these include adenosine receptors,(28) alpha 1 adrenergic
receptors,(29) PKC isoforms,(30) mitogen activated protein kinases,(31) eNOS,(32,
33) and proteins involved in the scavenging of free radicals.(34) Overexpression of
heat shock proteins (HSP: aB crystallin, HSP60-10 complex, and H11 kinase(35-37))
also confers protection from ischemic damage and conceivably caveolins contribute to
such interactions.(38) In silico analysis of the protein sequence of aB crystallin
reveals a putative caveolin binding motif (aal67wvcyqypgy), suggesting future
avenues of investigation.

Caveolar microdomains are enriched in cholesterol. We show that IPC
increases caveolar microdomains and total cholesterol primarily in the buoyant
fractions. The mechanism by which IPC increases total cholesterol is not known.
Studies show that class B scavenger receptors (CD36) localize to caveolae and
regulate cholesterol homeostasis.(39) Co-expression of CD36 and caveolin has been
shown to enhance the uptake of cholesterol.(40) It is possible that the increase in
cholesterol may drive caveolae formation or on the other hand an increase in caveolae
formation may drive the influx of cholesterol. Defining this important distinction
remains an interesting avenue for future investigations.

Of particular importance for ischemia is the evidence that Cav-3 is an activator

of PI3K/Akt/ GSK3 signaling,(41) a pro-survival pathway that can contribute to
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cardiac ischemic preconditioning.(3, 21) Such ideas are pertinent to the current data
indicating that adenoviral Cav-3-mediated overexpression in myocytes and Cav-3 OE
mice show increased Cav-3 expression, formation of caveolae and phosphorylation of
Akt and GSK3p. In addition, our results show that mice engineered to overexpress
Cav-3 in cardiac myocytes are protected from ischemia-reperfusion injury to an extent
comparable to that induced by IPC and in a manner that depends on mitochondrial
Karp channel and PI3K activity, putative effectors of cardiac protection from
ischemia-reperfusion injury.(21, 42) Cav-3 OE mice also showed a preserved
sarcomeric ultrastructure following ischemia-reperfusion injury suggesting that Cav-3
OE mice are resistant to membrane rupture. Whether this preserved ultrastructure is a
result of reduced injury or due to caveolin-3 overexpression remains to be determined.
The precise molecular mechanism by which Cav-3 in myocytes protects the
heart and its myocytes from ischemia-reperfusion injury remains to be determined.
Caveolins can inhibit activity of signaling proteins, such as eNOS and ERK1/2,(43,
44) by interaction of the CSD with the binding motif of such partners. In addition,
caveolins can promote signaling via enhanced receptor-effector coupling or enhanced
receptor affinity.(11, 45) Based on data showing that infusion of a peptide with the
CSD sequence can protect the heart from ischemia-reperfusion injury, Young et al(46)
proposed that the CSD peptide produces ischemic tolerance by enhancing release of
endothelium-derived nitric oxide.(46) Additional studies show that ischemia-
reperfusion injury activates a redistribution of Cav-3 and a down-regulation of Cav-1
association with ERK(47) while IPC leads to a translocation of eNOS to caveolae.(48)

The current results, in which overexpressed Cav-3 in cardiac myocytes yields no
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change in basal expression of NOS isoforms or in nitric oxide (NO) generation, lead
us to conclude that the ischemic tolerance produced by Cav-3 expression does not
result from changes in NO production and that cardiac myocyte eNOS is not a major
source of cardiac NO. The latter idea is supported by results indicating that re-
expression of Cav-1 exclusively within the endothelium of Cav-1 knockout mice
rescues cardiac defects.(49)

The phenotype of cardiac myocyte-specific Cav-3 OE mice is strikingly
different from that of mice that have a total body overexpression of Cav-3 in brain, fat,
liver, lung and spleen as well as smooth, skeletal and cardiac muscle.(50) Such mice
develop a muscular dystrophy phenotype at 3-4 weeks of age and after 6 months of
age show cardiac degeneration, fibrosis and reduced cardiac NOS activity and cardiac
function.(20) In contrast, cardiac myocyte-specific overexpression of Cav-3 does not
result in cardiomyopathy in 6-8 month old mice or a reduction in NOS activity. We
conclude that increased cardiac myocyte expression of Cav-3 is not responsible for the
late-appearing cardiac changes observed in the total body Cav-3 OE mice.

In conclusion, the current results show that IPC increases the number of
plasma membrane caveolae in cardiac myocytes and that mice with cardiac myocyte-
specific Cav-3 overexpression are protected from ischemic injury in a manner that
mimics the cardiac protection produced by IPC. The ability to recapitulate or block the
alterations of the plasma membrane produced by IPC via the respective
overexpression or knockout of Cav-3 implies that Cav-3 is necessary and sufficient for
IPC-induced cardiac protection. Our results also define a molecular mechanism to

explain aspects of sarcolemmal ultrastructure, caveolae, and ischemic preconditioning
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that have been poorly understood for many years. Cardiac myocyte targeted
overexpression of Cav-3 may provide a novel means to protect the heart from
ischemia-reperfusion injury. More generally, our results imply that cell type-selective
expression of caveolins may offer a means to augment mechanisms of preservation of

the heart and perhaps other organs.
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Figure 4-1: IPC increases the expression of caveolae and the enrichment of protein
and cholesterol in buoyant fractions. Hearts were subjected to a 5 min IPC stimulus.
Control wild-type animals underwent no treatment. (A) Electron microscopy showed
an increase in number of caveolae compared to control hearts (arrow). (B) and (C)
Excised control and hearts subjected to IPC underwent sucrose density fractionation.
Protein and cholesterol assays showed increased protein and cholesterol in buoyant
fractions (BF) after IPC (*P < 0.05). (D) and (E) Fractions were probed for Cav-1 and
Cav-3. Cav-3, but not Cav-1, was increased in buoyant fractions after [PC
(representative immunoblots are shown) and confirmed by densitometry normalized to
total fraction amounts (E). *P <0.05 relative to respective control. Summary data are
from 6 mice per group.
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Figure 4-2: Cav-3 adenovirus increases caveolae expression in adult cardiac
myocytes (ACM). (A) ACM incubated with an adenovirus (Adv) encoding full-length
mouse Cav-3 (Adv.Cav-3) for 72 h increased caveolae (C) number. (B) ACM exposed

to no virus, Adv.LacZ or Adv.Cav-3 for 72 h. were lysed and immunoblotted (left
panel). Adv.Cav-3-treated ACM have increased expression of Cav-3 protein as well as
increased phosphorylated phospho Akt and GSK3f compared to control or LacZ-
treated ACM (n = 4-6) (right panel). *P < 0.05 vs. Adv.LacZ.
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Figure 4-3: Cardiac myocyte-specific Cav-3 OE mice: caveolin, caveolae and NOS
expression. (A) Real-time PCR of Cav-3 mRNA expression in two founder lines. Line
2 had 8-fold increased Cav-3 mRNA expression compared to Line 1. Data are
represented relative to TGyee and normalized to GAPDH expression (n = 4). (B)
Immunoblot of Cav-1, -2, and -3 in whole heart homogenates from Cav-3 OE and
TG mice (left panel). Densitometry was normalized to expression of GAPDH and
showed a significant increase in Cav-3 protein in whole heart homogenates (right
panel; *P = 0.011, 7-9 mice in each group). (C) Immunohistochemistry showed
increased Cav-3 (red pixels) in sarcolemma of cardiac myocytes from Cav-3 OE vs.
TGy mice. The bar donates 10 pm. (D) Electron microscopy shows increased
caveolae (C) in cardiac myocytes from Cav-3 OE vs. TGy, mice. (E) Immunoblot
analysis of basal expression of NOS and phosphorylated eNOS in TGy and Cav-3
OE mice (left panel). Densitometry was normalized to GAPDH (right panel). No
differences were observed in expression of any NOS isoforms. Summary data are from
5 mice per group. (F) Basal NOS activity was measured in TGy and Cav-3 OE

murine hearts. We detected no differences between groups.
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Figure 4-4: NOS expression and activity. (A) Immunoblot analysis of basal
expression of NOS and phosphorylated eNOS in TGy, and Cav-3 OE mice (left
panel). Densitometry was normalized to GAPDH (right panel). No differences were
observed in expression of any NOS isoforms. Summary data are from 5 mice per
group. (B) Basal NOS activity was measured in TGy, and Cav-3 OE murine whole
heart homogenates. No differences in basal NOS activity was observed between
groups. (C) Hearts from TGy, and Cav-3 OE mice were homogenized in triton-X and
fractionated on a discontinuous sucrose density gradient to separate buoyant
(caveolae) and non-buoyant (non-caveolar membrane) fractions (BF and non-BF,
respectively). NOS activity was measured in BF and non-BF using a *H-arginine
assay. No difference in NOS activity was observed in the two separate fractions in
TGieg vs. Cav-3 OE mice.
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Figure 4-5: Cardiac protection in Cav-3 OE mice. Mice were subjected to ischemia-
reperfusion injury. (A) Infarct size (percent of AAR) was reduced by IPC in control
animals; however, Cav-3 OE mice were protected to similar levels with and without
IPC. Cav-3 KO mice could not be protected with IPC. Treatment of Cav-3 OE mice
with 5-hydroxydecanoate (5-HD; 10 mg/kg i.v.), a mitochondrial Katp channel
inhibitor, abolished protection. TGy, treated with 5-HD had similar infarct size to
controls. *P < 0.05, **P <0.001 vs. TGyee mice, and P <0.05 vs. Cav-3 OE + 5-HD.
(B) Serum cardiac troponin-I, a marker of cardiac myocyte damage, was measured
following 2 h of reperfusion (n = 8-11, mean * s.e.m.). *P <0.05, **P < 0.001 vs.
TGieg mice, and P < 0.01 vs. Cav-3 OE + 5-HD.
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Figure 4-6: Role of survival kinases in protection of Cav-3 OE mice. (A) Whole heart
homogenates showed elevated phosphorylation of Akt and GSK3p in [PC-treated mice
and Cav-3 OE mice when compared to TGyee mice (n = 6-10). Total Akt or GSK3f3
was used to assess protein loading. * P < 0.05 vs. TGpe, mice. (B-D) To determine the
role of PI3K/Akt/ GSK3p in the endogenous protection, Cav-3 OE mice were treated
with a PI3K inhibitor, wortmannin (15ug/kg), 15 minutes prior to index ischemia-
reperfusion. DMSO vehicle treated Cav-3 OE served as controls (n=7). Wortmannin
treatment resulted in decreased basal phosphorylation of Akt and GSK38 (B).
Additionally, wortmannin treatment attenuated the endogenous protection seen in
vehicle treated Cav-3 OE mice with respect to infarct size (C) and cardiac troponin-I

(D).
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Figure 4-7: Electron micrograph of area at risk from the hearts of TGy, and Cav-3
OE mice following ischemia-reperfusion. (A) and (B) No tissue swelling or structural
change were seen in sham groups from TGy, and Cav-3 OE mice. (C) After ischemia-
reperfusion in TGy, mice, myofibrils were distended, Z-lines were irregular and
unclear, and mitochondria were swollen and contained amorphous matrix densities.
(D) Cav-3 OE mice had fewer damaged myocytes after ischemia-reperfusion:
Myofibrils had well-arranged Z-lines and organized mitochondria.
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Figure 4-8: Cardiac function and cell death in mice 24 h after ischemic injury.
Following 30 min of ischemia, mice were allowed to recover for 24 h. (A) Cav-30E
mice displayed better cardiac function, as measured by dP/dt max (4619 = 226 vs.
3717 =275 mmHg/s,n =9, P =0.011). (B) Cardiac troponin-I levels were
significantly decreased in Cav-3 OE mice (n = 7-8, *P = 0.002 vs. TGyg,). (C)
Apoptosis in the AAR, determined using TUNEL staining, in 24 h reperfused hearts
(arrow, representative images). Nuclei staining positive for TUNEL, quantified as a
percent of total nuclei, were significantly decreased in hearts from Cav-3 OE vs. TGy
mice (right panel). The data shown are representative of 4-5 independent experiments.
*P = 0.003 vs. TGpe, mice. (D) Real-time PCR analysis of pro- and anti-apoptotic
gene expression in AAR 24 h after reperfusion of Cav-3 OE mice and TGy mice
(n=5). (E) Immunoblot analysis shows decreased Fas (pro-apoptotic) and increased
IAP-1 (anti-apoptotic) protein expression in agreement with mRNA data presented in

(D) (n=4).
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Supplementary Figure 4-1: Generation of a cardiac myocyte specific caveolin-3
(Cav-3) transgenic mouse. (a) Schematic of Cav-3 construct. Full-length cDNA for
mouse Cav-3 (~489bp) was cloned into a vector containing the a-myosin heavy chain
promoter (aMHC) to facilitate cardiac myocyte-specific expression of Cav-3. (b)
PCR products using transgenic (TG) primers (from (a) for positive control vector
DNA, negative control, and tail snip genomic DNA of TG-positive and TG-negative
(TGneg) mice were run on an agarose gel. Five mice were Cav-3 TG positive (Cav-3
OE).
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Supplementary Figure 4-2: Area at risk (AAR) as a percent of the left ventricle (LV)

was no different among the groups



Table 1. Hemodvnamics

Table 4-1: Hemodynamics

Baseline  Pre-occlusion Ischemia Reperfusion
30 min 120 min
Heart rate, beats - min
TGneg 457+ 7 453 =8 431 =17 430=19
Cav-3 OE 440+ 7 4429 429+ 12 44011
TGneg + 5-HD 439+ 13 427+ 10 424 =18 416 =10
Cav-3 OE + 5-HD 465+ 11 439 =12 25+ 10%* 413 = 11%*
Cav-3 OE + Wortmannin 4357 4419 427+10 418+11
Cav-3 OE + Vehicle 448 = 12 442 +£12 428 = 14 426 =12
Cav-3 KO 4387 428 £12 414 =13 406 =14
IPC 45213 444 = 15 43012 428 =15
Cav-3 OE + IPC 443 £ 20 428 =15 441 =23 425 =13
Cav-3 KO +IPC 450+ 21 422 =20 412 +23 417 =13
Mean arterial pressure, mmHg
TGneg T4£2 712 67<+3 59 + 2%§
Cav-3 OE 752 22 67 2% 69 £2
TGneg + 5-HD T2+2 692 61 = 1%} 57+ 1%§
Cav-3 OE + 5-HD 73+2 712 62 £2% 58+ 2%§
Cav-3 OE + Wortmannin T5£2 732 62 + 2% 59 x 2%§
Cav-3 OE + Vehicle T2+2 T1£2 69+1 66=x2
Cav-3 KO 75£2 3x2 61 £ 3*7 58+ 3%§
IPC 71=1 691 T1=1 66+ 1%
Cav-3 OE + IPC 72+3 T0£3 65£2 66+ 2
Cav-3 KO +IPC 73+2 69£3 63+ 1% 56 = 1%§t
Rate-pressure product, beats - min™ - mmHg - 10°
TGneg 33711 324=x15 28819 253+ 1.8%
Cav-3 OE 330=10 31707 288=08* 30308
TGneg + 5-HD 31815 29411 260x1.2% 239+ 09%§
Cav-3 OE + 5-HD 339=13 313=+1.5 265+1.1* 23.8+£1.0%§
Cav-3 OE + Wortmannin 324=1.0 321=+1.1 26.5+0.9% 247+ 1.2%
Cav-3 OE + Vehicle 32110 313+08 296=1.0 28.0+0.9%
Cav-3 KO 32909 313=+1.3 252+1.0% 237+ 1.4%§
IPC 320=x1.1 30713 30408 283+12
Cav-3 OE + IPC 320=x21 30019 288=+1.7 279+13
Cav-3 KO +IPC 327+1.7 275+18 257+1.2% 235+06%§

Data are mean = SEM. n=6-11 per group. Abbreviations are: TGneg, transgenic-negative; Cav-3 OE,

caveolin-3 overexpression; 5-HD, 5-hydroxydecanoate; Cav-3 KO, caveolin-3 knockout; IPC, ischemic

preconditioning. * Significantly (p<<0.05) different from baseline (intragroup comparison). §

Significantly (p<0.05) different from Cav-3 OE (intergroup comparison). T Significantly (p<0.05)

different from IPC (mntergroup comparison).
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Table 4-2: Morphology, echocardiography, and hemodynamics

Table 2. Morphology, echocardiography and hemodynamics

77

TGneg mice

Cav-3 OF mice

Heart Weight/Tibia Length (mg/mm)

Echocardiography
AWd (mm)
LVIDd (mm)
PWd (mm)
AWs (mm)
LVIDs (mm)
PWs (mm)
FS (%0)

Hemodynamics

HR (beats/min)

MAP (mmHg)

RPP (beats - min™ - mmHg - 103)

6.3x=05

0.79 = 0.04

3.62+0.14

0.86 = 0.02

1.24 = 0.07

2.17+0.12

1.32 = 0.05

39.9+3.3

431 =14

—1
bJ
I+

=

31222

59+04

0.86 = 0.01

3.68 =0.11

0.90 = 0.01

1.28 = 0.07

231012

1.20 = 0.05

436 = 16

-1
bJ
I+

[ ]

3l6=16

Values are mean = SEM. n=9-10. Abbreviations are: TGneg, fransgenic-negative; Cav-3 OE,

caveolin-3 overexpression; AWd and AWs, anterior wall thickness in diastole and systole,

respectively; LVIDd and LVIDs, left ventricular internal cavity diameter in diastole and systole,

respectively: PWd and PWs, posterior wall thickness in diastole and systole, respectively; FS,

fractional shortening; HR, heart rate; MAP, mean arterial pressure; RPP, rate-pressure product.
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5.1 Abstract

Atrial natriuretic peptide (ANP) is involved in controlling blood volume
and pressure and can act directly on cardiac myocytes to inhibit cardiac
hypertrophy. Clinical trials have suggested that ANP is a potential therapeutic in
acute heart failure and myocardial infarction. ANP is stored and secreted from
caveolae, cholesterol/sphingolipid-enriched invaginations of the plasma
membrane that also contain caveolin proteins and natriuretic peptide receptors
(NPR). We hypothesized that cardiac-specific overexpression of caveolin-3 (Cav-
3 OE) would modulate ANP expression and attenuate cardiac hypertrophy. We
found that adult cardiac myocytes incubated with increasing amounts of Cav-3
adenovirus show a dramatic increase in Cav-3 expression, ANP expression, and
Akt phosphorylation. This increase in ANP expression was blocked with methyl-
B-cyclodextrin, which disrupts caveolae, and also by wortmannin, a PI3K
inhibitor, although Cav-3 protein expression was unaltered. ANP mRNA was 7-
fold greater in hearts from Cav-3 OE mice compared to the mice at baseline,
although other fetal genes were unchanged. Circulating ANP levels were also
increased in Cav-3 OE mice. If subjected to transverse aortic constriction, Cav-3
OE mice have reduced cardiac hypertrophy, maintained cardiac function, and
decreased fibrosis compared to control mice. Cav-3 OE thus attenuates cardiac
hypertrophy and increases ANP production, suggesting that a key mechanism by
which Cav-3 OE mice are protected from pathological cardiac hypertrophy is via

increased expression and release of ANP.
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5.2 Introduction

Pathological changes in the heart are a major cause of morbidity and mortality
in the Western world. One of these pathological changes is cardiac hypertrophy,
commonly caused by stressors (e.g., myocardial infarction [MI], or hypertension) that
create an increase demand on the heart. Cardiac hypertrophy is a leading risk factor for
coronary artery disease and myocardial infarction, arrhythmias, and cardiac failure (1).
Caveolae, microdomains of the sarcolemmal membrane that may influence such
pathological events, are cholesterol- and sphingolipid- enriched invaginations of the
plasma membrane(2, 3) that contain the structural proteins caveolins. There are three
isoforms of caveolin (caveolin -1,-2,-3); caveolin-3 (Cav-3) is the dominant isoform
found in cardiac myocytes (4).

Overexpression of Cav-3 in neonatal cardiac myocytes results in the inability
of an adrenergic agonist (e.g., phenylephrine) and endothelin-1 to induce myocyte
hypertrophy(5). Other studies have described that Cav-3 levels increase (6-8) with
cardiac hypertrophy. Knockout of the Cav-3 gene results in cardiomyopathy and
hyperactivation of Erk1/2(9). Non-specific, total body overexpression of Cav-3 has
also been reported to cause cardiomyopathy (10). However, due to the fact that Cav-3
is not normally expressed in smooth muscle, vasculopathy may be the cause for that
cardiomyopathy. Our previous studies have shown that caveolae and Cav-3 are
necessary for cardiac protection(11). Furthermore, when Cav-3 is overexpressed in a

cardiac myocyte-specific manner, protection from ischemia-reperfusion injury, which
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shares numerous signaling pathways with hypertrophy, is evident(12). Taken together,
these data suggest that selective overexpression of Cav-3 in the cardiac myocyte may
have anti-cardiac hypertrophic effects.

The relationship between atrial natriuretic peptide (ANP) and
caveolae/caveolins has been investigated for nearly two decades. ANP has diuretic,
natriuretic, and vasodilatory effects, as well as autocrine effects on cardiac myocytes,
inhibiting cardiac hypertrophy(13-15) ANP has been identified within caveolae
closely associated with caveolin-3(16) and may be secreted via caveolae from cardiac
myocytes(17). In the current study, we tested the hypothesis that cardiac myocyte-
specific overexpression of Cav-3 results in an enhanced ability to cope with

pathological cardiac hypertrophy via the increased production of ANP.

MATERIALS AND METHODS

Please see Chapter 2 for detailed materials and methods.

5.3 Results

Atrial natriuretic peptide (ANP) expression is caveolae-dependent. Cardiac myocytes
(CM) isolated from adult Sprague-Dawley rats were treated with increasing Caveolin-
3 (Cav-3) adenovirus plaque forming units (PFU), ranging from 0-30x10’ PFU, for 24
hr (Figure 5-1A). We found that as Cav-3 expression increased, ANP expression also
increased in addition to phosphorylation of protein kinase B (Akt) and Erk. In order to
determine whether Cav-3 expression or the formation of caveolae was causing the

increase in ANP expression, we incubated CM with 500 nM methyl-f3-cyclodextrin
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(MBCD, an agent that disrupts caveolae) for 24 hr during the infection with the Cav-3
adenovirus. In the presence of MBCD, no increase in ANP or pAkt expression was

observed even though Cav-3 expression was substantially increased (Figure 5-1B).

ANP expression is dependent on Akt phosphorylation. CM were incubated with Cav-3
adenovirus for 24 hr in the presence of wortmannin, a PI3K inhibitor or DMSO
(vehicle). Wortmannin inhibited Akt phosphorylation and ANP expression (Figure 5-

2), thus implying that ANP expression is dependent on Akt signaling.

Cardiac myocyte-specific overexpression of caveolin-3 (Cav-3 OE) increases caveolae
number and ANP expression. Left ventricular sections from Cav-3 OE mice revealed a
dramatic increase in caveolae formation at the sarcolemmal membrane (Figure 5-3A;)
a result consistent with previous reports regarding Cav-3 expression and caveolae
formation (18). Furthermore, RNA isolated from left ventricular lysates revealed a
nearly 7-fold increase in ANP expression compared to non-transgenic mice (Control),
although no differences were observed in several other fetal genes, suggesting that
Cav-3 OE mice are not in a hypertrophic state (Figure 5-3B). CM isolated from Cav-
3 OE mice treated with actinomycin D (5 ug/mL) for up to 2 hr had no significant
decrease in ANP expression (Figure 5-3C). ANP protein expression (in left
ventricular lysates) and secretion (plasma samples) were increased in Cav-3 OE mice.
(Figure 5-3, D and E) although those mice had no significant change in mean arterial
pressure (MAP). (Figure 5-3F). Studies with rat CM indicated that Cav-3 expression

did not inhibit Erk phosphorylation (Figure 5-1A) but by contrast, CM isolated from
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Cav-3 OE mice were resistant to Erk phosphorylation following adrenergic
stimulation with phenylephrine (PE; 2uM) for 15 min (PE: 0.391 + 0.06 vs. Vehicle:
0.438 £0.06, N=4, P>0.05). By contrast, PE stimulation substantially increased Erk
phosphorylation in control myocytes (PE: 0.860 + 0.03 vs. Vehicle: 0.639 + 0.02,

N=4, *P<0.05) (Supplementary Figure 5-1A and B).

Caveolin-3 co-localizes with ANP and inhibits nuclear factor of activated T-cells
(NFATc3) translocation into the nucleus, but increases pAkt translocation. CM from
control and Cav-3 OE mice were isolated and stained with antibodies to ANP and
Cav-3. In control myocytes ANP was mainly localized near the nucleus and ~25% of
ANP colocalized with Cav-3 (Figure 5-4, A, B, and C; P<0.001). Cav-3 OE
myocytes not only had increased Cav-3 expression, but also increased ANP
expression, in particular around the nucleus and localized within the sarcolemma. By
contrast with the results observed for control myocytes, nearly 90% of ANP was found
to co-localize with Cav-3 in the Cav-3 OE myocytes (Figure 5-4, A, B, and C;
P<0.001). In order to determine whether the increase in ANP had effect on
hypertrophic signaling, nuclear and cytoplasmic fractions were isolated from left
ventricular lysates. Cav-3 OE lysates had a significantly greater ratio between
cytoplasmic and nuclear NFATc3 (Figure 5-4, D and E, P<0.05), suggesting an
inhibition of hypertrophic signaling. Moreover, nuclear expression of pAkt was

greater in Cav-3 OE mice (Figure 5-4, F and G, P<0.05).
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Caveolin-3 overexpression prevents pressure-induced cardiac hypertrophy and
fibrosis. Control and Cav-3 OE mice underwent 4 weeks of transverse aortic
constriction (TAC), which is a model of pressure-induced hypertrophy (19). A Log-
rank test on a Kaplan-Meier survival curve revealed a significant decrease in deaths
associated with TAC in Cav-3 OE mice (Figure 5-5A). Furthermore, control mice had
an increase in concentric hypertrophy, nearly doubling in size in response to TAC,
whereas Cav-3 OE mice had a blunted response to TAC (Figure 5-5B). Furthermore,
Left ventricle (LV) to body weight (BW) and tibia length (TL) ratios revealed nearly a
doubling in control mice (P<0.001) but Cav-3 OE mice had a blunted response to
TAC (Figure 5-5C P<0.01). Wheat germ agglutinin staining of left ventricular cross-
sections indicated myocyte hypertrophy and blunting of hypertrophy by Cav-3 OE:
Control TAC myocytes were nearly 60% larger in surface area compared to Cav-3 OE
myocytes subjected to TAC (Figure 5-4D; P<0.001). Echocardiography revealed that
in response to TAC, control mice had significant growth in both the septum and the
posterior wall of the LV, however, in the Cav-3 OE mice only the posterior LV wall
increased (Supplementary Table 5-1) following TAC. Assessment of apoptosis by
immunofluorescent TUNEL stain revealed no significant changes in apoptosis (Data
not shown). Fibrosis associated with pressure-induced cardiac remodeling was also
attenuated in Cav-3 OE mice: Control mice had greater perivascular and interstitial
fibrosis whereas Cav-3 OE mice did not (Figure 5-5E). RNA was isolated 48 hr post-
TAC from control and Cav-3 OE mice to determine expression levels of hypertrophic
genes. At that time, Cav-3 OE mice had much higher levels of expression of ANP

mRNA (Figure 5-6A) but lower expression of ask-actin and BMHC mRNA,
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suggesting an inhibition of hypertrophy. Furthermore, unlike control mice subjected
to 48 hr of TAC, Cav-3 OE mice did not display activation of a-sk-actin (Figure 5-6,
B and C). Cav-3 protein expression increased 2-fold in both control and Cav-3 OE
mice following 48 hr of TAC (P<0.01 and P<0.001, respectively) although near

normal levels were observed 4 wk after TAC (Supplementary Figure 5-2, A and B).

Caveolin-3 overexpression maintains cardiac function

Cardiac function was monitored via echocardiography, carotid catheterization, and wet
lung weights. Serial echocardiography revealed that control mice had a significant
decrease in ejection fraction and %fractional shortening following 4 wk of TAC
(Figure 5-7, A and B; P<0.05), whereas Cav-3 OE mice had no significant change in
either measure of cardiac function. After 48 hr of TAC, a subset of control and Cav-3
OE mice received bilateral carotid catheterization to monitor the pressure gradient
across the stenosis. All gradients were approximately 80 mmHg (data not shown).
Carotid catheterization revealed no significant differences in heart rate or mean arterial
pressure in control vs. Cav-3 OE mice prior to or after TAC (Supplementary Table 5-
2). However, control mice revealed a significant decrease in left ventricular systolic
function (dP/dtm,y) following TAC (Figure 5-7C; P<0.01), whereas Cav-3 OE mice
had no such change; dP/dtm.x was significantly greater in Cav-3 OE mice than control
mice following TAC(Figure 5-7C; P<0.05). Overall, the hemodynamic data suggest
that Cav-3 OE mice maintain greater contractility even in the presence of increased
afterload. Furthermore, left ventricular relaxation (dP/dtni,) was significantly

decreased (Figure 5-7D; P<0.05) in control mice following 4 wk of TAC, a result
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consistent with increased fibrosis and detrimental cardiac remodeling; by contrast,
Cav-3 OE mice had a blunted fibrotic response. Wet lung weight (Lung) to BW and
TL ratios were significantly increased in control, but not Cav-3 OE, mice following
TAC (P<0.05), suggesting that the control mice had fluid accumulation within their

lungs due to decreased cardiac function whereas Cav-3 OE did not (Figure 5-7 E)

5.4 Discussion

Our results show that cardiac-specific overexpression of Cav-3 is able to blunt
pressure-induced pathological hypertrophy by increasing ANP expression and may not
completely be due to inhibition of pErk. Furthermore, the increase in ANP expression
may be due to the hyper phosphorylation of Akt observed in Cav-3 OE mice,
suggesting a novel insight into long term ANP delivery and therapy.

Koga et al,(5) described that Cav-3 overexpression could inhibit Erk
phosphorylation. The authors hypothesized that the scaffolding domain of caveolin
bound Erk and thus overexpressed caveolin-3 inhibits Erk phosphorylation.
Subsequently, Kikuchi et al,(6) described that caveolae and Cav-3 increased following
phenylephrine treatment and abdominal banding, a result suggesting that Cav-3
expression might compensate for the increase in afterload by generating more
caveolae and perhaps concentrating kinases involved in signaling. By contrast, our
data suggest that Cav-3 expression does not directly correlate with Erk inhibition.
Although we were able to recapitulate Koga’s findings in CM isolated from Cav-3 OE
mice (Supplementary Figure 5-1), increasing Cav-3 expression in rat CM did not

inhibit Erk phosphorylation (Figure 5-1A), suggesting that Erk phosphorylation may
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be an indicator of hypertrophy rather than mechanism for observed responses.
Furthermore, 48 hr of TAC banding dramatically increased expression of Cav-3 and
Erk phosphorylation in control mice (Supplementary Figure 5-2), thus implying that a
mechanism other than Erk inhibition mediates the anti-hypertrophic effects of Cav-3.

Tsujita et al(20) have noted that localization of the serine/threonine kinase Akt
to the nucleus can prevent cardiac hypertrophy. The authors found that nuclear Akt
was able to induce ANP expression, prevent pathological hypertrophy and maintain
cardiac function following TAC. The increase in ANP that occurs with cardiac
hypertrophy may compensate for the increase in afterload via its diuretic, natriuretic,
and vasodilating actions as well as its ability to inhibit aldosterone synthesis and renin
secretion (13-15). ANP has been utilized as a treatment to reduce post myocardial
infarction remodeling(21) and to improve stroke volume index in patients with heart
failure.(22) However, due to its relatively short half-life and instability ANP has been
difficult to use as a drug.

Increasing Cav-3 expression in CMs increased pAkt and ANP expression.
These increases, however, seemed to be much more dependent on the formation of
caveolae and the localization of Cav-3 in caveolae rather than on total Cav-3
expression since the MBCD treatment—promoted decrease in caveolae, and not Cav-3,
expression significantly lowered pAkt and ANP expression levels (Figure 5-1B).
Furthermore, treatment with wortmannin inhibited both pAkt and ANP expression,
suggesting that pAkt may contribute to the induction in ANP expression (20). Our
findings suggest that caveolae store ANP and protect it from degradation and in

addition, facilitate the temporal and spatial organization of PI3K and pAkt, thereby
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allowing signaling to occur that contributes to the upregulation of ANP expression.
Similar to previous data obtained with atrial myocytes (23-25) we observed that
control CM show perinuclear localization of ANP whereas Cav-3 OE CM had much
more ANP in the cytoplasm and colocalized with Cav-3 (Figure 5-3, A, B, and C).
We speculate that this increase in extra-nuclear ANP may prevent the
dephosphorylation of NFATc3, thereby resulting in less translocation into the nucleus
and ultimately in an inhibition of cardiac hypertrophy(26). Furthermore, Cav-3 OE
mice had much more pAkt expression within the nucleus, suggesting a potential
mechanism for the increased ANP expression in Cav-3 OE mice.

The co-localization of ANP with caveolae and caveolins was suggested 20
years ago but little further work has investigated these relationships (27),(16, 17). We
have recently shown that myocyte-specific caveolin-3 overexpression can mimic
ischemia-induced preconditioning and can protect the heart from ischemic injury via
an increase in pAkt signaling, effects that were blocked with 5-hydroxydecanoate, a
mitochondrial Katp channel inhibitor (18). Similarly, isolated rat hearts pre-treated
with ANP display cardio-protective effects that are blocked with 5-hydroxydecanoate
(28). Caveolin-3 knockout mice display uninhibited hypertrophic signaling(9), an
effect akin to that observed with mice that have a knockout of natriuretic peptide
receptor-A , the major signaling receptor for ANP in cardiac myocytes(29). In
addition, our results in which Cav-3 OE mice are resistant to pressure-induced
hypertrophy can potentially be attributed to the increase in pAkt signaling and
subsequent increase in ANP expression, which has been described to be not only anti-

hypertrophic(30), but also anti-fibrotic(31) and inotropic(22),
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Increased ANP levels are generally thought to reflect cardiac dysfunction and
have been utilized to identify cardiac hypertrophy (32). However, in the current study
and unlike other hypertrophic models and hypertrophic “markers”, Cav-3 OE mice
have increased ANP levels but not increases in other hypertrophic markers when
compared to control mice. This suggests that Cav-3 OE has a unique ability to
specifically alter ANP levels without inducing the complete fetal gene response, a
result akin to the ability of nuclear localization of pAkt to prevent hypertrophy(20).
Kikuchi et al, noted that treatment with hypertrophic agonists increases Cav-3 protein
and caveolae formation but could not determine if this was an effect secondary to
increased cardiac hypertrophy(6). The current results help answer this question:
overexpressing caveolae and caveolin-3 do not seem to exacerbate cardiac
hypertrophy, but instead prevent hypertrophy, thus suggesting a protective rather than
a secondary role.

In conclusion, the data shown here indicate that a plasma membrane structural
protein, Cav-3, has the unique ability to increase caveolae formation and to induce a
“protective phenotype” that is characterized by increased ANP transcription,
translation, and secretion, thus leading to decreased cardiac remodeling. The present
data thus suggest a relationship between Cav-3 and ANP expression and identify a

novel mechanism and therapeutic rationale for the use of ANP in heart failure.
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Figure 5-1: Caveolin-3 (Cav-3) and caveolae alter atrial natriuretic peptide (ANP)
expression and protein kinase B phosphorylation (pAkt). (A) Adult cardiac myocytes
(CM) isolated from Sprague-Dawley rats were infected with increasing plaque-
forming units (pfu) of adenovirus expressing Cav-3. ANP expression and AKT
phosphorylation increased in parallel with the increase in Cav-3 expression. Erk
phosphorylation also increased in Cav-3 overexpressing CM. (B) Rat CM were treated
with vehicle or methyl-f-cyclodextrin (MBCD, removes caveolae) during virus
infection for 24 hr. Although Cav-3 expression was increased in MBCD-treated CM, a
decrease in ANP expression and AKT phosphorylation was observed.
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Vehicle Treated Wortmannin Treated

Figure 5-2: Akt phosphorylation and ANP expression are prevented by wortmannin.
CM were incubated with 1.0x10” PFU Cav-3 adenovirus in the presence of DMSO
(vehicle) or wortmannin (PI3K inhibitor) for 24 hr. Wortmannin inhibited Akt
phosphorylation and ANP expression.
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Figure 5-3: Cardiac myocyte-specific caveolin-3 overexpressing (Cav-3 OE) mice
have increased caveolae and ANP. (A) Electron microscopy of the left ventricle
revealed a dramatic increase in caveolae formation at the plasma membrane. Scale bar
=0.10 uM; N=2. (B) Real-time polymerase chain reaction (RT-PCR) revealed a
nearly 7-fold increase in ANP (Cav-3 OE) compared to transgene negative (Control)
mice at baseline, whereas the other “fetal genes” remained at similar levels to control.
N=5-6. (C) CM isolated from Cav-3 OE mice were treated with Actinomycin D
(5ug/mL) for 0-2 hr. No change in ANP expression was observed when compared to
non-treated Cav-3 OE myocytes. N=4. (D) and (E) ANP protein was significantly
increased in Cav-3 OE left ventricular lysates and plasma. * P<0.05; N=4. (F)
Awake, non anesthetized blood pressures were monitored. Cav-3 OE mice had a non-
statistically significant trend toward lower mean arterial pressure (MAP) compared to
control mice.
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Figure 5-4: ANP co-localizes with Cav-3 and inhibits nuclear factor of T-cells
(NFATc3). (A), (B), and (C) CM from Cav-3 OE mice were probed with ANP and
Cav-3 antibody. In control CM, ANP predominantly localized to the nucleus,
whereas, Cav-3 OE CM had significantly more ANP colocalized with Cav-3.
Furthermore, the control mice had a larger percent of ANP not localized near Cav-3
*#% P <0.001, N=4. (D) and (E) Nuclear and cytoplasmic fractions from control and
Cav-3 OE ventricular lystates were isolated and then probed for NFATc3. Cav-3 OE
mice had a significantly higher ratio of NFATc3 in the cytoplasm compared to control
mice. * P<0.05, N=5. (F) and (G) Nuclear and cytoplasmic fractions from control and
Cav-3 OE ventricular lystates were isolated and then probed for pAkt. Cav-3 OE mice
had a significantly lower ratio of pAkt in the cytoplasm compared to control mice. *
P<0.05, N=5
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Figure 5-5: Cav-3 overexpression inhibits pressure induced cardiac hypertrophy and
fibrosis. (A) Kaplan-Meier curves show a significant survival effect in Cav-3 OE mice
compared to Control mice during TAC. P<0.05. N=12-16. (B) Unlike control hearts
exposed to transverse aortic constriction (TAC) Cav-3 OE hearts had significantly less
concentric hypertrophy. (C) Left ventricle (LV) to body weight (BW) and tibia length
(TL) ratios revealed a significant increase in control mice following TAC, whereas
Cav-3 OE mice were significantly blunted. *** P<0.001, ** p<0.01, N=8-16. (D) A
nearly 60% decrease in cross sectional area was observed in Cav-3 OE myocytes
following TAC via wheat germ agglutinin staining. *** P <0.001, N=7. (E) TAC
induced interstitial and perivascular fibrosis in sections from control mice, whereas
this was dramatically decreased in sections from Cav-3 OE mice.
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Figure 5-6: Real-time polymerase chain reaction following 48 hr of TAC. (A) 48 hr
after TAC Cav-3 OE mice have nearly a 3-fold increase in ANP expression level
whereas oa-skeletal actin (a-sk-actin) and B-myosin heavy chain (BMHC) are
dramatically less than in control mice. N=5. (B) 48 hr after TAC, control mice have
nearly a 7-fold increase in a-sk-actin, suggesting activation of the fetal genes,
compared to control sham mice whereas, (C) Cav-3 OE mice have no increases in the
fetal genes compared to Cav-3 OE sham, suggesting a blunting in hypertrophy in Cav-
3 OE mice.
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Figure 5-7: Caveolin-3 overexpression maintains cardiac function after TAC. (A) and
(B) Sequential echocardiography of Control and Cav-3 OE mice revealed a
significant decrease in Control mice after TAC in both ejection fraction and

%fractional shortening. No detrimental functional changes were observed in Cav-3 OE

mice. *P<0.05 vs. Control. N=8. (C) and (D) Carotid catheterization revealed
significant loss in left ventricular systolic function (dP/dtmax) in control mice, whereas

Cav-3 OE mice were able to maintain function. These changes were also observed in

left ventricular relaxation (dP/dtyi,). ** P<0.01 vs. Control, *P<0.05. N=8. (E) Wet
lung weight (Lung) to BW and TL revealed a significant increase in control mice
following TAC. * P<0.05 vs. Control. N=5-8.
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Supplementary Figure 5-1: Cav-3 overexpression inhibits phenylephrine (PE)
induced Erk phosphorylation. (A) and (B) CM isolated from Control and Cav-3 OE
mice were incubated in phenylephrine (PE; 2uM) for 15 minutes. PE significantly
increased Erk phosphorylation in Control CM, but had no effect on Cav-3 OE CM.
*P<0.05. **P<0.01 vs. Vehicle, N= 4.
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Supplementary Figure 5-2: Cav-3 and pErk levels increase with TAC. (A) and (B)
48 hrs after TAC a significant increase in Cav-3 and pErk is observed in control mice,
however, at 4 wk both of these changes return back to normal levels. * P<0.05 vs.
Control, **P<0.01 vs. Control or Cav-3 OE, ***P <(0.001 vs. Control. N=4.



Table 5-1: Echocardiography measurements

Control Cav-3 OE
Sham TAC Sham TAC
N 8 8 8 1

IVSd (mm) 0.91 £0.05 1.34 £ 0.05*** 0.88 +0.05 1.10 £ 0.0571§
LVIDd (mm) 4.07 +£0.09 4.21 £0.06 3.85+0.08 4.09 £0.17
LVPWd (mm) 0.79 £0.05 1.25 £0.07"** 0.80 £0.04 1.13 £0.07%%

IVSs (mm) 1.27 £0.10 1.69 +0.08" 1.20 £ 0.08 1.46 £ 0.07
LVIDs (mm) 2.91+0.12 3.27 £0.12 2.67 £0.14 3.07 £0.24
LVPWs (mm) 1.11+£0.11 1.53 +0.07" 1.17 £0.07 1.41 £0.09

Supplementary Table 1

Echocardiography measurements. *** P<(0.001 and * P<0.05 vs. Sham Control. §

P<0.05 and §§ P<0.01 vs. Sham Cav-3 OE. {1 P<0.01 vs. Control TAC.

105



Table 5-2: Hemodynamic data

106

Control Cav-3 OE
Sham TAC Sham TAC
N 6 6 8 8
Heart Rate (bpm) 442 + 32 486 + 22 509 + 28 485 + 25
MAP (mmHg) 536+25 59.8+5.5 72171 69.0+5.3

Supplementary Table 2
Hemodynamic Data.
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6.1 Major Findings of the Dissertation

The major objective of this dissertation was to identify the importance of a
plasma membrane structural protein, Cav-3 and its impact on cardiac failure by
understanding its role in both cardiac protection against ischemia/reperfusion injury
and cardiac hypertrophy. This dissertation tested the hypothesis that Cav-3 is vital for
the protection against heart failure and that the increase in Cav-3 can induce
preconditioning and inhibit hypertrophy possibly by the increased expression of ANP.

Chapter 3 identified the importance of Cav-3 and caveolae in isoflurane-
induced preconditioning. We found that caveolae and Cav-3 were essential for
isoflurane-induced preconditioning in both in vitro and in vivo hypoxia/ischemia
reperfusion models. Brief exposure to isoflurane was able to induce significant
cardiac protection against a lethal hypoxia/reperfusion injury in adult rat cardiac
myocytes. However, pharmacological removal of caveolae and Cav-3 from the
plasma membrane completely inhibited preconditioning. These findings were
confirmed in vivo in Cav-3 knockout mice (Cav-3 KO). Although control mice were
able to be preconditioned with isoflurane and were significantly protected against
ischemia/reperfusion injury, Cav-3 KO mice had no apparent protection and
demonstrated cardiac injury (as detected by troponin I release). These results suggest
that Cav-3 is vital to preconditioning and that cardiac specific overexpression of Cav-3
may result in a “protected phenotype.”

Chapter 4 addressed cardiac protection resulting from cardiac-specific Cav-3
overexpression. A cardiac-specific Cav-3 overexpressing transgenic mouse (Cav-3

OE) was developed in order to investigate the role of Cav-3 in the heart. We found
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that Cav-3 OE mice were protected from ischemia/reperfusion injury and did not
require a preconditioning stimulus. Furthermore, this protection appeared to result
from Akt signaling, which was basally upregulated in Cav-3 OE mice while nitric
oxide synthase expression and activity were not different in Cav-3 OE mice. Non-
preconditioned hearts from Cav-3 OE mice resembled a preconditioned heart both
structurally (via electron microscopy) and in terms of Akt phosphorylation. These
results suggest that Cav-3 expression is able to modulate Akt phosphorylation and
produce protection against lethal ischemic injury.

Chapter 5 incorporated the results from Chapter 3 and 4 and investigated the
role of Cav-3 in transverse aortic constriction (TAC) model of cardiac hypertrophy.
We found that an increase of Cav-3 resulted in an increase in Akt phosphorylation and
ANP expression that coincided with Cav-3 expression. These changes were directly
related to caveolae formation in that pharmacological disruption of caveolae inhibited
changes in both Akt and ANP. Furthermore, Cav-3 OE mice not only had an increase
in Cav-3 expression but also Akt phosphorylation and ANP expression. As a result,
Cav-3 OE mice were protected against pressure-induced cardiac hypertrophy and
maintained cardiac function and showed reduced fibrosis in response to TAC. These
results suggest that Cav-3 expression can directly alter Akt phosphorylation and
subsequent ANP expression which is known to have anti-hypertrophic properties.

Taken together, these results suggest that Cav-3 may be vital to the prevention
and perhaps the treatment of heart failure. The results thus show that a structural

protein can regulate cardiac protection and cardiac hypertrophy. These results
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suggest a very unique mechanism and potential therapeutic for increasing ANP

expression for the treatment of heart failure.

6.2 Discussion of Major Dissertation Issues
Global Cav-3 OE vs. cardiac specific Cav-3 OF

Prior to this dissertation mice that globally overexpressed Cav-3 had been
developed (1). Interestingly those mice developed significant cardiomyopathy,
flagrant fibrosis, and pronounced cardiac dysfunction even without any type of
hypertrophic or heart failure stimulus. Furthermore, the investigators showed dramatic
changes in NOS activity and the dystrophin glycoprotein complex. However, unlike
our cardiac-specific Cav-3 overexpressing mice, the prior-studied mice overexpressed
Cav-3 in all organ tissues including the vasculature. Interestingly, we found that
human embryonic kidney cells-293 (HEK-293) when treated with Cav-3 a significant
amount of cell death was observed within 48 hours (Figure 6-1). These results suggest
that overexpressing Cav-3 in non-myocyte cells may have detrimental effects that

perhaps ultimately cause cardiac dysfunction and death.
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Figure 6-1: HEK-293 cells expressing Lac-Z or Cav-3. Cav-3 overexpression
induced dramatic cellular death over 48 hours.

ANP as a marker for heart failure vs. a treatment

Traditionally, it is believed that ANP is secreted in response to wall stretch in
cardiac chambers (in particular the atria), which is elevated during cardiac
hypertrophy and heart failure(2-4). Furthermore, numerous studies have correlated
ANP expression levels to clinical outcome and survivability(5). Due to its numerous
protective cardiac effects, ANP has been investigated as a potential treatment in heart
failure. ANP not only has vasodilatory and natriuretic properties but also anti-fibrotic
(6) and anti-hypertrophic (7) properties via the natriuretic peptide receptor-A, and -B
(NPR-A, NPR-B, respectively) (2). Clinically, ANP has improved clinical outcome in
82% of patients who had acute heart failure (8). Unfortunately, the half-life of ANP is
2-5 min in humans(9) and as a result it requires continuous infusion in order to be

effective clinically. Interestingly, Cav-3 OE mice basally have an increased level of
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ANP, although the other hypertrophic genes do not seem to be elevated. Thus, in
effect, mice that overexpress Cav-3 could be a model for a constant vascular delivery

of ANP.

6.3 Future directions

The main purpose of this dissertation was to investigate the role of Cav-3 and
caveolae in heart failure. Caveolae are microdomains that are known to interact with
numerous signaling molecules vital to cardiac protection and remodeling; these
include G-proteins, G-protein coupled receptors (GPCR), and epidermal growth factor
receptor (EGFR). As a result, future investigations will look into other signaling
pathways that may be modulated by Cav-3, such as the role Cav-3 in the
transactivation of EGFR by GPCRs.

Transactivation of EGFR by GPCRs has recently been suggested to be another
mechanism involved in cardiac hypertrophy(10). Preliminary results in Cav-3 OE
mice suggest that Erk phosphorylation differs when a GPCR transactivates (via the
hypertrophic ligand, phenylephrine: PE) EGFR vs. direct activation of EGFR (via
EGF). We found that Erk phosphorylation was inhibited in Cav-3 OE in the presence
of transactivation whereas an increase in phosphorylaton was observed when EGFR
was directly activated with EGF (Figure 6-2).

Recent data has suggested that EGFR transactivation may not be G-protein
regulated and instead may be predominantly a f-arrestin effect(11). However, our data
suggests that this may not be completely true and that the different G-proteins may

have different roles involved in EGFR transactivation. Further studies involving G-
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proteins and caveolins are necessary to understand this relationship, but preliminary
investigations have suggested that G4 protein activation may be able to activate
downstream MMPs and EGFR signaling, thus bypassing f-arrestin signaling
altogether. Taken together, the data suggests that Cav-3 may also play a regulatory

role in other signaling mechanisms involved in cardiac hypertrophy.
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Figure 6-2: Erk phosphorylation increases in Cav-3 OE when induced with epidermal
growth factor, whereas PE induction results in a decrease in Erk phosphorylation.

6.4 Conclusions

In conclusion, our data suggests that Cav-3 is vital and essential to cardiac
protection and that overexpression in the heart can lead to protective effects against
both ischemic damage and hypertrophy. This dissertation identifies a unique

mechanism by which Cav-3 protein can increase caveolae at the plasma membrane,
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which, in turn, resulted in increased nuclear translocation of Akt and increased ANP
expression. Thus, increasing Cav-3 may be a unique mechanism to exploit the

therapeutic properties of ANP in the treatment of heart failure.
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