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ABSTRACT

Matrix metalloproteinase-2 (MMP-2) was recently revealed to have targets and
actions within the cardiac myocyte. In ischemia/reperfusion (I/R) injury, MMP-2 is
activated and degrades troponin | (Tnl) and a-actinin. The regulation of intracellular

MMP-2 activity is relatively unknown and is thus the subject of this thesis.

The localization of MMP-2 in caveolae of endothelial cells suggests that
caveolin-1 (Cav-1) may play a role in regulating MMP-2. Whether Cav-1 is responsible

for regulating MMP-2 in the heart is unknown.

A Cav-1 knockout mouse model was used to explore the role Cav-1 may play in
the regulation of MMP-2 activity. The initial studies found that MMP-2 and Cav-1 were
co-localized in cardiomyocytes and that MMP-2 activity in Cav-17" hearts was markedly
enhanced. Additionally, the caveolin scaffolding domain inhibited MMP-2 activity in a

concentration-dependent manner.

To explore whether increased MMP-2 in Cav-17 hearts translates to impaired
cardiac function, Cav-1"* and Cav-17 isolated working hearts were physiologically
challenged with increasing increments of left atrial preload followed by increasing
concentrations of isoproterenol. Cav-17" hearts show similar or better cardiac function

+/+

compared to Cav-1"" hearts following preload challenge or B-adrenergic stimulation in

vitro, and this appears unrelated to changes in MMP-2.

+/+

Though the function of Cav-17" hearts appears similar to that of Cav-1"* hearts
during physiological situations, whether this is the case during I/R injury is not known.

Cav-1"* and Cav-17" isolated working mouse hearts exposed to global, no-flow ischemia



showed no functional differences. However, Cav-17" hearts had significantly higher

+/+

levels of both Tnl and a-actinin following I/R than Cav-1"" hearts.

Post-translational modifications of the intracellular MMP-2 substrates could alter
susceptibility to MMP-2 proteolysis. Isolated working mouse hearts were exposed to
isoproterenol and/or I/R injury to examine the phosphorylation status of Tnl.
Isoproterenol and I/R both result in the phosphorylation of Tnl, however, isoproterenol

lead to a more highly phosphorylated form of Tnl than that observed in hearts exposed

I/R alone.

These and subsequent studies will further reveal the molecular mechanisms that
underlie the complex interactions between Cav-1 and MMP-2. This may eventually lead

to a novel avenue of therapeutic intervention for heart diseases.
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INTRODUCTION
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1.1: Matrix metalloproteinases

Matrix metalloproteinases (MMPs) were initially discovered in 1962 as
collagenolytic activity released during the process of extracellular matrix protein
degradation required for resorption of the tadpole tail'. Since then, the MMP family has
grown to include 25 members. Though many MMPs were subclassified based on their
ability to degrade various proteins of the extracellular matrix, they also play other
important roles such as the activation of cell surface receptors and chemokines®. MMPs
have been shown to play significant roles in a number of physiological processes,
including embryogenesis® and angiogenesis®, but also contribute to pathological
processes such as tumor metastasis®, inflammation and arthritis®. Of this diverse family
of enzymes, MMP-2 and -9 (also known as gelatinase A and gelatinase B, respectively)
have emerged as important players in a number of cardiovascular diseases, including
atherosclerosis, stroke, heart failure, ischemic heart disease and aneurysm7'1°. Though
MMPs are best known for their actions in extracellular matrix remodeling, recent
evidence has shown that MMPs, in particular MMP-2, also play important roles
intracellularly, particularly in response to enhanced oxidative stress including ischemia

and reperfusion (I/R) injury of the heart**™3,

In the heart, MMPs are predominantly found in their full-length zymogen form
closely associated with their natural endogenous inhibitors, the tissue inhibitors of
metalloproteinases (TIMPs)'*. MMP-2 is ubiquitously expressed in the cells which
comprise the heart and is found in normal cardiomyocytes, as well as in the
endothelium, vascular smooth muscle cells, and fibroblasts**. Similarly, MMP-2 is

found in human arteries'® as well as in normal human umbilical and femoral vein



endothelial cells’’. MMP-9 is an enzyme whose expression is first induced under
conditions of immune activation (i.e. in response to pro-inflammatory cytokines) and is
normally associated with activated leukocytes and macrophages®®, human endothelial

cells* and H9¢2 embryonic cardiomyocytes™.

1.1.1: Classification

MMPs are a large family of zinc-dependent endopeptidases that have been
classified in a number of different ways. MMPs are given numerical designations** and
archetypal classification of the MMPs is based on the extracellular matrix substrates
which they proteolyze, primary structure, and subcellular localization®. Groups of
MMPs include the collagenases (MMPs -1, -8, and -13), stromelysins (MMPs-3 and -10),
matrilysins (MMPs-7 and -26), membrane-type MMPs (MT-MMPs, 1 through 8), and the
gelatinases (MMPs-2 and -9) (Figure 1.1). It is, however, becoming increasingly
apparent that this classification scheme is arbitrary, particularly as a number of MMPs
do not fit into the aforementioned groups, and previously classified MMPs have been
shown to proteolyze other substrates in addition to the ones for which they were

originally named.

1.1.2: Structure

All MMPs are initially synthesized in an enzymatically inactive or zymogen form
(“pro-MMPs”%).  MMP structure (Figure 1.1) consists of a signal peptide at the N-
terminal region which is considered to promote the translocation of the enzyme into the
endoplasmic reticulum and subsequent secretion out of the cell. Adjacent to the signal
peptide is a hydrophobic propeptide domain that shields the neighboring catalytic

domain which contains a Zn®* ion. The catalytic domain in the gelatinases is unique from



that of other MMPs in that it contains three fibronectin type II-like domains which form
a collagen binding domain, allowing for the binding and subsequent cleavage of type IV
collagen or denatured collagen (gelatin)**.  Activation of proMMPs requires the
dissociation of the binding between the cysteinyl sulphydryl in the propeptide domain
and the catalytic Zn*" ion. This critical cysteine residue and the Zn** catalytic domain are
common to all MMPs. The so-called “cysteine switch” is believed to be a common
mechanism of activation for all MMPs®. The hemopexin-like C-terminal region is
connected to the catalytic domain by a flexible hinge region and can allow for the

binding of other proteins which may serve to alter the activity of the MMP (Figure 1.1).

1.1.3: Function

MMPs were first described in relation to their ability to degrade extracellular
matrix proteins, and as such, their roles in extracellular matrix remodeling in a variety of
physiological and pathophysiological processes in the cardiovascular system are well
described (see 1.4-1.6). In addition, MMPs have been shown to play essential roles
outside the cardiovascular system in pathological processes such as tumor metastasis®,

arthritis development® and cirrhosis®®.

Traditional examinations of MMPs have focused on their ability to degrade
extracellular matrix substrates and consequently, these processes are best described.
The collagenase activity of MMP-1, -8 and -13 has been shown to act upon the triple
helical structure of fibrillar collagen. MMP-1 distinctly cleaves fibrillar collagen three
quarters of the distance from the N terminal end, which then leaves the collagen

fragments vulnerable to cleavage by other MMPs (eg. gelatinases)?’.



The degradation of type IV collagen, an essential component of the basement
membrane, is effected by the gelatinase members of the MMP family. Purified MMP-2
and MMP-9 have been shown to degrade various preparations of type IV collagen in

27-32

vitro Both MMP-2 and MMP-9 can cleave type IV collagen into two fragments of

unequal size, with the activity of the enzymes being temperature dependent®?%*,

Further studies revealed that MMP-2 tends to cleave type IV collagen between Gly and X

residues, provided that X is either a hydrophobic or polar charged residue®.

1.1.4: Regulation

The activity of MMPs can be regulated at the levels of gene transcription and
translation, by post-translational modifications and by interaction with endogenous
inhibitors such as the TIMPs. Despite their functional similarity, the promoters for MMP-
2 and -9 are structurally distinct. The MMP-9 promoter contains a downstream TATA
box and an activated protein-1 (AP-1) binding site slightly upstream. A nuclear factor-xB
(NF-xB) binding site is located far upstream and allows this gene to be responsive to
various cytokines. The promoter for MMP-2 does not contain a TATA box and,
therefore, allows for multiple sites of transcription. MMP-2 transcription is mainly
controlled by the binding of transcription factors to a downstream GC box. The MMP-2
promoter lacks a proximal AP-1 binding site; however, studies investigating
transcription-regulation have revealed a functional AP-1 consensus binding sequence®.
For a more comprehensive review on the gene regulation of MMPs please see Yan and
Boyd (2007)*. Contrary to previous thought, MMP-2 is not a constitutive enzyme and its
expression can be actively upregulated in cardiac cells in response to hypoxia,
angiotensin I, endothelin-1 or interleukin 1p via JunB and FosB**%¢, At the mRNA level,

MMP-2 can be regulated by a variety of stimuli, including hypoxia and reoxygenation. In
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endothelial cells, a short duration (6 h) of hypoxia inhibited MMP-2 mRNA synthesis
whereas a longer duration (24 h) resulted in an increase. Reoxygenation following
hypoxia was found to increase MMP-2 mRNA as well’’. Moreover, in cardiac
microvascular endothelial cells, MMP-2 protein and mRNA levels were stimulated by

pro-inflammatory cytokine-dependent mechanisms®.

The exact nature of the effects of post-translational modifications on MMP
activity is not yet fully elucidated. Maeda’s group demonstrated that MMP-1, -8 and -9
can be activated by the pro-oxidant species peroxynitrite (ONOO’) without requiring the
removal of the inhibitory propeptide domain®>*® (Figure 1.2). Low concentrations of
ONOO' (1 to 10 uM) cause the S-glutathiolation of the cysteine containing the PRCGVPD
sequence within the propeptide domain which then results in an increase in proteolytic
activity®®. As all members of the MMP family contain this highly conserved sequence in
their propeptide domain, it is likely that S-glutathiolation may play a role in the
regulation of the activities of other MMPs in the presence of ONOO™ (Figure 1.2).
Glutathiolation is an increasingly recognized mechanism of post-translational control of
protein activity***. Higher levels of ONOO™ (> 100 uM) have, in contrast, been shown to
inactivate MMPs*, possibly via the nitration of tyrosine residues®. Likewise, it was
shown that full length human recombinant MMP-2 (72 kDa) is activated by low levels of
ONOO (0.3-10 uM, peak at approximately 1 uM) but concentrations in excess of 100 pM
inactivate it*’. Addition of glutathione flattened and shifted the concentration-response
curve of ONOO™-induced MMP-2 activation rightward and abrogated MMP-2
inactivation at higher concentrations. Extensive modifications of MMP-2 by ONOO;,
including S-glutathiolation of Cys-65 and Cys-102, hydroxylation of Phe-583, and

nitration of Tyr-244 were revealed by mass spectrometric analysis’’. Hence, the
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commonly used terminology of “pro” versus “active” MMPs, based on their molecular
weights as seen by SDS-PAGE zymography (72 kDa “proMMP-2"” and 64 kDa active
MMP-2; 92 kDa “proMMP-9” and 84 kDa active MMP-9) is misleading as under
conditions of oxidative stress the full length form of the MMP may also be

proteolytically active.

Another posttranslational modification which may play a significant role in the
regulation of MMP activity is phosphorylation. It was shown that MMP-2 may be
phosphorylated on S32, S160 and S365, T250, and Y271 and phosphorylation of MMP-2
by protein kinase C greatly reduces its activity®®. In silico analysis of the MMP-2 protein
sequence shows that several kinases, including protein kinase A, protein kinase C, and
glycogen synthase kinase-3 may be able to phosphorylate MMP-2 and consequently
modulate its activity. The protein kinases and phosphatases responsible for changing
MMP-2 phosphorylation status in vivo are yet unknown. The role of phosphorylated
MMP-2 in the heart is not yet known, though protein kinase A*, protein kinase C*° and
glycogen synthase kinase-3°" have all been shown to play important roles in myocardial

preconditioning.

The activation of MMPs can occur within the cell by oxidative stress™, at the cell
surface or extracellularly. Cell surface activation of 72 kDa MMP-2 occurs as a result of
its interaction with MT1-MMP and TIMP-2. A second molecule of MT1-MMP then
interacts with the MMP-2/TIMP-2/MT1-MMP complex and cleaves the propeptide
domain from MMP-2 resulting in 64 kDa “active” MMP-2>*. The binding of other
proteins to the hemopexin domain of MMP-2 has been shown to expedite its activation.

The interaction of the integrin oyf; with MMP-2°%>* facilitates this complex process of



proteolytic MMP-2 activation. In addition, other proteins such as heparin®, thrombin®’

and factor Xa® also play important roles in the activation of MMP-2, though the
mechanisms by which they act are not yet fully elucidated. In contrast MMP-2 has been
found in caveolae and is likely maintained in an inhibited state by its interaction with

caveolin-1 (Cav-1) to which it co-localizes>® (see Chapter 2).

1.2: Tissue inhibitors of metalloproteinases

Activity of the MMPs may also be modulated by the endogenous TIMPs. The
TIMPs are small proteins (~23 kDa) that inhibit MMP activity by binding to them ina 1:1
stoichiometric ratio®. The four members of the TIMP family (TIMP-1 through -4) are
cysteine rich proteins stabilized by disulfide bonds®®. They are composed of a large N-
terminal domain responsible for MMP inhibition and a smaller C-terminal domain. The
TIMPs in general do not demonstrate specificity for any particular MMP®, though TIMP-
2 shows some degree of preference for MMP-2 and TIMP-1 for MMP-9%%. All four TIMPs
have been found in the heart and in cardiomyocytes® with TIMP-1 and TIMP-2 being the
best characterized. TIMP-1 expression is induced by a variety of different stimuli,
including pro-inflammatory cytokines® and angiotensin 11®, while TIMP-2 expression in
the heart is constitutive®®. TIMP-3 is reduced in failing hearts®® and has thus far been
found exclusively in the extracellular matrix®®. Its unusually robust adherence to
extracellular matrix components renders it difficult to isolate®. TIMP-4 is abundantly
expressed in the heart®” and is found in the intracellular space together with MMP-2 in

the thin myofilaments of the cardiomyocyte sarcomere®. As the heart is the tissue



where TIMP-4 mRNA is most abundantly found®”®®, this suggests that it may play

essential roles in the protection of the heart against oxidative stress injury®®’.

1.3: Pharmacological inhibitors of MMPs

In addition to the TIMPs, a number of pharmacological inhibitors of MMPs are
now available that are of significant utility, not only as experimental tools, but also as
potential therapeutic agents in the treatment of cancer and inflammation as well as
cardiovascular disease. o-Phenanthroline is a small organic compound that potently
inhibits a broad range of MMPs. Its ability to readily pass through the cell membrane
and inhibit MMPs makes it ideal for experimental use. Caution must be used in
interpreting results obtained as a consequence of inhibition with o-phenanthroline as it
may have other effects, including scavenging of reactive oxygen species, which are less
well documented. Like o-phenanthroline, many other MMP inhibitors such as
batimastat, marimastat, GM-6001 (ilomastat or gelardin), and PD-166793, share its

mechanism of inhibitory action by virtue of their potent Zn** chelation properties’.

Though MMP inhibitors have shown great promise as inhibitors of
inflammation’? and tumor angiogenesis’® in experimental animal models, early clinical
trials for the treatment of cancer with the MMP inhibitor marmistat were beset by
unanticipated side effects. In particular, a tendonitis-like fibromyalgia developed in late-
stage cancer patients treated with MMP inhibitors, which appears to be unrelated to the

ability of these compounds to inhibit MMPs’*.

Selective inhibition of the gelatinases MMP-2 and MMP-9 has been
accomplished with the use of inhibitory peptides which are speculated to bind to the
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hydrophobic substrate pocket, thereby preventing access of the substrate to the active

site, though the susceptibility of these peptides to proteolysis’>’®

greatly diminishes
their potential as effective experimental and pharmacological tools. In experimental

models, MMP-2 neutralizing antibodies have also shown protective actions in hearts

exposed to pro-inflammatory cytokines’” or I/R injury’.

One class of MMP inhibitor which may be of significant clinical utility is the
tetracycline class of antibiotics. While investigating a rat model of gingival inflammation
and periodontitis, Golub and his co-workers recognized that the tetracyclines possess
MMP inhibitory activity’® independent of their antimicrobial properties’””. Further
studies revealed that doxycycline is the most potent MMP inhibitor of the tetracyclines
and that chemically modified tetracyclines which are devoid of antimicrobial properties
still inhibit MMP activity®>. Doxycycline for example is able to inhibit MMP activity at
plasma concentrations lower than that required for its antimicrobial action®’. Though
the tetracycline class of antibiotics are powerful Zn** chelators’?, their inhibition of MMP
activity may also include other mechanisms. Doxycycline has been shown to inhibit
MMP-7 activity by binding proximally to the catalytic Zn?* and disrupting the structural
Zn** and Ca®" ions which are necessary for the maintenance of MMP-7 tertiary
structure®. Regardless of the mechanism of doxycycline action, its inhibition of MMP
activity may improve the outcome of inflammatory diseases where MMPs play
important pathological roles®®*. To date, the only MMP inhibitor approved for clinical
use by the U.S. Food and Drug Administration and Health Canada is a subantimicrobial
dose formulation of doxycycline (20 mg bid) that has been shown to significantly

improve the outcome of periodontal inflammation®. Use of MMP inhibitors for other
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conditions in which MMPs are known to be activated, such as aortic aneurysms86 and

colorectal cancer®” has shown beneficial effects.

1.4: MMPs in heart development and angiogenesis

The presence of MMPs in the heart has been implicated in early heart
development. Of particular significance is the role of MMP-2 in heart tube formation.
Inhibition of MMP-2 in chick embryos using either an MMP-2 neutralizing antibody or
ilomastat produces severe heart defects, including cardia bifida, abnormal left-right
patterning and a disruption in the looping direction®. There is evidence that the
presence of MMP-2 may play an essential role in the tissue remodeling and cell
migration that is necessary in the emergent heart. Extensive MMP-2 activity is observed
in areas of the developing heart where migration of neural crest cells and formation of
the tunica media for the great vessels requires remodeling of the extracellular matrix®.
Moreover, inhibition of MMP activity using doxycycline, GM-6001 or o-phenanthroline
disrupts the localization of B-catenin in cultures of neonatal rat cardiomyocytes (A.K.
Chow, E. Ehler & R. Schulz, unpublished observations), a protein that is important in the

signaling pathways of heart organogenesis™.

MMP-2 has also been shown to play important roles in angiogenesis”* and heart
valve development®. For instance, PEX, a natural byproduct of MMP-2 breakdown
(amino acids 445-637), is the C-terminal hemopexin-like fragment of MMP-2 that lacks
catalytic activity. PEX is able to block MMP-2 binding with integrin avpf3 and thereby
disrupts angiogenesis®. In heart valve development, blockade of MMP activity with

GM-6001 blocks cell invasion necessary for normal heart valve development, resulting in
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a truncated axis®.  Furthermore, introduction of MMP-2 antisense morpholino
oligonucleotides into the developing zebrafish severely disrupts their early
development®. In contrast, MMP-2 deficient mice are viable at birth although upon
closer examination, they have a number of problems that distinguish them from their
wild-type littermates. For example MMP-2 knockout mice display significantly retarded
growth compared with their wild-type controls®. MMP-2 null mice also display lower
bone mineral density, a loss of articular cartilage, and abnormal bone and craniofacial
development®’.  Additionally, MMP-2 knockout mice can respond differently to
experimental stimuli when compared with their wild-type controls. For instance, MMP-
2 knockouts displayed a significantly more severe response and earlier onset of
experimental autoimmune encephalomyelitis than controls®®. MMP-2 knockout mice
also display impaired neovascularization in a hindlimb ischemia model when compared
with controls®. The MMP-2 knockout phenotype, however is relatively benign. It has
been speculated that the mild phenotype of the MMP-2 deficient mouse, when
compared to MMP-2 knockdown in zebrafish, may be a result of additional

compensatory mechanisms in the more complex mammalian system.

1.5: MMPs in inflammatory heart disease

Myocarditis and/or pericarditis are characteristic features of a number of
diseases including rheumatic fever, Kawasaki disease and bacterial or viral infection of
the heart. Acute inflammation of the heart may lead to structural alterations and/or
impairment of contractile function. MMPs have also been implicated in the

pathogenesis of acute myocardial inflammation.
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One common pathway by which MMPs are stimulated in these inflammatory
diseases is through the production of pro-inflammatory cytokines. Both tumor necrosis
factor-a (TNF-a) and interleukin-1B (IL-1B) have been shown to affect the expression
and activity of MMPs. IL-1B and TNF-a both regulate the expression of collagenase in
human fibroblasts via an AP-1 responsive element of the gene'®. Similarly, IL-1B

stimulates the expression and enhanced activity of MMP-2, but not MMP-9, in cardiac

101 102

microvascular endothelial cells™ " and fibroblasts™ .

Kawasaki disease is an acute inflammatory syndrome that primarily affects
children. It manifests itself as a systemic vasculitis along with coronary artery dilation
and aneurysm. Similar to I/R injury of the heart, patients in the acute phase of Kawasaki
disease have increased serum levels of both MMP-9 and TIMP-1, which have been
implicated in the formation of aortic aneurysms, a severe consequence of this
disease'®. Children with Kawasaki disease have elevated MMP-3 and TIMP-1 serum
levels when compared with healthy children'®. Additionally, autopsy of children who
died from Kawasaki disease reveals prominent immunohistological localization of MMP-
2 in the neointima of coronary artery aneurysms when compared to sections obtained
from patients who died of other causes’®. All of these observations suggest that,
similar to I/R injury, serious manifestations of Kawasaki disease may be a result of an
imbalance between MMPs and TIMPs leading to a net positive proteolytic activity in the

coronary vasculature.

Acute viral myocarditis can occur in young and otherwise healthy patients,
resulting in dilated cardiomyopathy with no effective treatment besides supportive

therapy. Patients can develop viral myocarditis following infection with Coxsackievirus
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B3 and both direct infection of the cardiomyocyte by the virus, or immune reaction
following infection can lead to impaired heart function'®. Overexpression of TIMP-1 in
a mouse model of Coxsackievirus B3 -induced myocarditis significantly reduced both
MMP-2 and MMP-9 activity in hearts'”. Another group studied a mouse model of
Coxsackievirus B3 -induced myocarditis and discovered that MMP-2, -9 and -12
transcription and translation, as well as gelatinolytic activity were increased during
acute myocarditis in cardiac ventricles. This was accompanied by a significant reduction

in the mRNA levels of TIMP-3 and -4 without change in TIMP-2%,

The majority of the research in acute myocarditis has focused on the role of
MMPs acting on extracellular matrix proteins of the heart, however, this does not
preclude a possible intracellular role of MMPs in the pathogenesis of inflammatory
heart disease. In this regard, isolated, working rat hearts were exposed to pro-
inflammatory cytokines and it was found that MMP-2 activation was accompanied by
the loss of TIMP-4 from hearts. The cytokine-induced loss of contractile function as well
as myocardial troponin | (Tnl) content were prevented by MMP inhibitors”’. In patients
with Kawasaki disease, increased levels of Tnl (and its fragments) were found in serum

109;110

in acute phases of myocarditits . Tnl levels and/or degradation products in serum

may be a useful diagnostic tool for Kawasaki disease, although this was contradicted in

another study™'. Elevated serum Tnl is also commonly observed in patients with

idiopathic acute pericarditis'*%.

In addition, a high level of circulating intact Tnl in the
blood is able to elicit an autoimmune response that can subsequently lead to myocardial

inflammation, fibrosis and increased mortality rates in mice™.
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1.6: MMPs in ischemia/reperfusion injury

Stunning injury of the heart as a result of ischemia followed by reperfusion is
defined as a temporary, reversible loss of contractile function without necrotic cell

114
h*.

deat The feature common to all events which induce stunning is a reduction in

coronary blood flow that deprives the myocardium of oxygen. If the reduction of
coronary flow is prolonged, the myocardium can transition into a hibernating state'™
where myocytes can undergo dedifferentiation’®®. Ischemia is necessary but not
sufficient to cause myocardial stunning as the injury occurs during the acute phase of
reperfusion when blood flow through the ischemic myocardium is reestablished. In
isolated rat hearts perfused with physiological salt solutions, stunning can occur after
approximately 15-25 min of global, no-flow ischemia, depending on the Ca®'

concentration and other components in the perfusate. If ischemia is extended to over

30 min, irreversible functional impairment occurs as cells can also undergo necrosis'*’.

The exact mechanism responsible for myocardial stunning has yet to be fully
elucidated, however, it is known that reactive oxygen and nitrogen species, including
ONOQQO, are generated in the myocardium in a burst-like manner in the first seconds of
reperfusion and are central in the pathogenesis of stunning injury**’*®. As the
generation of ONOO™ may not only activate MMPs*** but also inactivate TIMPs*¥%
their involvement in the isolated rat heart subjected to I/R injury was investigated. Both
72 and 64 kDa MMP-2 are released at a basal rate into the perfusate of normal,
aerobically perfused rat hearts, whereas there was a marked increase in this release

during the first minutes of reperfusion following ischemia®®. There was a positive

correlation between increasing duration of ischemia, enhanced release of MMP-2 at
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reperfusion, and a reduction in cardiac mechanical function during reperfusion®*’.
Administration of MMP inhibitors such as o-phenanthroline, doxycycline or a
neutralizing MMP-2 antibody functionally protected hearts from stunning injury®. In
the isolated, perfused rabbit heart, 15 min of ischemia are insufficient to cause the
release of MMP-2 into the perfusate during reperfusion. However with 60 min of
ischemia significant amounts of MMP-2 were found in the coronary effluent during

reperfusion®®.

An imbalance between TIMPs and MMPs in the heart may be one of the
contributing factors to acute I/R injury. In a Langendorff rat model of I/R, TIMP-4 was
also found to be acutely released into the perfusate during the initial reperfusion phase.
Though it is released in conjunction with MMP-2, there is an overall shift towards
enhanced proteolytic activity in the heart tissue as revealed by in situ zymography®.
The export of MMP-2 during reperfusion may likely be a protective mechanism of the
heart to diminish the net cellular proteolytic activity by reducing the myocardial
MMP/TIMP ratio™. Levels of both MMP-9 and TIMP-1 are increased in the plasma of
patients following myocardial infarction'?.  Right atrial biopsies from patients
undergoing cardiopulmonary bypass for coronary artery bypass grafting, obtained
within ten min of aortic cross-clamp release (a mild form of reperfusion injury), show a
dramatic increase in both MMP-2 and MMP-9 activities and a decrease in TIMP-1 during
reperfusion'?. The increase in MMP-2 and -9 activities positively correlates with the
duration of cross clamp and inversely with cardiac mechanical function 3 h after cross
clamp release. In contrast TIMP-1 levels correlated positively with cardiac mechanical

function at this time and correlated negatively with the duration of cross clamp
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placement'”. Plasma activities of both MMP-2 and MMP-9 were also seen to be

elevated 1 min following release of the aortic cross clamp™®.

Ischemic preconditioning reduces this I/R-induced release of MMP-2 into the
perfusate of isolated rat hearts'?*, providing further evidence that MMP-2 may play an
important role in the development of myocardial stunning injury. In a related study,
hyperlipidemia caused by feeding rats a diet enriched with 2% cholesterol was shown to
prevent the protective effects of preconditioning. This was demonstrated by the ability
of hyperlipidemia to reverse the protective effects of preconditioning-mediated
inhibition of MMP-2 activation and release’®. Interestingly, high density lipoprotein
which is known to be cardioprotective, prevents MMP-2 activation and release in

ischemic-reperfused rat hearts'*°.

It is likely that the alteration in MMP activities is a result of the increased
oxidative stress which occurs most evidently during reperfusion following ischemia.
During the first minute of reperfusion, cardiotoxic levels of ONOQO™ are generated in the

heart®

. Direct infusion of ONOOQ" into aerobically perfused isolated rat hearts caused a
time-dependent loss in cardiac mechanical function which was preceded by evidence of
MMP-2 activation (released into the perfusate) and which was prevented by a MMP
inhibitor'*. At these levels, ONOO' is likely capable of activating MMP within the
cardiomyocyte without necessitating proteolytic removal of the propeptide domain®®.
Furthermore, exposure of isolated adult rat cardiomyocytes to ONOO' resulted in a time
and concentration dependent loss of contractile function which can be abrogated in the

presence of the MMP inhibitors doxycycline or PD-166793%.
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In addition to affecting MMP activity, ONOO™ may also stimulate proteolytic
activity in the heart via its direct action on TIMPs. Concentrations of ONOO™ as low as 50
1M inhibited TIMP-1 activity while above 500 uM resulted in its degradation'*®. TIMP-2

activity was also shown to be reduced in the presence of ONOO™?®

, though whether this
is a result of direct inhibition of TIMP-2 or a disruption of TIMP-2/MMP-2 binding is
unclear. The ability of TIMP-4 to inhibit MMP-2 activity and prevent the invasiveness of
both microvascular endothelial cells and tumour cells was reduced by ONOO

treatment™°.

Other models of oxidative stress in the heart have also shown that MMP-2 and
MMP-9 may play important roles in the development of cardiac dysfunction. In
particular, doxorubicin-induced cardiotoxicity involves the generation of reactive oxygen
and nitrogen species’® and increased myocardial MMP-2 activity is observed in mice
administered doxorubicin®*. Other groups have found that doxorubicin also increases

131 and that antioxidants such as

MMP-2 and MMP-9 transcripts in mouse hearts
dexrazoxane and carvedilol prevent doxorubicin-induced increases in MMP-2 and MMP-

9 mRNA in H9¢c2 myocyte cells®.

Recent studies have investigated the transcriptional activation of MMP-2 and
MMP-9 as a result of I/R injury of the heart. There is a rapid activation of the MMP-2
promoter as early as 30 min of reperfusion following global ischemia in isolated hearts
from transgenic mice containing the MMP-2 promoter linked to a [-galactosidase
reporter®. This was observed in cardiac myocytes, fibroblasts and endothelial cells. The
transcription factors JunB-FosB bind to a distinct, functional AP-1 site which activates

34;36

the MMP-2 promoter in this setting® . Using these same mice in a myocardial infarct
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model, as well as mice to which the MMP-9 promoter was linked to [-galactosidase,
revealed that the MMP-2 promoter was induced within one day of infarct whereas the
MMP-9 promoter was first detected after three days and peaked seven days after

132 Given the rapid activation of MMP-2 in the acute reperfusion

myocardial infarct
phase following ischemia (see above), resulting in its activation and release on a minutes

timescale and subsequent release from the heart, it is not surprising that these

measures would then occur to replenish MMP-2 levels in the myocardium.

The development of cardiac specific MMP-2 transgenic mice also lends credence
to the role of MMP-2 in I/R injury. In fact, 4 month old MMP-2 transgenic mice that are
not exposed to insult, already display cardiac myocyte abnormalities, including
disruption of sarcomeric architecture, disintegration of Z bands and myofilament lysis**>.
When compared with their controls, 6 month old heterozygous MMP-2 transgenic mice
display larger infarct size and greater functional impairment following 30 min of

ischemia followed by 30 min of reperfusion in a paced, Langendorff model ***.

1.7: Intracellular MMPs

In accordance with the abundant evidence linking MMPs with cardiac

remodeling and inflammatory heart diseases such as rheumatic fever, Kawasaki disease

135

and endocarditis (reviewed in ), most researchers focus on the long term proteolytic

effects of MMPs on extracellular matrix proteinsl36. However, MMP-2 was found to
contribute to acute cardiac mechanical dysfunction in heart pathologies before collagen
matrix changes were observed'®”’. Since ONOO™ levels are acutely enhanced during

118

reperfusion of the ischemic heart™°, and MMP-2 is closely associated with the
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sarcomere in cardiomyocytes'***, and can be activated by ONOO™ **’, the hypothesis is
that in acute myocardial injury associated with enhanced oxidative stress, the
detrimental effect of MMP-2 is primarily within the myocyte, though extracellular MMP-

2 may also play a role.

1.7.1: Sarcomeric MMP-2

Various methodological approaches provided compelling evidence for the
localization of MMP-2 to the sarcomere of cardiac myocytes, including: (i) immunogold
electron microscopy with anti-MMP-2, which showed a distinct sarcomeric staining
pattern in rat heart sections; (ii) highly purified preparations of thin myofilaments
(which include Tnl) prepared from hearts showed both 72 and 64 kDa MMP-2
gelatinolytic activities as well as MMP-2 protein; (iii) immunoprecipitated Tnl from I/R
heart homogenates revealed 72 and 64 kDa MMP-2 gelatinolytic activities by
zymographic analysis and (iv) confocal microscopy, which demonstrated the
colocalization of MMP-2 with TnI''. MMP-2 in the cardiac sarcomere is accompanied by
TIMP-4 as shown using immunogold electron microscopy and other biochemical
evidence for its association with the thin myofilaments®. It is likely that the TIMP-4
found within cardiomyocytes is an important means to regulate intracellular MMP-2

activity.

1.7.2: Cytoskeletal MMP-2

Myocardial stunning injury in isolated guinea pig hearts is accompanied by the
degradation of the cytoskeletal proteins desmin, spectrin, and a-actinin®*%, though the
protease(s) responsible was not identified. a-Actinin and desmin (but not spectrin)

were found to be susceptible to degradation by MMP-2 in vitro. Infusion of ONOOQO™ into
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isolated, perfused rat hearts caused activation of MMP-2 with concomitant loss of

139

myocardial a-actinin content, which was prevented by MMP inhibition™”. Moreover,

MMP-2 was found to co-localize with a-actinin in cardiac myocytes*>'®.

1.7.3: Nuclear MMP-2

The nucleus has a matrix that resembles the extracellular matrix and provides
structural and organizational support for various nuclear processes. Various biological
processes such as apoptosis*®°, cell cycle regulation**, and nuclear matrix degradation**?
involve the proteolytic processing of nuclear proteins. MMP-2 was found in the nucleus
of human cardiomyocytes®®. Indeed both MMP-2'** and MMP-3"** carry a putative

1" reported that an active, truncated

nuclear localization sequence. Si-Tyaeb et a
fragment of MMP-3 was localized to the nucleus of several human cancer cell lines. The
full-length MMP-3 remained cytosolic, whereas the truncated form translocated to the
nucleus and a nuclear localization sequence was demonstrated to be essential for this

144

translocation™". Although the Schulz group found that MMP-2 was able to proteolyze

143

the nuclear DNA repair enzyme, poly(ADP-ribosyl) polymerase in vitro™, the role of

MMP-2 and other MMPs within the nucleus remains to be discovered.

A summary of the potential intracellular targets and/or binding partners of
MMP-2 in the cardiomyocyte is illustrated in Figure 1.3. Known intracellular substrates

of MMP-2 are listed in Table 1.1.

1.8: Caveolins

One potential modulator of MMP-2 activity in the cardiomyocyte is caveolin.

The caveolins are proteins found within lipid rafts in the plasma membrane. Though the
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existence of lipid rafts is not universally accepted*®, most groups define lipid rafts as
microdomains of the plasma membrane that are highly enriched with cholesterol,
glycolipids and sphingolipids'*®. Lipid rafts have properties that are believed to be
unique from those of the surrounding plasma membrane. In particular, their low
density facilitates their separation from the adjacent plasma membrane by sucrose

147148 -~ pdditionally, lipid rafts are resistant to non-ionic

gradient centrifugation
detergents such as Triton X-100 and Brij-98 at 4°C'*, though the significance of this

property is also not universally agreed™*°.

1.8.1: Classification

The caveolin family is composed of three members: caveolin-1 (Cav-1), Cav-2
and Cav-3. Caveolins are proteins essential for the formation of caveolae, which are
small cell membrane invaginations found in many cell types, including endothelial cells
and cardiomyocytes. They appear to play significant roles in signal transduction®,
cholesterol homeostasis™? and vesicular transport™®.  The first discovered and
consequently best characterized caveolin is Cav-1. Two distinct isoforms of Cav-1 have
been identified (o and ) and are the result of an alternate internal translational start

site that results in the truncated B isoform™*. Cav-1 levels have been found to be

highest in adipocytes, fibroblasts, smooth muscles and endothelial cells as well as in

155 |156

cardiomyocytes >, though the latter has been controversial™ . The issue of whether
Cav-1 exists in cardiomyocytes is one of the objectives of this thesis and is further
explored in Chapters 2 and 3. Cav-2 is closely associated with Cav-1 and will often form
oligomers with Cav-1, as Cav-1 is necessary for localization of Cav-2 in the plasma

membrane™’. Cav-3 is predominantly expressed in both skeletal and cardiac striated
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muscle cells and is associated with the T-tubules formed as a result of cell membrane

invaginations>'*°,

The three human caveolin genes possess many similar characteristics. Though
Cav-1 and Cav-2 are located on the same human chromosome (7g31.1) and only
approximately 19 kb apart, it is Cav-1 and Cav-3 that share the highest degree of
homology™. Cav-1 is highly conserved between species and comparison of several
mammalian species indicates that there is 94-99% identity over the protein sequence®’,

which is highly suggestive of a strong relation between structure and function.

1.8.2: Structure

The caveolins are typically found partially embedded in the inner leaflet of the
cell membrane as oligomers. The cytosolic N terminal portion of both Cav-1 and Cav-3
contains a small region of amino acids (residues 82-101) termed the caveolin scaffolding
domain (CSD). The CSD is not only responsible for the binding of caveolin oligomers
together, but is also believed to be essential for mediating caveolin’s interaction with

160182 - studies involving the mutation of the CSD indicate that

other signaling molecules
it is both necessary and sufficient to target Cav-1 to the plasma membrane'®. Though
the CSD is often considered a single functional domain, evidence now shows that the
CSD can be divided into two separate functional regions. Residues 82-95 are believed to
mediate signaling protein inhibition'®*, while residues 95-10 are responsible for the

binding of caveolin to cholesterol and the plasma membrane®®.

Cav-1 also possesses a hydrophobic transmembrane region (residues 102-134)
which forms a hairpin within the plasma membrane, leaving both the N and C terminals

of Cav-1 in the cytoplasmic domain'®. All three caveolin proteins have a conserved
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FEDVIAEP sequence in the hydrophilic N-terminal domain which is known as the

167,168
f ’

caveolin signature moti , though the functional significance of this motif has not

yet been elucidated.

The N-terminal domain of Cav-1 appears to be relatively unstructured, with a
low probability of the region possessing a known tertiary structure and no predicted
coiled-coil secondary structures®®. Secondary structure prediction of the C-terminal
domain of Cav-1 indicates that this cytoplasmic region likely forms a long a-helical

structu relGl.

1.8.3: Function

Caveolin, Cav-1 in particular, has been extensively examined and serves as a
platform where proteins aggregate™?. Sucrose gradient centrifugation to isolate lipid
raft rich fractions has shown that a number of signal transduction molecules
biochemically co-segregate with Cav-1. Lisanti et al*®® hypothesized that caveolin
sequesters signal transduction molecules to the membrane and this serves to regulate
signal transduction events. Since this hypothesis has been put forth, a number of
different signal transduction molecules have been shown to both biochemically and

morphologically localize and interact with caveolin, including G protein coupled

171;172 173
277,

receptors'’®, receptor tyrosine kinases , growth factor receptor bound protein-

174;175

and a number of protein kinases, including protein kinase A and various isoforms of

179 and neuronal

PKCY®%78  Enzymes and structural proteins such as endothelial (eNOS)
nitric oxide synthase (NNOS)™®%™! actin®® and MT-1 MMP*¥**#* have also been shown to

be associated with Cav-1.
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Disruption of lipid rafts by chemical agents such as methyl-f-cyclodextrin can
impair the function of a number of proteins that are associated with the lipid raft,
including the Na'/H" exchanger NHE3'® and HCN4 channels™®, the pacemaker channel
in the heart. Methyl-B-cyclodextrin is a cyclic oligosaccharide composed of seven sugars
and removes cholesterol from membranes by sequestering the cholesterol molecule
into its ring structure. Exposure of cells or tissues to methyl-B-cyclodextrin reduces or
eliminates caveolae from the plasma membrane and replenishment of cholesterol
restores these structures™®’ . Whether methyl-B-cyclodextrin displaces Cav-1 from the
plasma membrane or breaks up oligomers of caveolins so that caveolae are absent, is so

far unclear.

The CSD of the Cav proteins is able to bind to proteins that contain a caveolin
binding domain (CBD) which consists of OXDXXXXD, DXXXXDXXD or ODXDXXXXDXXD
where @ is Phe, Tyr or Trp and X is any amino acid®®. The presence of the CBD,
however, is not necessarily sufficient to induce CSD binding to a protein, as evidenced by

a number of proteins that have the CBD domain, yet lack caveolin interaction.

Initially, Cav-1 was considered a scaffolding protein responsible for organization
of the different molecules to which it binds. However, more recent evidence suggests
that Cav-1 plays an active role in the regulation of the receptors and enzymes it
associates with. For example, addition of synthetic CSD to G protein coupled receptor
kinases is able to significantly inhibit GTP hydrolysis in an in vitro system™. In both
biochemical and cell culture experiments, the majority of proteins that bind to the CSD
have been shown to be inhibited, though the mechanism by which this acts is still largely

unknown.
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1.8.4: Regulation

The inhibition of eNOS is one of the most studied mechanisms of caveolin
action. Targeting of eNOS to caveolae is accomplished by its acylation'®>. When not
interacting with Cav-1, eNOS is at its most active. When interacting with Cav-1,
however, the enzyme activity of eNOS is significantly reduced. This is reversed when

point mutations disrupt the CBD in eNOS™2.

Caveolin effect on the MMPs is less well characterized. A number of reports
show the co-localization of MT1-MMP with Cav-1 and that this is a result of the direct
association between the proteins. However, the effect that this association may have
on either protein has not yet been determined. Examination of the MT1-MMP
sequence reveals the presence of several CBD consensus sequences in its hemopexin
domain®™®*. Consequently, Labrecque et al."®* hypothesize that other proteins may be

involved in the association between MT1-MMP and Cav-1.

1.8.5: Caveolin knockout models

The Cav-17" mice used throughout this thesis are generated by targeted

193

disruptions of the first two exons of Cav-1'. These Cav-17 mice are both viable and

193

fertile™, though upon closer examination, distinct abnormalities have been observed.

Cav-17 mice show ~50% reduction in life span, which appears secondary to pathologies
primarily in the cardiovascular and respiratory system'*. Caveolae are found to be

195

completely absent in all non-muscle tissue (reviewed in ~~), though caveolae are still

present in muscle tissues, albeit in reduced numbers. Knockout of Cav-1 results in
194;196

pulmonary hypertension, pulmonary fibrosis and cardiac hypertrophy

Surprisingly, Cav-1 knockout also reduces the expression of Cav-2 protein, without a
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change in transcription level, and also affects Cav-2 targeting to the plasma

membrane®’.

Like Cav-l'/', Cav-2 knockout mice are also viable and fertile. They do, however
display severe structural alterations and functional deficits in their respiratory system®*.
Additionally, these mice are exercise intolerant when subjected to a swim test'®.

Interestingly though, these same mice have intact caveolae in both lung and adipose

tissues™®,

A Cav-3 knockout mouse model has also been developed which demonstrates a

loss of caveolae in striated muscle tissues, without perturbation of Cav-1 or Cav-2'%.

Like Cav—l'/', Cav-3 null mice eventually develop cardiac hypertrophy®®.

A Cav-1/Cav-3 double knockout has also proved to be both viable and fertile,
with no discernable caveolae in a variety of cells, including endothelial cells, adipocytes
and muscle cells, including cardiomyocytes®®’. This double knockout mouse displays
pulmonary, skeletal and adipose alterations similar to those found in the single
knockout animals, though the Cav-1/Cav-3 null mice exhibit significantly more severe

cardiac changes both in terms of gross function and at a histological level**%%%%2%2,

1.9: Working hypothesis

Cav-1 co-localizes with MMP-2 in the caveolae of cardiomyocytes and inhibits its
activity tonically. In the normal heart which expresses Cav-1, scaffolding of MMP-2 to
the plasma membrane by caveolin sequesters MMP-2 and inhibits its activity, thus

protecting the heart from MMP-2’s intracellular proteolytic actions.
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MMP-2’s proteolytic actions on its intracellular substrates can be inhibited by
post-translational modifications, such as phosphorylation, on the substrate itself. These
post-translational modifications can sterically hinder MMP-2’s ability to effectively

degrade the substrate.

1.10: Thesis objectives

1.10.1: Caveolin regulation of MMP-2 in the heart (Chapter 2)

MMP-2 has been localized to the caveolae of human endothelial cells*®, but
whether MMP-2 and caveolae co-localize in cardiomyocytes is unknown. Similarly, the
effect that Cav-1 may have on the regulation of MMP-2 activity has not yet been
elucidated. The objective of Chapter 2 is to determine whether Cav-1 modulates MMP-

2 activity in cardiac muscle.

1.10.2: MMP-2 and caveolin localization in the heart (Chapter 3)

Though Chapter 2 reveals the presence of Cav-1 in cardiomyocytes, the
existence of Cav-1 in cardiomyocytes is controversial™>®. The objective of Chapter 3 is to
examine and characterize the relationship between the caveolins, MMP-2 in the various

cells found in the heart.

1.10.3: Physiological and pharmacological challenges to caveolin-1 knockout

mouse heart (Chapter 4)

Results from Chapter 2 revealed that not only do Cav-1 and MMP-2 co-localize
in cardiomyocytes, but that Cav-17 mouse hearts have increased MMP-2 gelatinolytic

activity and that CSD is capable of inhibiting MMP-2 proteolysis. The purpose of Chapter
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4 is to determine whether this altered MMP-2 activity in Cav-17" hearts translates to

functional alterations in a physiological situation as well as when the hearts are

challenged with a B-adrenergic agonist.

1.10.4: Ischemia/reperfusion injury in the caveolin-1 knockout mouse heart

(Chapter 5)

As MMP-2 has been shown to play important roles in mediating I/R induced
injury, and MMP-2 activity is elevated in Cav-1" hearts, it was believed that Cav-1"
hearts would demonstrate increased myocardial injury following I/R injury. The

objective of Chapter 5 is to determine whether this is indeed the case.

1.10.5: Troponin | phosphorylation in response to ischemia/reperfusion injury

and/or S-adrenergic stimulation in the isolated working mouse heart

Tnl has been shown to be an intracellular substrate of MMP-2", though the
mechanism by which MMP-2 proteolysis of Tnl is regulated is largely unknown. The
objective of Chapter 6 is to determine whether in situ phosphorylation of Tnl results in

protection of Tnl to MMP-2 proteolysis.

1.11: Conclusion

Because of the significant role of MMP-2 in ischemic injury, the regulation of the
destructive properties of this enzyme may be the key to understanding and
consequently combating the debilitating effects of ischemic heart disease. The idea that

intracellular MMP-2 may be regulated by caveolin is a novel concept and the following
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series of experiments will attempt to not only definitively co-localize MMP-2 with
caveolin in cardiac myocytes, but also show that caveolin is capable of regulating MMP

activity in the heart.
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Figure 1.1: MMP structure

MMPs are typically classified according to the substrates they degrade and possess
several general common structural characteristics. The N-terminal domain typically
contains a signaling sequence, which allows for the extracellular export of the enzyme.
All MMPs are produced in a zymogen form with a propeptide domain that contains a
cysteine switch. The catalytic domain of all MMPs contain a Zn®" ion. The catalytic
domain of the gelatinases (MMP-2 and -9) is unique in that it contains three fibronectin
repeats. Apart from the matrilysins (MMP-7 and -26), MMPs contain a flexible hinge
region which also has a haemopexin domain linked to a C-terminal tail. MMP, matrix

metalloproteinase; MT-MMP, membrane-type matrix metalloproteinase.
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Figure 1.2: Activation mechanisms of MMP-2

The full-length MMP-2 can be activated in two ways. Proteolytic activation of MMP-2 by
MT1-MMP/TIMP or by other proteases occurs by removal of the autoinhibitory
propeptide domain (left arrow) resulting in an active truncated MMP-2. The presence of
oxidative stress (ONOQ™) and cellular glutathione (GSH) causes the S-gluathiolation of
the critical cysteine residue in the propeptide domain, disrupting its binding to the
catalytic Zn®* ion, resulting in an active full-length enzyme. MMP, matrix

metalloproteinase; ONOO, peroxynitrite; TIMP, tissue inhibitor of metalloproteinase.
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Figure 1.3: Intracellular targets and binding partners of MMP-2 in the cardiomyocyte

Sarcomeric proteins including Tnl, MLC-1, and a-actinin are co-localized with and
susceptible to proteolytic cleavage by MMP-2. Recent evidence suggests the presence of
MMP-2 in the caveolae, mitochondria, and other intracellular organelles including the

nucleus, although its precise roles in these locales are unknown.
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Table 1.1: Intracellular MMP-2 substrates

LOCATION SUBSTRATE
e ——————— e
Cytoplasm Glycogen synthase kinase-3[3203
Troponin I
Sarcomere Myosin light chain-1"
Titin*%*
a-Actinin™*®
Cytoskeleton Desmin**
a-Tubulin (see Chapter 2)
Nucleus Poly ADP-ribose polymerase*®
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CHAPTER 2

CAVEOLIN REGULATION OF MMP-2 IN THE HEART

A version of this chapter has been published in:

Chow AK, Cena J, El-Yazbi AF, Crawford BD, Holt A, Cho WJ, Daniel EE, Schulz R.
Caveolin-1 inhibits matrix metalloproteinase-2 activity in the heart. J Mol Cell Cardiol

2007; 42:896-901.
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2.1: Introduction

The MMPs are zinc-dependent endopeptidases known for their roles in the
degradation of extracellular matrix components. MMPs are synthesized in a zymogen
form “proMMPs” which require the proteolytic removal of the pro-peptide domain in
order to trigger their enzymatic activity’. Alternatively, proMMPs, including MMP-2?,
can be directly activated by oxidative stress (ONOQ’) by the oxidation of a cysteine

residue coordinated to the catalytic Zn** *.

MMPs have also been shown to play significant intracellular roles. MMP-2 has
been localized to the thin and thick myofilaments of the cardiac sarcomere, as well as to
the nucleus®. The intracellular proteins Tnl and MLC-1 are proteolyzed by MMP-2 in I/R
injury®®. The TIMPs control MMP activities’, but other mechanisms of regulation are

not yet elucidated.

Caveolae are small cell membrane invaginations which play important roles in
regulating signaling proteins and macromolecular transport®. Caveolins are integral
membrane proteins found within lipid rafts. Cav-1 is crucial for the formation of
caveolae®. The CSD binds to and regulates the function of a number of caveolin-

associated proteins including eNOS™.

In endothelial cells, MMP-2 has been localized to the caveolae'* where its
function is unknown. Disruption of caveolae activates MMP-2 in fibrosarcoma cells*
while Cav-1 overexpression in tumor cells causes decreased MMP-2 activity™ suggesting
that Cav-1 may participate in the regulation of MMP-2. Whether MMP-2 activity in the

heart is affected by caveolin is unknown. Here we present evidence that MMP-2
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localizes with Cav-1 in the mouse heart, that CSD inhibits MMP-2 activity and, that

hearts of mice deficient in Cav-1 have increased MMP-2 activity.

2.2: Materials and methods

2.2.1: Animals

All experiments were performed in accordance with the Canadian Council on
Animal Care Guide to the Care and Use of Experimental Animals. Male Cav-17" (cav<tm
1 M Is>/)) and control [(B6 129 SF2/J) (Cav-1**)] mice were obtained from Jackson

Laboratories.

2.2.2: Tissue collection and preparation of heart extracts

Mice were injected with 1000 IU of heparin i.p. 10 min prior to terminal
anesthesia. Hearts were rapidly excised and perfused via the aorta at constant pressure
(60 mmHg) with Krebs-Henseleit buffer at 37°C for 10 min to clear them of blood.
Whole hearts were then freeze-clamped with liquid nitrogen and stored at -80°C.
Frozen hearts were pulverized under liquid nitrogen and homogenized on ice in 150 mM
Na,CO; with protease inhibitor cocktail (Sigma-Aldrich, Oakville, ON) using a Polytron
homogenizer and then centrifuged (12 000 g, 30 s, 4°C). An aliquot of each supernatant
(heart extract) was retained for biochemical analyses and the remainder of each sample
was subjected to sucrose gradient centrifugation as previously described™ in order to
isolate a lipid raft enriched fraction containing caveolae. Protein content of heart
extracts and lipid raft fractions were determined using the bicinchoninic assay. For
immunohistochemical analysis, hearts were isolated as above except they were

perfused with phosphate buffered saline (pH 7.0) for 10 min prior to perfusion with 4%
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paraformaldehyde in 0.1 M sodium phosphate buffer (pH 7.6) for 10 min. Hearts for
immunohistochemistry were then rinsed with 0.1 M sodium phosphate buffer eight
times every hour at room temperature followed by cryoprotection with 30% sucrose in

0.1 M sodium phosphate buffer overnight at 4°C.

2.2.3: Gelatin zymography

20 ug of protein from each heart extract or lipid raft enriched fraction was
subjected to gelatin zymography to determine MMP-2 activity as described™. In brief,
10 ug of protein were mixed with sodium dodecyl sulfate (SDS) non-reducing sample
buffer and applied to 10% polyacrylamide separating gels copolymerized with gelatin (2
mg/mL, Sigma-Aldrich, Oakville, ON). Conditioned media from HT-1080 fibrosarcoma
cells was used as a standard for MMP-2 activity. The samples were subjected to
electrophoresis and then the gels were washed three times with 2% Triton X-100 and
incubated in incubation buffer (50 mM Tris-HCI buffer with 0.15 M NaCl, 5 mM CacCl,,
and 0.05% NaNs, pH 7.5) overnight at 37°C. The gels were then stained with 0.05%
Coomassie Brilliant Blue G-250 (Sigma-Aldrich, Oakville, ON) in a mixture of methanol,
acetic acid, and water (2.5:1:6.5, v:v) and destained in 4% methanol with 8% acetic acid.
Transparent bands against a Coomassie stained background was evidence of
gelatinolytic activity. Band intensities were quantitated using ImageJ software (National

Institutes of Health, USA).

2.2.4: Western blot analysis
MMP-2 and Cav-1 were detected by Western blotting using a polyclonal
antibody (Chemicon, Billerica, MA) against rat MMP-2 and a monoclonal Cav-1 antibody

(BD Transduction Laboratories, San Jose, CA) against Rous sarcoma virus-transformed
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chick fibroblast Cav-1. Antibodies against a-tubulin (ab7291 against a.a. 426-450,
ab7750 against a.a. 65-97 and ab52866 against a.a. 28-41; Abcam, Cambridge, MA), B-
tubulin (Abcam, Cambridge, MA), TIMP-2 (Neomarkers, Fremont, CA) and TIMP-4
(Chemicon, Billerica, MA) were also used. Briefly, 10 ug of each sample was loaded on
10% polyacrylamide SDS-PAGE gels. They were then wet transferred (100 V, 60 min)
onto polyvinylidene difluoride membranes and non-specific proteins were blocked with
5% milk in Tris-Tween buffered saline (TTBS) buffer (0.01 M Tris, pH 7.6, 0.1% Tween,
0.1 M NacCl) at room temperature for 2 h. The membranes were then incubated with
primary antibody overnight at 4°C. The membranes were rinsed with TTBS buffer prior
to incubation with horseradish peroxidase linked secondary antibodies at room
temperature for 1 h. ECL Plus (Amersham, Baie D’Urfe, QC) was used to visualize

chemiluminescence.

2.2.5: Immunohistochemistry

Confocal immunohistochemistry was performed as previously described® using
a mouse monoclonal MMP-2 antibody against human MMP-2 (Chemicon, Billerica, MA)
and mouse monoclonal antibody against the N terminal of Cav-1 (82-101 a.a.) (BD
Transduction Laboratories, San Jose, CA) converted to a rabbit antibody by applying Fab
fragment rabbit anti-mouse 1gG (Jackson ImmunoResearch Laboratories, Inc., West
Grove, PA) for 17 — 18 h'. Immunohistochemisty was performed on 5 pm  thick
sections. In brief, hearts were rapidly excised and retrogradely perfused through the
aorta with normal saline for 10 min to flush the coronary circulation of blood. The
hearts were then perfused with 4% paraformaldehyde for 10 min. The hearts were fixed
with 4% paraformaldehyde at room temperature for 4 h and then cryoprotected

overnight with 30% sucrose at 4°C followed by embedding in Tissue-Tek OCT. The
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hearts were then sectioned into 5 um thick longitudinal and cross-sections. The sections
were placed on glass slides coated with 1.5% 3-aminopropylthriethoxysilane in acetone
and dried for 2 h at room temperature. The sections were then washed in 3% Triton X-
100 in phosphate buffered saline (PBS) (pH 7.0) twice for 10 min each wash. Non-
specific binding was prevented by blocking the sections with 10% normal serum of the
host animal of the secondary antibody for 30 min at room temperature. Antibodies to
Cav-1 (Abcam, Cambridge, MA), MMP-2 (Chemicon, Billerica, MA), a-tubulin (Abcam,
Cambridge, MA) and B-tubulin (Abcam, Cambridge, MA) were applied to the sections
either singularly or mixed together. The sections were allowed to incubate overnight at
4°C before rinsing with 3% Triton X-100 two times for 10 min each, followed by a 10 min
wash in PBS. Secondary antibodies conjugated with Alexa 488 and CY3 were placed on
the sections and allowed to incubate for 60 min followed by 2x10 min rinses with 3%
Triton X-100 and a 10 min rinse with PBS. The sections were then mounted in an
aqueous mounting medium containing 4',6-diamidino-2-phenylindole (DAPI). Images
were captured using a confocal scanning laser microscope (LSM 510, Carl Zeiss Co.,
Germany) and processed using LSM Image 5 software (Carl Zeiss Co., Germany). To
determine the specificity of immunolabeling, the primary or secondary antibody was
omitted on alternate sections. Line profile analysis was performed using Image Pro Plus

software (Media Cybernetics Inc., Bethesda, MD).

2.2.6: In vitro MMP-2 kinetic assay

The in vitro inhibition of MMP-2 activity by the CSD (Cav-1s,.101, Calbiochem, San
Diego, CA) was assessed by examining the hydrolysis of OmniMMP fluorogenic substrate
[(Mca-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH,; Mca = (7-methoxycoumarin-4-yl) acetyl;
Dpa=N-3-(2,4-dinitrophenyl)-L-a, 3-diaminopropionyl) (Biomol, Plymouth Meeting, PA)]
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with 64 kDa human recombinant MMP-2 (Chemicon, Billerica, MA). 60 ul of 0.4 nM
MMP-2 in working buffer (100 mM Tris HCI, 20 mM CaCl,, 0.1% Brij 35, 20 mM ZnSQ,,
pH 7.4), 40 ul of 75 uM substrate in 1.2% DMSO and 20 pl of 0-108 nM CSD in 25.6%
DMSO were added to each well in a black polystyrene half-area plate (Corning, Lowell,
MA). The fluorescence associated with the breakdown of OmniMMP substrate was
measured at 30 s intervals for 1 h using a Molecular Devices SPECTRAmax Gemini XPS
fluorescence microplate reader (Aex 328 Nm, Aer 393 nm). Lag times to eliminate data
prior to temperature equilibration, and end times to preclude data after the loss of
linearity were entered manually. Linear regression analysis by the microplate reader
software (SOFTmax Pro, v 4.8; Molecular Devices Inc., Sunnyvale, CA) was used to
determine the rate of product formation. A substrate extinction coefficient of
7627 M™cm™ and a path length of 0.672 cm were used to correct for loss of signal due
to substrate absorption at A=393 nm. The rate of product formation was expressed as a
ratio of the same reaction without CSD (% of control). A CSD control peptide (CSD-X,
Calbiochem, San Diego, CA) which contains four rearranged amino acids from CSD
(D82W, W85D, Y100R, R101Y) in 25.6% DMSO was substituted for CSD in control

experiments.

2.2.7: In vitro degradation of tubulin

Human recombinant a-tubulin was purchased from Calbiochem (San Diego, CA)
and incubated with human recombinant MMP-2 (Chemicon, Billerica, MA) in a 1:50 ratio
in 50 mM Tris-HCI buffer (5 mM CaCl,, 150 mM NaCl, 0.5% NaNs) for 1 h at 37°C. A
500:1 ratio of human recombinant Tnl and 64 kDa human recombinant MMP-2 in the
same Tris buffer was incubated at 37°C for 40 min and used as a control to assay the

activity of the MMP-2. The same amount of a-tubulin and Tnl were incubated
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separately without MMP-2 under the same conditions to control for degradation

resulting from heating and/or contaminating proteases.

Immediately after the allotted incubation time, the samples were loaded into a
10% polyacrylamide gel, along with a visible molecular weight marker set (BioRad,
Mississauga, ON) and subjected to SDS-PAGE. The gels were then stained with 0.05%
Coomassie Brilliant Blue G-250 (Sigma-Aldrich, Oakville, ON) in a mixture of methanol,
acetic acid, and water (2.5:1:6.5, v:v) for 2 h and destained in 4% methanol with 8%

acetic acid for at least 1 h.

2.2.8: Collagen content of Cav-1"* and Cav-17- mouse hearts

+/+

Three male Cav-17" and three male Cav-1"* mouse hearts that were flushed and
frozen, weighed, crushed and homogenized as described in 2.2.2 were used in this
assay. The collagen content of the hearts was determined using the Sircol collagen
assay kit (Biocolor Life Science Assays, Carrickfergus, United Kingdom). Both the salt

soluble and the acid soluble assays were performed according to the directions supplied

with the kit.

In brief, following homogenization in the aforementioned homogenization
buffer the salt soluble collagen was extracted with 10 volumes of homogenization buffer
to wet tissue weight overnight at 4°C. The samples were then centrifuged at 15 000 g
for 60 min and the supernatant was saved for analysis for the salt soluble collagen.
Pepsin and acetic acid were added to make a final concentration of 5 mg/mL pepsin and
0.5 M acetic acid to extract the acid soluble collagen from the samples. This was then
incubated overnight with shaking at 4°C. The samples were then centrifuged at 15 000 g

for 60 min at 4°C. 100 pL of the supernatant or the previously extracted salt soluble
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collagen was then mixed with 1 mL of the supplied Sircol reagent and mixed at room
temperature for 30 min followed by centrifugation at 15 000 g for 30 min. The resulting
supernatant was drained and 1 mL of the supplied alkali reagent was added to the pellet
and mixed for 10 min at room temperature. The colored solution was then read by a
spectrophotometer at 540 nm. A calibration curve using the supplied collagen standard

solution was used to calculate the final concentration of collagen in each sample.

2.2.9: In silico analyses

The human sequence of 72 kDa MMP-2 was obtained from UniProt and
manually examined to locate the CBD. The 3D structure of MMP-2 was obtained from
Protein Data Bank (http://www.pdb.org), generated using 3D-Mol of Vector NTI
(Invitrogen) and rendered using Polyview 3D (http://polyview.cchmc.org) with manual

insertion of the discovered CBD.

2.2.10: Statistical analysis
Results are expressed as mean = SEM. Statistical analysis was performed using
GraphPad Prism. The Student’s t-test was used to determine whether the groups were

significantly different with p < 0.05 deemed statistically significant.

2.3: Results

2.3.1: Caveolin binding domains in MMP-2

Examination of the amino acid sequence of human MMP-2 revealed seven
possible binding motifs for CSD (ODXDXXXXD and ®PXXXXDXXD Y/, where @ is one of the

aromatic amino acids tryptophan, phenylalanine, or tyrosine) (Fig. 2.1).
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2.3.2: Confocal of MMP-2 and Cav-1

Using confocal microscopy, we first determined the co-localization of MMP-2
with Cav-1 in left ventricular sections from Cav-1"* and Cav-17" hearts. In Cav-1""
sections, immunohistochemical analysis shows that Cav-1 is found on the plasma
membrane of cardiomyocytes (Fig. 2.2-ii). MMP-2 is found both on the plasma
membrane and also appears as intracellular striations as seen in longitudinal sections
(Fig. 2.2-i and 2.2-v). The merged images show evidence of the co-localization of MMP-2
and Cav-1 on the plasma membrane (Fig. 2.2-iii and 2.2-vii) as evidenced by line profile
analysis (Fig. 2.2-iv and 2.2-viii). In the absence of Cav-1, the membrane localization of
MMP-2 is lost or severely reduced as seen in both cross (Fig. 2.2-ix) and longitudinal (Fig.
2.2-xiii) sections and verified by line analysis (Fig 2.2-xii and 2.2-xvi, respectively). Non-
specific fluorescence was not observed in sections incubated with either primary or

secondary antibody alone (data not shown).

2.3.3: In vitro MMP-2 kinetic assay

CSD concentration-dependently inhibited MMP-2 activity with a K; of 668 nM
(95% confidence interval 630-723 nM) (Fig. 2.3). DMSO vehicle controls had no
significant effect on MMP-2 activity (data not shown). In contrast, CSD-X containing four
substituted amino acids (D82W, W85D, Y100R, R101Y) has a K; of 1217 nM (95%
confidence interval 1027-1443 nM). This was significantly different in comparison to

native CSD and there was no overlap between the 95% confidence intervals.

2.3.4: MMP-2 activity and protein in heart extracts
Heart extracts from Cav-17" mice exhibited a 234% increase in MMP-2 activity

with respect to controls (p<0.05) (Fig. 2.4A). MMP-2 protein abundance, however, was
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not significantly different between the groups (Fig. 2.4B). TIMP-2 (Fig 2.4C) and TIMP-4

(Fig. 2.4D) levels were not significantly different between Cav-17 and Cav-1** hearts.

2.3.5: MMP-2 activity and protein in lipid rafts of hearts

Examination of lipid raft enriched fractions from Cav-17 and Cav-1"* mouse
hearts revealed the presence of Cav-1a and B in fractions from the latter but not the
former (Fig. 2.5A). MMP-2 activity in Cav-17 fractions showed a marked reduction to
4.6% of the activity seen in Cav-1"" fractions (p<0.05) (Fig. 5B). There was
concomitantly greater MMP-2 protein levels in the lipid raft enriched fractions from Cav-

1"* when compared with Cav-17" hearts (p<0.05) (Fig. 5C).

2.3.6: Tubulin in Cav-1"* and Cav-17" mouse hearts

It was previously shown that MMP-2 can degrade Tnl° so consequently, Tnl was
used in this assay to ensure that MMP-2 was enzymatically active. Incubation at a 1:50
ratio of human recombinant MMP-2 and human recombinant a-tubulin resulted in the
appearance of additional possible degradation products of a lower molecular weight
(~25 and 35 kDa) that were not observed with the a-tubulin alone. The experiment was

repeated three types with typical results shown in Fig. 2.6A.

Western blotting reveals that there is significantly less a-tubulin detected with
ab7750 in Cav-17 heart extracts (p=0.0017), as well as with ab52866 (p=0.0311) (Fig.
2.6B and 2.6C), while no difference was observed when ab7291 was used (p=0.9911)
(Fig. 2.6D). Less B-tubulin is also observed in Cav-17" mouse heart extracts compared

with controls (p=0.0497) (Fig. 2.6E).
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Confocal micrographs of mouse heart sections stained using a- (ab7291 or

+/+

ab7750) or B- tubulin antibodies reveal no discernible differences between Cav-1"" and

Cav-17 mouse hearts (Fig. 2.7A and 2.7B).

2.3.7: Collagen content of Cav-1'"* and Cav-17" mouse heart extracts

Using the Sircol collagen assay, no discernable difference in either acid soluble
(p=0.8238) (Fig 2.8A) or salt soluble (p=0.7413) (Fig. 2.8B) collagen content was found
between Cav-1"* and Cav-17" mouse hearts. Consequently, total collagen content

(p=0.7410) (Fig. 2.8C) was found not to be different between the hearts.

2.4: Discussion

In silico analysis showed that of the seven possible binding locations of CSD on
the MMP-2 protein, four of the CSD binding motifs are in the collagen binding domain of
MMP-2, while three are found in the hemopexin domain. Binding of CSD to the collagen
binding domain may inhibit MMP-2 activity by preventing substrate binding while
interaction of CSD with the latter may cause inhibition by preventing the binding of
other proteins that would otherwise serve to enhance MMP-2 activity (e.g. heparin®® or
TIMP-2"). All seven of the CSD binding motifs are on exposed outer surfaces of MMP-2
(Fig. 2.9) and are conserved between the mouse, rat, human and zebrafish MMP-2

sequences (Fig. 2.10), suggesting functional significance.

Our confocal micrographs reveal an interesting localization of MMP-2 in the
two strains of mice. While the localization of MMP-2 in the Cav-1"* hearts to the

plasma membrane and as intracellular striations is consistent with its reported
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sarcomeric association in the heart>®, it is interesting to observe its more diffuse
localization in the Cav-17" hearts, particularly in light of the fact that total MMP-2 is not
different between the two strains, as evidenced by the Western blots. This suggests
that Cav-1 may play a role in maintaining MMP-2 subcellular localization, not only at the
plasma membrane, but also at the sarcomeric level, though the mechanism by which

this may occur is not clear.

We next determined the consequences of Cav-1 knockout in the hearts from
Cav-17" mice on myocardial MMP-2 activity. We discovered that Cav-17" mouse hearts
had significantly increased MMP-2 activity when compared to controls. As these
knockout mice age, they demonstrate cardiovascular abnormalities where MMP-2
perturbation has been implicated, including dilated cardiomyopathy®® and altered
vascular reactivity?’. As a result of the discovery that there is increased MMP-2 activity
in these hearts without an increase in protein, we suspected that an endogenous
inhibitor may be altering MMP-2 activity. Because TIMP-4 is an abundant TIMP in the
heart®* and TIMP-2 is implicated in MMP-2 activation®®, we examined the abundance of
these endogenous MMP inhibitors. TIMP-2 and TIMP-4 levels were not significantly
different between Cav-17" and Cav-1"* hearts suggesting that other mechanisms

regulate MMP-2 activity.

Thus MMP-2 activity was increased in heart extracts from Cav-l'/', while in a
lipid raft enriched fraction from the hearts, minimal MMP-2 activity was detected. This
is consistent with our hypothesis that Cav-1 is responsible for maintaining MMP-2 in a
membrane associated and inhibited configuration. Without Cav-1 anchoring MMP-2 to

the membrane, the enzyme appears to be more diffusely distributed in the cytoplasm,
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though the amount of MMP-2 protein remains unchanged. Cav-17" hearts would thus
have free and potentially active MMP-2 in areas of the myocardium whereby proteolytic

damage of susceptible targets could impair contractile function.

To investigate the putative interaction of CSD with MMP-2, we measured the
kinetics of MMP-2 proteolysis of an artificial substrate, OmniMMP. In its intact form,
the fluorophore of OmniMMP is internally quenched whereas cleavage of the substrate
by MMP-2 releases a fluorescent peptide (Mca-Pro-Leu-Gly). Though the
rearrangement of four amino acids in CSD-X is sufficient to prevent CSD inhibitory

242 this does not necessarily alter the ability

activity on a number of different proteins
of the CSD to bind to its targets electrostatically’’. CSD-X shows a significantly reduced
ability to inhibit MMP-2 activity compared with CSD. Therefore the inhibition by CSD is

likely a mixture of electrostatic and specific binding between CSD and the caveolin

binding motifs of MMP-2.

As MMPs are best known to degrade components of the extracellular matrix, we
could not overlook the fact that the altered MMP-2 activity in the Cav-17 mouse hearts
may have significant effects on the extracellular components. During handling of the
hearts for tissue processing, we noted that the Cav-17 hearts were considerably more

+/+

brittle than their corresponding Cav-1 controls (unpublished observation).
Consequently, we hypothesized that the extracellular collagen components of the Cav-1
" hearts may be degraded by the elevated MMP-2 activity. However, our collagen assay
results do not support this hypothesis. This is particularly surprising in light of a recent

study which showed that caveolin-1 expression in COS-7 cells results in decreased MMP-

2 activation and inhibited collagen degradation and cell migration’®. However, the
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young age of the mice that we used may play a factor. Indeed, in the lungs of these Cav-
17 mice, there was increased collagen deposition in the lungs as determined by
picrosirius red staining at 6 months of age, but this was not evident at 1 or 3 months of
age”, suggesting that the extracellular matrix changes may not be evident until the mice

are older.

Interestingly, Cav-17 mouse heart extracts have significantly less tubulin
compared with Cav-1"* mice when examined by Western blot, yet these changes are
not evident by immunohistochemistry. The Insel group has suggested that tubulin
anchoring and the formation of the intracellular tubulin network may be responsible for
the formation of the caveolar microdomain®®. Our results, however suggest that the
reverse may also be true; that caveolae, and/or the presence of caveolin, may affect
tubulin. In particular, the C-terminal domain of a-tubulin appears to be altered in some
way in Cav-17 hearts that would reduce the ability of the antibodies to recognize and/or
bind to this region. Degradation or truncation of this region by MMP-2 is certainly
possible, particularly since MMP-2 is indeed capable of degrading a-tubulin (Fig. 2.6A),
though the MMP-2 cleavage site(s) on a-tubulin were not determined.  Others have
also found that the presence of Cav-1 is able to affect tubulin. Overexpression of Cav-1
in vascular smooth muscle cells actually increases tubulin polymerization while
downregulation of Cav-1 does the opposite, though the authors noted that the total
amount of tubulin in the cells did not change®'. Surprisingly, immunohistochemical
results using ab7750, the a-tubulin antibody that showed the greatest difference
between Cav-1"* and Cav-17" samples in Western blots, did not reveal any differences.
One possible explanation for this result may be that the antibody binds differently to a

reduced and denatured protein than it does to one that is fixed in its native
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conformation, though the fact that the Western blot results reveal a difference between
Cav-1"* and Cav-17 hearts suggests that the difference is more than a technique

limitation.

This experiments in this chapter show, for the first time, that Cav-1 is not only
capable of inhibiting MMP-2 activity, but that Cav-17 mouse hearts have increased
MMP-2 activity, without a concomitant increase in protein levels. Because of the
important role MMP-2 plays in heart disease, further investigation of this novel MMP-
2/Cav-1 interactions and other components that may associate with it, may reveal new
pharmacological targets which may ultimately reduce the impact cardiovascular

diseases.
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Figure 2.1: Caveolin binding domains in MMP-2

Sequence of human MMP-2 reveals the presence of seven caveolin binding motifs (bold
and underlined). These sequences are conserved in the mouse, rat and zebrafish MMP-
2. Colors of amino acids correspond with the same domain name in color. Experiments

done by A.K. Chow.
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Figure 2.2: Cav-1 localizes with MMP-2 in cardiac myocytes in left ventricular sections

MMP-2 (red) is found to be localized to the membrane of cardiac myocytes both in cross

+/+

(i) and longitudinal (v) sections in Cav-1"" hearts. Cav-1 (green) is similarly localized to
the membrane of cardiac myocytes in both cross (ii) and longitudinal (vi) sections.
Merged images show co-localization of Cav-1 and MMP-2 in yellow (iii and vii).
Magnified images of the insets of iii and vii are found in iv and viii, respectively. Line
profile analyses of the line indicated in the magnified inset shows co-localization of Cav-
1 and MMP-2 to the membrane in both cross (iv) and longitudinal (viii) sections. In
contrast, staining for MMP-2 in Cav-17" cross (ix) and longitudinal (xiii) sections appears
to be more diffuse than in Cav-1"* hearts, with no apparent localization in the
membrane. Cav-17" hearts did not stain with Cav-1 antibody (x and xiv) and merged
images (xi and xv) do not reveal areas of co-localization. Magnified images of the insets
in xi and xv are shown in xii and xvi, respectively. Line profile analyses of the areas
indicated by the line indicated in the magnified inset do not reveal membrane co-

+/+

localization of MMP-2 and Cav-1 as seen in Cav-1"" hearts. Nuclei are stained in blue in
all sections. The scale bar represents 5 um in panels i-iii, v-vii, ix-xi and 10 um in panels

xii, xiv and xv. Three hearts were examined per group with similar results. Experiments

done by A. K. Chow and W. J. Cho.
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Figure 2.3: CSD inhibition of MMP-2 in a kinetic assay

Proteolysis of an internally quenched fluorescent substrate (OmniMMP) by MMP-2 is
inhibited in a concentration-dependent manner by the CSD of Cav-1. The velocity of the
reaction in the absence of CSD (control) was 2.34+0.08 mOD/min. CSD-X inhibited
MMP-2 degradation in a concentration dependent manner, though at a significantly
lesser extent than CSD (N=4). Error bars indicate + SEM where they exceed the symbol

size. Experiments done by A. K. Chow.
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Figure 2.4: MMP-2 proteolytic activity and protein, and TIMP-2 and -4 protein in Cav-

1** and Cav-1"" hearts

(A) Whole heart extracts prepared from Cav-1"* (N=3) and Cav-17" (N=5) mice were
subjected to gelatin zymography to determine MMP-2 activity. Cav-17 hearts exhibit
significantly more MMP-2 gelatinolytic activity than Cav-1** hearts (p<0.05). (B) The
protein levels of MMP-2 in these hearts are not significantly different (p>0.05). The
protein levels of TIMP-2 (C) and TIMP-4 (D) were not significantly different between Cav-

1** and Cav-17" mouse hearts. Experiments done by A. K. Chow.
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Figure 2.5: Characteristics of lipid raft enriched fractions from Cav-1"* and Cav-1""

hearts

(A) Lipid raft enriched fractions from Cav-17 mouse hearts lacked both isoforms of Cav-
1, but contained levels of Cav-3 comparable to those found in Cav-1"* lipid raft enriched
fractions. Cav-1"* lipid raft enriched fractions contained significantly more MMP-2
gelatinolytic activity (B) and MMP-2 protein (C) than that from Cav-17" hearts. N=3 per

group. Experiments done by A. K. Chow, J. Cena and A. F. El-Yazbi.
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Figure 2.6: a-tubulin degradation and content in Cav-17 mouse hearts

(A) Human recombinant MMP-2 degrades human recombinant a-tubulin when
incubated at 37°C for one hour in a 1:50 ratio prior to being run on SDS PAGE and
Coomassie stained. Possible degradation products are indicated by arrows. Two
antibodies to a-tubulin show differences in tubulin content between Cav-1"* (N=3) and

Cav-17" (N=3) mouse hearts [(B) ab7750, p=0.0017; (C) ab52866, p=0.0311)] while one
does not [(D) ab7291, p=0.9911]. Less B-tubulin was also observed in Cav-17 hearts (E).

Experiments done by A. K. Chow.
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Figure 2.7: Immunohistochemical staining for tubulin in Cav-1*"* and Cav-1"" mouse

ventricle

(A) Cav-17* and Cav-17 mouse heart ventricular sections stained with a-tubulin
antibodies (ab7291 and ab7750). No differences between Cav-1"* and Cav-17
ventricular sections were observed when stained with ab7291 (red), raised against a.a.
426-450 at the C-terminal end of a-tubulin. Likewise, no differences were observed
when stained with ab7750, which is raised against a.a 65-97 on the N terminal of a-

tubulin . Similarly, no differences were observed when Cav-1"* and Cav-17" ventricles
were stained for B-tubulin (B). Nuclei are stained with DAPI and appear blue in the

micrographs. Scale bar represents 10 pum. N=3 per group with typical results shown.

Experiments done by W.J Cho.
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Figure 2.8: Collagen content Cav-1"* and Cav-1"" mouse heart as determined by Sircol

assay.

The acid soluble collagen content (A) and the salt soluble collagen content (B) were not
different between Cav-17* (N=3) and Cav-17" (N=3) mouse hearts (p=0.8238 and
p=0.7413, respectively). Consequently, the total collagen content (C) was not different
between these hearts (p=0.7410), as determined by the colorimetric Sircol assay.

Experiments done by A. K. Chow.
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Figure 2.9: CSD binding motifs on MMP-2

The CSD binding motifs (yellow) are illustrated on surface renderings and ribbon

structures of MMP-2. Experiments done by A. K. Chow.
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Figure 2.10: Sequence alignment of rat, mouse, human, pig, turkey medaka and

zebrafish MMP-2 proteins

The sequence alignment of MMP-2 proteins between different species shows that the
CBD (shown highlighted in yellow) is highly conserved between species. Amino acids in
red are poorly conserved between species while those in blue are highly conserved.

Black amino acids are moderately conserved. Experiments done by B. D. Crawford.
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CHAPTER 3

MMP-2 AND CAVEOLIN LOCALIZATION IN THE HEART

A version of this chapter has been published in:

Cho WIJ, Chow AK, Schulz R, Daniel EE. Matrix metalloproteinase-2, caveolins, focal
adhesion kinase and c-Kit in cells of the mouse myocardium. J Cell Mol Med 2007;

11:1069-1086.
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3.1: Introduction

Though biochemical and molecular biology advances have allowed us to
examine the possible relationships between proteins by using techniques such as
Western blotting, yeast two hybrid systems and immunoprecipitation, examination of
proteins via immunohistochemistry is one of the few methods by which proteins can be
examined in situ. Immunohistochemistry is primarily used to determine the localization
of specific antigens or proteins in tissue sections by exploiting the antigen-antibody
interaction. Antibodies labeled with a fluorescent dye, horseradish peroxidase, colloidal
gold or radioactivity are bound to the antigen/protein of interest and then visualized.
Previous immunohistochemical studies of the myocardium have revealed that
cardiomyocytes were closely apposed to fibroblasts, capillary endothelial cells and other

components in the interstitial space in heart tissue'™.

Researchers have used specific proteins as markers for particular structures
within the myocardium. Both myomesin and caveolin-3 can be found in
cardiomyocytes”®’. Myomesin is a prominent protein found at the sarcomeric M-line,
while caveolin-3 has thus far only been observed in striated and smooth muscle.
Prominent fibroblast markers include vimentin, discoidin domain receptor-2, a-smooth

muscle actin and focal adhesion kinase (FAK)*®™,

Vimentin is a major protein
component of intermediate filaments in mesenchymal cells while discoidin domain
receptor-2 is a receptor tyrosine kinase whose expression is restricted to cardiac
fibroblasts in the adult heart®. a-smooth muscle actin has been shown to be important

in the regulation of fibroblast contractility'’. FAK is a protein tyrosine kinase that is

required by cardiac fibroblasts for proliferation and migration'?. von Willebrand factor
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1314 It is a large glycoprotein that

(VWF) is used as a marker of capillary endothelial cells
is stored in the Weibel-Palade bodies of endothelial cells”. Despite the use of these
protein markers, identification of cell types and protein localization and co-localization

in the myocardium in situ remains difficult as cardiomyocytes, fibroblasts and capillary

endothelial cells are closely interposed.

Transmission electron microscopy, combined with immunolabeling is one
method by which it is possible to more accurately elucidate the localization of proteins
in cells when they are closely apposed. Transmission electron microscopy is a powerful
technique which can be used to visualize particles as small as 50 pm®®, thus allowing for
more accurate examination of protein localization at cellular and especially subcellular

levels.

Matrix metalloproteinase-2 (MMP-2) (gelatinase A, type Il collagenase) is a
tightly regulated enzyme that is in multiple cells of the heart, including cardiomyocytes,
fibroblasts and the endothelium. MMP-2 has been shown to play important roles in
wound healing and heart failure. Both intracellular and extracellular matrix action of

17-19

MMP-2 have been described in the heart during ischemia/reperfusion injury™"". More

recently, MMP-2 has been found at the cardiomyocyte plasma membrane, Z-line and

820 and is co-localized with Cav-1 at the surface of human endothelial

myofilaments
cells®. Its localization with other proteins in other cardiac cells such as fibroblasts or

capillary endothelial cells is yet unknown.

Caveolins are structural proteins that insert in the plasma membrane to form

caveolae, major components of lipid rafts, along with cholesterols, sphingolipids and G-

23-29

proteins in a number of cells®?, including smooth muscle cells . The caveolin gene
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family consists of three members which encode for the caveolin-1, -2 and -3 proteins.
All members of the caveolin family contain a CSD that can bind to signaling molecules
and play crucial roles in cell signal transduction®. The CSD (residues 82-101 in Cav-1,
54-73 in Cav-2 and 55-74 in Cav-3) is able to bind to exposed sequences of
DOXDXXXXDXXD (where @ is Phe, Tyr or Trp and X is any amino acid) when at least three
® are present. Once bound to the CSD, protein function is generally inhibited by
caveolin. In Chapter 2, it was previously reported that Cav-1 localized to the
cardiomyocyte plasma membrane and co-localizes with MMP-2, using confocal
microscopy and immunofluorescent analysis, and further showed that a synthetic CSD

domain is able to significantly inhibit the proteolytic activity of MMP-2%°.

The objectives of this study are to expand on our previous observations and
show the localization and co-localization of MMP-2 with all three caveolins in
cardiomyocytes, fibroblasts and capillary endothelial cells in the left ventricular
myocardium of Cav-1"* and Cav-17" mouse hearts. Studies of the distributions of focal
adhesion kinase, discoidin domain receptor-2, von Willebrand factor and tyrosine kinase
receptor were used to identify fibroblasts, endothelial cells and interstitial Cajal-like cells
(ICLC). In this study, we used 5 um heart cryosections for 2D confocal microscopy and

20 um cryosections for a 3D study with two-photon confocal microscopy.

3.2: Materials and methods

3.2.1: Animals

All experiments were performed in accordance with the Canadian Council on
Animal Care Guide to the Care and Use of Experimental Animals. 6-8 week old male Cav-
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17~ (cav<tm 1 M Is>/J) and control [(B6 129 SF2/)) (Cav—1+/+)] mice were obtained from

Jackson Laboratories.

3.2.2: Tissue preparation

All mice were sacrificed by intraperitoneal injection of 12 mg i.p. sodium
pentobarbital 10 min after administration of 1000 IU i.p. heparin according to a protocol
approved by the University of Alberta Animal Care Committee and following the
guidelines of the Canada Council on Animal Care. The hearts were rapidly excised and
Langendorff perfused at constant pressure (60 mm Hg) via the aorta with Krebs-
Henseleit buffer? for 10 min, followed by perfusion fixation in 4% paraformaldehyde in
0.1 M sodium phosphate buffer (pH 7.2-7.4) for 4 h at 4°C. The left ventricles were then
dissected out and rinsed and cryoprotected in 30% sucrose in 0.1 M phosphate buffer

overnight at 4°C and then stored at -80°C.

3.2.3: Cryosectioning

The cryoprotected left ventricles were frozen in Tissue-Tek® O.C.T. compound in
disposable embedding molds in the pre-cooler of the cryostat for 1 h. 5 um thick
cryosections for 2D imaging and 20 um sections for 3D imaging were attached to glass
slides coated with 1.5% 3-amino-propyltriethoxysilane (Sigma) in acetone. The

cryosections were allowed to dry at room temperature for 15 min.

3.2.4: Double immunofluorescent labeling

The dried cryosections were first rinsed in Triton-X 100 (0.3% for 5 um sections
and 0.5% for the for 20 um sections) in PBS (137 mM NaCl, 2.7 mM KCI, 10 mM
Na,HPO,, 1.76 mM KH,PO,) (pH 7.2-7.4) 2 x 10 min at room temperature to remove the

O.C.T. compound and accelerate antibody penetration to the target antigen followed by
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a rinse in PBS. To reduce artificial staining of non-specific proteins, 10% normal donkey
serum in PBS was applied for 1 h before applying primary antibody. For co-localization
studies of two different proteins, double immunolabeling was accomplished by one of
two different methods, either: (1) double labeling of primary antibodies from different
host species or, (2) double labeling of primary antibodies from the same host species, as
previously described®. Sequential staining of each primary antibody provided the best
results and was performed in both methods. Endogenous mouse IgG in the mouse heart
tissue was blocked by using the mouse IgG blocking reagent from M.0.M.™ kits (Vector

Laboratories Inc.).

All antibodies and sera used are summarized in Table 3.1. During the incubation
with antibodies, 2% normal donkey serum of total incubation volume was added. All
experimental procedures were performed at room temperature (22+1°C) unless
otherwise specified. To determine the specificity of immunolabeling, the primary
antibody was omitted, or when the antigen was available (Cav-2, Cav-3), it was used to
saturate the primary antibody by incubating 1 ug/mL of the blocking peptide with 1 pg
of the antibody for 30 min at room temperature prior to applying the saturated

antibody to the cryosections.

3.2.5: Confocal microscopy

The immunolabeled cryosections were observed using a two photon confocal
microscope (LSM 510, Carl Zeiss Co.) and saved using LSM 5 Image software (Carl Zeiss
Co.). Cy3 (red) was scanned by a helium / neon laser (wavelength 543 nm laser line)
with a long path 590 filter (560—700 nm excitation). Alexa488 (green) was captured by

an argon laser (wavelength 488 nm laser line) with a band path 500-550 infrared filter
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(500-550 nm excitation). DAPI (blue) for nuclear staining in all cells was acquired in the
range of 400—-470 nm excitation. All images obtained from the confocal microscope
were enhanced in brightness, contrast and with the y functions with the tools in LSM 5
Image software. Some images were de-convoluted using AutoDeblur and AutoVisualize

(Media Cybernetics Inc).

3.2.6: Electron microscopy

Two Cav-1"" and 2 Cav-17" (6—8 week old male) mouse hearts were examined
ultrastructurally. The mouse was deeply anaesthetized with halothane and the thorax
opened. The heart was freed from the pericardium and a 26G1/2 needle (Becton
Dickinson & Co.) was inserted into the left ventricle. The right auricular appendage was
cut and the mouse was exsanguinated by flushing its circulatory system with 30 mL of
0.1 M phosphate buffer, followed by 30 mL of a mixture of 0.1% glutaraldehyde and 2%
paraformaldehyde in 0.1 M phosphate buffer. The partially fixed heart was removed
and cut into 1 mm? pieces and placed in a mixture of 2.5% glutaraldehyde and 4%
paraformaldehyde in 0.075 M sodium cacodylate buffer for a further 2 h at 4°C. The
fixed heart samples were briefly rinsed in 0.075 M cacodylate buffer, followed by post-
fixation in 1% OsO, (Electron Microscopic Sciences) in 0.05 M cacodylate buffer for 2 h
at 4°C. The pre- and post-fixed heart samples were dehydrated using ethyl-alcohol
substitution with propylene oxide, and infiltrated using a mixture of Araldite512-
Embed812. The samples were heat polymerized with an epoxy accelerator, 1.5% DMP-
30 (2,4,6-tri-(dimethylaminomethyl) phenol) (Electron Microscopic Sciences) for 48 h at
60°C. 1 um thick sections were cut, stained with 1% toluidine blue and evaluated for
ultra-thin sectioning. Ultra-thin sections of 50 nm were cut and loaded using Perfect

Loop (Electron Microscopic Sciences) onto a 300-mesh copper grid or a 100-mesh
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copper grid coated with 0.25% Formvar solution in ethylene dichloride (Electron
Microscopy Sciences). Sections were stained with 4% uranyl acetate (Canemco &
Marivac Inc.) in 50% ethanol and Reynold's lead citrate, lead nitrate (TAAB Laboratories
Equipment Ltd.) and sodium citrate (J.T. Baker Inc.). The grids were examined using a
Philips 410 electron microscope equipped with a charge-coupled device camera

(MegView lIl) at 80 kV.

3.3: Results

3.3.1: General distribution of MMP-2

The cell types of the heart were identified based on morphological
characteristics. Cardiomyocytes are striated, multi-nucleated cells with intercalated
disks. Fibroblasts lack a basement membrane, have an oval nucleus with one or two
nucleoli and have multiple extensions. Capillary endothelial cells are long, narrow,
frequently branching structures with a smaller nucleus than fibroblasts and rest on a
basement membrane. In the Cav-1"* mouse left ventricular myocardium, MMP-2 was
widely and prominently distributed at cardiomyocyte plasma membranes and Z-lines
and the plasma membrane and cytoplasm of fibroblasts and capillary endothelial cells
(Fig. 3.1). In Cav-17" samples however, MMP-2 immunostaining was significantly

reduced or absent in all three cell types examined (Fig. 3.1).

3.3.2: MMP-2 and Cav-1 co-localization in cardiomyocytes

MMP-2 co-localized well with Cav-1 at the plasma membrane of

+/+

cardiomyocytes, fibroblasts and capillary endothelial cells in the Cav-17" ventricular

+/+

samples. Partial co-localization between MMP-2 and Cav-1 was observed in the Cav-1
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ventricles at the Z-lines (Fig. 3.2A—C). In contrast, the Cav-17" heart showed that MMP-

2 was significantly reduced or absent in all these cell types (Fig. 3.2D).

3.3.3: Localization of MMP-2 and Cav-2 in cardiomyocytes

The distribution of Cav-2 is markedly different from that of Cav-1. In Cav- 1*/*
myocardial samples, Cav-2 was present only in capillary endothelial cells, seen as long
narrow tubular and anastomotic structures shown optimally in longitudinal sections.
However, no Cav-2 was observed in cardiomyocytes at the plasma membranes or Z-
lines. MMP-2 co-localized well with Cav-2 in the capillary endothelial cells. A few cells
adjacent to the cardiomyocyte plasma membrane in the interstitial space were MMP-2-
positive, but Cav-2-negative and it was unclear whether these cells were fibroblasts or

another cell type (Fig. 3.2E-G).

The distribution of Cav-2 in Cav-17" ventricular samples is similar to that found

+/+

in Cav-1"" myocardium, despite the absence of Cav-1. Cav-2 was present in capillary
endothelial cells and absent in cardiomyocyte plasmalemma and Z-lines in Cav-17 left

ventricular myocardium (Fig. 3.2H).

3.3.4: Localization of MMP-2 and Cav-3 in cardiomyocytes

In the Cav-1"* myocardial samples, Cav-3 was prominent and co-localized well
with MMP-2 at cardiomyocyte plasma membranes and Z-lines (Fig. 3.21-K). In addition
to the cardiomyocyte plasma membrane and Z-lines, Cav-3 localization in Cav-17"
myocardium was observed in capillary endothelial cells and fibroblasts. Fibroblasts were
identified by comparatively larger nuclei and narrower cytoplasm than endothelial cells

(Fig. 3.2L).
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3.3.5: Localization of MMP-2 in FAK positive fibroblasts

In Cav-1""* myocardium, fibroblasts which run alongside cardiomyocytes and
endothelial cells were FAK positive. In Fig. 3.3A-C, one FAK-positive fibroblast was
connected to another FAK-positive fibroblast by a thin, elongated tail. MMP-2 also

+/+

appeared in the FAK-positive fibroblast and co-localized with FAK in Cav-1"" samples
(Fig. 3.3A—C). Interestingly, Cav-17" myocardial fibroblasts show no evidence of FAK

immunoreactivity (Fig. 3.3D).

3.3.6: Localization of MMP-2 in DDR-2 positive fibroblasts

Discoidin domain receptor-2 (DDR-2) was used as an additional fibroblast
marker to further elucidate the relationships between proteins. DDR-2
immunoreactivity was observed in fibroblasts found in the interstitial space. It also
appeared faintly in cardiomyocytes, though this is likely a result of non-specific staining

(Fig. 3.3F).

DDR-2 positive fibroblasts in Cav-1"* myocardium contained MMP-2 which was
partially co-localized with DDR-2 (Fig. 3.3E—G). Fibroblasts in the interstitial space of
Cav-17 myocardium were also positive for DDR-2 immunohistochemical staining (Fig.

3.3H).

3.3.7: MMP-2 in capillary endothelial cells
Capillary endothelial cells of both Cav-1"* and Cav-17" ventricles showed similar
positive staining for von Willebrand factor. In Cav-1"* sections, von Willebrand factor

co-localized with MMP-2, while this was not seen in the Cav-17" section (Fig. 3.3I-L).
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3.3.8: MMP-2 in interstitial Cajal-like cells

Interstitial Cajal-like cells (ICLC) appeared as c-Kit positive groups in the
interstitial space near cardiomyocytes and capillary endothelial cells. The c-Kit positive
ICLC run parallel to or are intertwined with capillary endothelial cells. MMP-2 appeared
co-localized with c-Kit in these ICLCs in Cav-1"* myocardium (Fig. 3.3M-0). In Cav-17"
ventricular sections, MMP-2 and c-Kit immunoreactivity were significantly reduced or

absent, respectively (Fig. 3.3P).

3.3.9: Co-localization of Cav-1 and Cav-2

Though Cav-1 appears in fibroblasts, capillary endothelial cells and the plasma
membrane and Z-lines of cardiomyocytes in Cav-1"* sections, Cav-1 immunoreactivity
co-localized with Cav-2 only in capillary endothelial cells. 3D structural analysis of Cav-1
positive fibroblasts and Cav-2 positive capillary endothelial cells showed that these cells
are intertwined and are closely apposed (Fig. 3.4A—C). Cav-2 staining was observed in
+/+

capillary endothelial cells in Cav-17" sections, similar to that observed in Cav-1

sections (Fig. 3.4D).

3.3.10: Co-localization of Cav-1 and Cav-3

Cav-1 shows strong co-localization with Cav-3 on the plasma membranes of Cav-
1*"* cardiomyocytes, fibroblasts and capillary endothelial cells. However, Z-line staining
shows differences between Cav-1 and Cav-3. Cav-3 appears strongly at the Z-lines while
Cav-1 appears as distinct, punctate sites at or near the Z-lines (Fig. 3.4E-G). In Cav-17"

+/+

sections, Cav-3 distribution is similar to that in Cav-1"" samples with immunostaining
clearly present at cardiomyocyte plasma membranes and Z-lines, and also appearing in

some fibroblasts and capillary endothelial cells (Fig. 3.4H).
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3.3.11: Co-localization of Cav-2 and Cav-3

In both Cav-1"* and Cav-17" hearts, Cav-2 staining appears in capillary
endothelial cells identified by their tubular, anastomotic shapes. Cav-2 partially co-

localizes with Cav-3 in both strains of mice (Fig. 3.41-L).

3.3.12: FAK-positive fibroblasts and co-localization with Cav-1

In Cav-1*" myocardium, FAK immunoreactivity was evident throughout the
cytoplasm of fibroblasts, including their elongated cytoplasmic tails, and co-localizes
with Cav-1. Some FAK-positive fibroblasts also appeared interconnected (Fig. 3.5A—C).
In contrast, Cav-17" myocardium, FAK was completely absent in the cytoplasm of

fibroblasts and only appeared in some nuclei of various cell types (Fig. 3.5D).

3.3.13: vWF-positive capillary endothelial cell and its co-localization with Cav-1

Cav-1 immunoreactivity was observed in the plasma membrane and cytoplasm

+/+

of capillary endothelial cells of Cav-1"" myocardium, while VWF was seen in the

cytoplasm and co-localized well with Cav-1 where present. Cav-1 and vWF co-
localization show that Cav-1 is present in the capillary endothelial cells of Cav-1"*

myocardium (Fig. 3.5E-G). VWF was also present in the endothelial cells of Cav-17"

hearts, despite the absence of Cav-1 (Fig. 3.5H).

3.3.14: DDR-2-positive fibroblast and its co-localization with Cav-1

Several DDR-2 positive fibroblasts were in the interstitial space when observed
in cross sections of mouse myocardium. DDR-2 also partially co-localized with Cav-1 in
Cav-1"* sections (Fig. 3.51-K). DDR-2 positive fibroblasts were also evident in the

interstitial space of Cav-17" cross sections (Fig. 3.5L).
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3.3.15 c-Kit-positive ICLCs and its co-localization with Cav-1

ICLCs in Cav-1"/* sections showed c-Kit-positive staining which revealed multiple
processes. This immunoreactivity co-localized well with Cav-1 in Cav-1** ventricle (Fig.
3.5M-0). Interestingly, c-Kit was completely absent in Cav-17" ventricular sections (Fig.

3.5P).

3.3.16: FAK-positive fibroblast and its relationship with Cav-2

3D reconstructed images showed that in Cav-1"* sections, FAK positive
fibroblasts were in close proximity to Cav-2 positive capillary endothelial cells, though
the two proteins did not co-localize (Fig. 3.6A—C). In Cav-17" 3D images, Cav-2 appears in

non-nuclear components (Fig. 3.6D).

3.3.17: c-Kit-positive interstitial Cajal-like cell and its relationship with Cav-2

Cav-1"* sections showed that c-Kit positive ICLCs appeared in the interstitial
space in close proximity to cardiomyocytes and was not found with Cav-2 in capillary
endothelial cells (Fig. 3.6E—G). Again, c-Kit was completely absent in Cav-17" mouse

myocardium (Fig. 3.6H).

3.3.18: FAK-positive fibroblasts and its co-localization with Cav-3

Both FAK positive fibroblasts and FAK negative cells were observed in the
interstitial space of Cav-1"* myocardium. Some of the FAK positive fibroblasts also
showed Cav-3 immunoreactivity and this was co-localized with FAK. All FAK-negative
cells showed evidence of Cav-3 staining (Fig. 3.7A-C). In Cav-1" sections, FAK was not
observed in non-nuclear areas of cells but did appear in fibroblasts in the interstitial

space (Fig. 3.7D).
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3.3.19: DDR-2-positive fibroblasts and its co-localization with Cav-3

+/+

Examination of Cav-1"" myocardium revealed the presence of DDR-2 positive
fibroblasts in the interstitial space. DDR-2 was occasionally found to be co-localized
with Cav-3 (Fig. 3.7E—G). Several weakly DDR-2 positive processes were present near
cardiomyocytes in the interstitial space, though no co-localization with Cav-3 was

observed. Non-specific staining of DDR-2 was observed in Cav-17" cardiomyocytes (Fig.

3.7H).

3.3.20: vWF-positive capillary endothelial cells and its relationship with Cav-3

In both Cav-1"* and Cav-17 myocardium, VWF was present in capillary
endothelial cells, without co-localization with Cav-3. Thus, it appears that vWF is closely
associated with Cav-1 but not with Cav-3 in both Cav-1"* and Cav-17" myocardium (Fig.

3.71-L).

3.3.21: c-Kit-positive ICLCs and its co-localization with Cav-3

ICLCs in Cav-1"* sections revealed the presence of both Cav-3 and c-kit, though
they were only partially co-localized at ICLC processes. The ICLC processes were in close
proximity to cardiomyocytes making it hard to distinguish between Cav-3 positive ICLC
processes and Cav-3 positive cardiomyocyte plasma membranes (Fig. 3.7M-0).
Examination of Cav-17" sections revealed a complete absence of c-Kit but Cav-3
appeared at the plasma membranes and Z-lines of cardiomyocytes, as well as in

fibroblasts (Fig. 3.7P).

3.3.22: FAK and vWF are not associated

In order to determine whether FAK and vVWF are markers of fibroblasts and

capillary endothelial cells, respectively, it was necessary to determine whether these
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two markers are ever present in the same cell. FAK was found to be present specifically
in the cytosol of fibroblasts and non-specifically in nuclei of all cell types in Cav-1*"*

myocardium (Fig. 3.8A—C). vVWF was found specifically in the endothelial cells of both

Cav-1"* (Fig. 3.8B) and Cav-17" heart samples (Fig. 3.8D).

3.3.23: Association between DDR-2 and c-Kit

Both DDR-2 positive fibroblasts and c-Kit positive ICLC appeared in the
interstitial space in distinct cells, however, a few fibroblasts possessed both DDR-2 and
c-Kit and the two proteins partially co-localized in the Cav-1"* heart (Fig. 3.8E-G).
Although c-Kit was completely absent in Cav-17" samples, DDR-2 positive fibroblasts

were present (Fig. 3.8H).

3.3.24: Cardiomyocyte electron microscopy

Examination of longitudinal sections of Cav-1"* cardiomyocytes by electron
microscopy revealed caveolae that present as flask-shaped invaginations at the
sarcolemma. A number of large mitochondria were also observed interrupting
myofilaments. Spherical lipid droplets were frequently found at the ends of the
mitochondria. The sarcoplasmic reticulum was present along the sarcolemma and
found between masses of myofilaments. Dense glycogen granules were found near the

mitochondria and nearby Z-lines (Fig. 3.9A and B).

In contrast, Cav-1" longitudinal cardiomyocyte sections revealed fewer open
caveolae along the sarcolemma and the sarcoplasmic reticulum is discontinuous. Similar
to Cav-1"* sections, Cav-17 sections revealed abundant mitochondria and myofilaments

(Fig. 3.9D and E).
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3.3.25: Capillary endothelial cell electron microscopy
Capillary endothelial cells were typically located near or in-between
cardiomyocytes. Open caveolae were present at the capillary endothelial cell

+/+

membrane while closed caveolae were found in the cytoplasm of Cav-17" samples (Fig.

3.9A and B).

Capillary endothelial cell localization in Cav-17" sections was similar to that
found in Cav-1"" myocardium. Interestingly, some open caveolae also appeared at the
membranes of capillary endothelial cells and pericytes also occasionally appeared (Fig.

3.9D and E).

3.3.26: Fibroblast electron microscopy

Fibroblasts were typically found either between cardiomyocytes and
cardiomyocytes and capillary endothelial cells, or in the interstitial space near
cardiomyocytes. Electron microscopy revealed that fibroblasts had a large, centrally
located nucleus and a well developed rough endoplasmic reticulum, though

+/+

mitochondria were rare. Open caveolae were not observed in the Cav-1"" section (Fig.

3.9B and C).

+/+

Fibroblast localization in Cav-17" samples was similar to that found in Cav-1
sections with similar organelle distribution. Interestingly, open caveolae were also

observed in the membranes of Cav-17" fibroblasts (Fig. 3.9E and F).

A complete summary of the findings of this study are also summarized in Tables

2 and 3.
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3.4: Discussion

Using two-photon confocal microscopy, we found that: 1) MMP-2 protein
expression and localization is perturbed in Cav-1" cardiomyocytes, fibroblasts and
capillary endothelial cells; 2) Cav-2 is found independent of Cav-1 in capillary endothelial
cells; 3) Cav-3 is independent of Cav-1 in cardiomyocytes and fibroblasts; 4) FAK is

dependent on Cav-1 in fibroblasts and 5) c-Kit is dependent on Cav-1 in ICLC.

The finding that MMP-2 protein is found in cardiomyocyte membrane and Z-
lines has been previously reported™. The fact that MMP-2 is closely linked with Cav-1 in
cardiomyocyte membranes is consistent with our previous observations®®. Our current
results clearly show that MMP-2 expression is dramatically diminished in Cav-1"
myocardium when compared with Cav-1"* samples. Though it is not yet clear why
exactly the absence of Cav-1 affects the presence of MMP-2 protein, we hypothesize
that Cav-1 may be responsible for scaffolding MMP-2 at sites where it is in close
proximity to both upstream and downstream effectors of MMP-2 action. As a result of
Cav-1 knockout, the MMP-2 is more diffusely localized within the cardiomyocyte and
less obvious with immunohistochemical staining, though the total amount of MMP-2

remains unchanged, as we have previously reported?.

In Cav-1*/* cardiomyocytes, Cav-1 appeared as a continuous stain along the
cardiomyocyte membrane, which is significantly different from the staining pattern
observed in intestinal smooth muscle cells and interstitial cells of Cajal where a distinct

d*?. In smooth muscle cells, caveolae, the formation of

punctate stain was reporte
which are solely dependent on Cav-1, tend to form along the long axis of the smooth

muscle cell. Consequently, when the cells are cut in cross section, the staining appears
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as a speckled pattern. In contrast, caveolae in cardiomyocytes appear at irregular
intervals and may be formed by either Cav-1 or Cav-3. It is also possible that in

cardiomyocytes, Cav-1 may appear in lipid rafts that are independent of caveolae.

Interestingly, in this study we found that Cav-2 appears only in capillary
endothelial cells, independent of the presence of Cav-1. This also differs from the
previous observation in the intestine, where the presence of Cav-2 was entirely
dependent on the existence of Cav-1 in both intestinal smooth muscle cells and
interstitial cells of Cajal’’, suggesting that Cav-2 expression may be differentially
regulated depending on the tissue type. The observation that Cav-2 appears in
myocardium, regardless of Cav-1 status is particularly intriguing, especially since it has
been observed that Cav-2 targeting to the membrane is dependent on its
phosphorylation status, which in turn is influenced by Cav-1 in human umbilical vein

endothelial cells®.

Another difference between the observations in the intestine and those in the
myocardium is the appearance of Cav-3. In intestinal smooth muscle cells and
interstitial cells of Cajal, Cav-1 knockout abolished the presence of Cav-3 and greatly
diminished its presence in the outer circular muscle when compared with Cav-1"
intestine?®. In the myocardium, however, Cav-3 appears similarly in both Cav-1"* and
Cav-17 with punctuate staining at the Z-lines and a more diffuse pattern in fibroblasts.
This is of particular interest, especially in light of the fact that the Lisanti group has

found that though all three members of the caveolin family can interact to form hetero-

oligomers in skeletal muscle and L6 myaoblasts, but not in mouse embryonic fibroblasts,
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and they have thus concluded that the hetero-oligomer formation occurs only in muscle

cells*,

Electron microscopy revealed the presence of caveolae in cardiomyocytes of
Cav-1" myocardium and this is consistent with reports that indicate the presence of
Cav-3 is sufficient to induce the formation of caveolae in muscle cells?**2, What is not
yet known, however, is whether the absence of Cav-1 in the heart can cause functional

perturbations when caveolae are still present. For example, disruption of lipid rafts, and

thus caveolae, using methyl-B-cyclodextrin can severely disrupt B-adrenergic signaling in

cardiac myocytes® and Cav-1 knockout disrupts B-adrenergic function in the small

intestine®®, but whether this adrenergic perturbation is also present in the Cav-17 heart

is examined in Chapter 4 of this thesis.

Apart from the cardiomyocytes in Cav-17 mouse hearts, immunohistochemical
analysis of fibroblasts from these same hearts revealed interesting results. Fibroblasts

3536 and one

in the heart are involved in wound healing following myocardial infarction
factor which may play an important role in mediating this healing is FAK, which is
involved in cell adhesion and migration®’. We found that FAK co-localizes with both
MMP-2 and Cav-1 in Cav-1"* fibroblasts while Cav-17" fibroblasts show a distinct
absence of FAK. This result is not particularly surprising, given that the phosphorylated
form of Cav-1 has been found to associate with FAK, independent of caveolae. This may
have significant consequences as this may regulate actin stress fiber formation, altering
fibroblast/myofibroblast transformation and result in extracellular matrix deposition

which is essential for wound healing™. It has also been noted that FAK signaling may be

responsible for Cav-3 expression. Indeed, FAK inhibition suppressed normal increases in
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Cav-3 expression during normal myoblast fusion and the authors postulate that this may
result in impaired myoblast fusion®, though whether Cav-1 is also involved has yet to be

examined.

c-Kit, a receptor tyrosine kinase, has been implicated in playing roles in cell
differentiation, cell survival and proliferation. Our finding that c-Kit protein expression is
notably absent in Cav-17 heart ICLC is also interesting, given the fact that c-Kit protein
expression appears to be independent of Cav-1 in interstitial cells of Cajal in Cav-17
small intestine®. Others who have examined Cav-17" ICLC using electron microscopy
found that caveolae were completely absent®®, though they also report an absence of
caveolae in capillary endothelial cells, which is not the case in our samples. Though the
pacemaker activity of the interstitial cells of Cajal in the gut is well characterized
(reviewed in *°), much less is known about the function of ICLCs in the heart, though
there is speculation that ICLCs may also be responsible for pacemaker activity and

intercellular communication®.

In conclusion, our immunohistochemical and electron microscopic findings
suggest that Cav-1 knockout in the heart may have consequences beyond the absence
of the Cav-1 protein. A variety of different proteins, such as MMP-2, FAK and c-Kit are
also notably perturbed in Cav-1" cardiomyocytes, fibroblasts, ICLC and capillary
endothelial cells. Whether these alterations result in altered function, either

physiologically or pathophysiologically, remains to be seen.
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Figure 3.1: MMP-2 in Cav-1'"* and Cav-17" left ventricular myocardium

+/+

MMP-2 (red) is found at the plasma membrane and the Z-lines of Cav-1"" left ventricular
myocardium, while it is notably reduced in the Cav-1" myocardium. Nuclei are stained

with DAPI and appear blue. The scale bar represents 10 um.
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Figure 3.2: MMP-2 localization with caveolins in Cav-1"* and Cav-1"" left ventricular

myocardium

(A-C) MMP-2 (red) appeared to have good co-localization (yellow) with Cav-1 (green) at
cardiomyocyte plasma membranes (large black arrows), capillary endothelial cells (white
arrows) and fibroblasts (small black arrows) in Cav-1** sections. Partial co-localization
between Cav-1 and MMP-2 is also observed at the Z-lines (arrowheads). (D) Cav-1 is
absent and MMP-2 is markedly reduced at cardiomyocyte plasma membranes (black
arrow), capillary endothelial cells and fibroblasts. (E-G) MMP-2 (red) co-localization with
Cav-2 (green) appears only at capillary endothelial cells (black arrows). MMP-2 is also
present in fibroblasts (white arrows). (H) Cav-2 (green) is present in capillary endothelial
cells of Cav-17" myocardium. (I-Kk) MMP-2 (red) and Cav-3 (green) are co-localized
(yellow) at cardiomyocyte plasma membranes (black arrows), Z-lines (arrowheads) and
partially at fibroblasts (white arrows). (L) In Cav-17" myocardium, Cav-3 (green) appears
in a similar pattern as seen in Cav-1"* myocardium. CM, cardiomyocyte; IS, interstitial

space. The scale bar represents 10 um for A-H, and L and 20 um for I-K.
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Figure 3.3: MMP-2 co-localization with FAK, DDR-2, vWF and c-Kit in Cav-1"* and Cav-

17" myocardium

(A-C) MMP-2 (green) and FAK (red) co-localize (black arrow) in Cav-1** myocardium. (E-
G) MMP-2 (green) and DDR-2 (red) also co-localize in Cav-1"* myocardium at fibroblasts
(nucleus: large asterisk). (I-K) MMP-2 (red) and VWF (green) are co-localized at Cav-1""*
capillary endothelial cells (nucleus: small asterisks). (M-O) MMP-2 (green) also co-
localizes (arrows) with c-Kit (red) in Cav-1** myocardial ICLC adjacent to
cardiomyocytes. In Cav-17", FAK (red) (D) and c-Kit (red) (P) are completely absent in
fibroblasts and ICLC, respectively, though FAK is present in the nuclei of all cells. vVWF,
however, is still present in capillary endothelial cells of Cav-17" myocardium (L). Cell

borders are outlined in white in (L). CM, cardiomyocyte; IS, interstitial space. Scale bar

is 10 um for all images.
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Figure 3.4: Co-localizations of caveolins in Cav-1"* and Cav-1" myocardium

(A-C) Cav-1"* 3D reconstructed images (-45° rotation of y-axis) shows Cav-1 (red) in both
fibroblasts (nucleus: large asterisks) and capillary endothelial cells (nucleus: small
asterisks) while Cav-2 (green) is found only in capillary endothelial cells. Cav-1 and Cav-2
partially co-localize at capillary endothelial cells (black arrows), though Cav-1 also
appears independently of Cav-2 in these (white arrows). (E-G) Cav-1 (red) co-localizes
with Cav-3 (green) at cardiomyocyte membranes (large black arrow), fibroblasts
(nucleus: large asterisks) and their interconnecting tails (small open arrow) and capillary
endothelial cells (nucleus: small asterisks). Cav-1 is also found at cardiomyocyte Z-lines,
partially co-localized with Cav-3. (I-K) Cav-2 (green) and Cav-3 (red) also co-localize at
anastomotic (asterisk) capillary endothelial cells (arrows). (D) Cav-2 (green) is present in
capillary endothelial cells of Cav-17" myocardium. (H) Cav-3 (green) is found in
cardiomyocyte plasma membranes, Z-lines and fibroblasts (asterisks) of Cav-17
myocardium. (1) Cav-2 (green) and Cav-3 (red) co-localization (black arrows) in Cav-17
myocardium in capillary endothelial cells is similar to that found in Cav-1"" myocardium.
Co-localization (open arrows) of Cav-2 (green) and Cav-3 (red) at CEC is similar to that in

Cav-1"*. CM, cardiomyocyte; IS, interstitial space. Scale bar is 10 um for all images.
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Figure 3.5: Cav-1 localization with FAK, DDR-2, VWF and c-Kit in Cav-1"* and Cav-1""

myocardium

(A-C) Cav-1 (green) co-localized with FAK (red) in fibroblasts with long tails (nucleus:
asterisks) in Cav-1"* myocardium. (E-G) Cav-1 (red) co-localized (arrows) with VWF

+/+

(green) at capillary endothelial cells (nucleus: asterisks) in Cav-1"" myocardium. (I-K)
Cav-1 (red) co-localized (arrows) with DDR-2 (green) at some fibroblasts around a
venule, but not others (asterisks) in Cav-1"* myocardium. (M-0O) Cav-1 (green) co-

+/+

localized with c-Kit (red) in Cav-1"" myocardium. (D, P) FAK and c-Kit are absent in
Cav-17 fibroblasts and ICLC, respectively. (H, I) vWF (green) and DDR-2 (green) appear
in Cav-17" capillary endothelial cells and fibroblasts, respectively. Borders of cells are

outlined in white. CM, cardiomyocyte; IS, interstitial space. Scale bar is 10 um for all

images.
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Figure 3.6: Co-localization of Cav-2 with FAK and c-Kit in Cav-1"* and Cav-1"-

myocardium

(A-C) Cav-2 (green) (white arrow) appears only in capillary endothelial cells (nucleus:
small asterisks) and FAK (red) (black arrow) only in fibroblasts (nucleus: large asterisks)
of Cav-1""* myocardium. An anastomotic structure is also present (open arrowhead). (E-
G) Cav-2 (green) does not co-localize with c-Kit (red). Black arrows indicate fibroblasts,
large asterisk fibroblast nucleus and small asterisk capillary endothelial cell nucleus. (D,
H) FAK, c-Kit and Cav-1 are all absent in Cav-17 myocardium. Borders of cells are
outlined in white. Cell borders are outlined in white. CM, cardiomyocyte; IS, interstitial

space. Scale bar is 10 um for all images.
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Figure 3.7: Co-localization of Cav-3 with FAK, DDR-2, vWF and c-Kit in Cav-1"* and

Cav-1"" myocardium

(A-C) Cav-3 (green) and FAK (red) are partially co-localized (yellow) (large arrows) in Cav-
1*"* fibroblasts. Other fibroblasts are Cav-3-positive but FAK-negative (small arrows). (E-
G) Cav-3-positive (red) fibroblasts are DDR-2-positive (green) and the two proteins are
partially co-localized in fibroblast tails (arrows). (I-K) vWF-positive capillary endothelial
cells (arrows) lack have Cav-3. (M-O) ICLC are both Cav-3- (green) and c-Kit-positive

+/+

(red) and the two proteins are partially co-localized (yellow) in Cav-1"" myocardium. (D,
P) Cav-3 is present in cardiomyocyte plasma membranes, Z-lines and fibroblasts
(arrows), but FAK and c-Kit are completely absent in Cav-1" myocardium. (H, 1) DDR-2

and vWF appear in Cav-17 fibroblasts and capillary endothelial cells, respectively. FB

and CEC, respectively. Scale bar is 10 um for (A-D, I-P) and 7 um for (E-G).
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Figure 3.8: FAK, VWF, DDR-2 and c-Kit in Cav-1"* and Cav-1" myocardium

(A-C) FAK (red, black arrows) appear in fibroblasts and vWF (green, white arrows)

+/+

appear in capillary endothelial cells and do not co-localize in Cav-1"" myocardium. (E-G)
Some DDR-2-positive fibroblasts (green, small open arrow) and are partially co-localized
with c-Kit (red, small closed arrows). (D) VWF (green, arrows) is present in Cav-17"
capillary endothelial cells, but FAK is absent. (H) c-Kit is absent but DDR-2 (green,

arrows) appears in fibroblasts of Cav-17" myocardium. CM, cardiomyocyte; IS, interstitial

space. Scale bar is 10 um for all images.
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Figure 3.9: Electron micrographs of cardiomyocytes, fibroblasts and capillary

endothelial cells in Cav-1"* and Cav-1"" myocardium

(A-C) Cardiomyocytes, fibroblasts and capillary endothelial cells are closely apposed in
Cav-1"* myocardium. Caveolae (Cav, arrows) are present in cardiomyocyte sarcolemma
and at capillary endothelial cell membrane. The sarcoplasmic reticulum (SR, closed thin
arrows) is continuously arranged between myofilaments in cardiomyocytes. The
endoplasmic reticulums (ER, open thin arrows) are in close proximity to Cav at capillary
endothelial cell membranes. T-tubules (arrowheads) are adjacent to Cav and SR in
cardiomyocytes and large mitochondria (m) are adjacent to the sarcolemma. Fibroblasts
do not have Cav but have well-developed rough ER. (D-F) As in Cav-1"* myocardium,
Cav-17" myocardium shows that cardiomyocytes, fibroblasts and capillary endothelial
cells are closely apposed. Some Cav (arrow) are present at the sarcolemma and the flat-
shaped SR (closed thin arrows) found along the sarcolemma is discontinuous in Cav-1"
cardiomyocytes. T-tubules (arrowheads) are adjacent to SR. Capillary endothelial cells

and fibroblasts have few Cav (FB-p, fibroblastic process).
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Table 3.1: Antibodies and sera used in experiments

Primary antibodies

Antibody Host Dilution Cat. No. Source
MMP-2 Mouse (monoclonal) | 1:400 MAB3308 | Chemicon
International
Cav-1 Mouse (monoclonal) | 1:50 610406 BD Transduction
Cav-2 Rabbit (polyclonal) 1:400 Ab2911 AbCam
Cav-3 Mouse (monoclonal) | 1:200 610420 BD Transduction
Cav-3 Rabbit (polyclonal) 1:200 Ab2912 AbCam
FAK Mouse (monoclonal) | 1:100 MAB1144 | Chemicon
International
DDR2 Rabbit (polyclonal) 1:10 Ab5520 AbCam
vWF Rabbit (polyclonal) 1:200 Ab7356 AbCam
c-Kit Mouse (monoclonal) | 1:20 32-9000 Invitrogen
Secondary antibodies

Fab fragment rabbit anti-mouse IgG 325-007- Jackson

003 ImmunoResearch
Cy3 donkey anti-mouse IgG 715-165- Jackson

151 ImmunoResearch
Alexa488 donkey anti-rabbit IgG A-21206 Invitrogen

Sera

Mouse IgG blocking reagent BMK-2202 | Vector
Normal donkey serum 566460 Calbiochem

MMP-2, matrix metalloproteinase-2; Cav-1, caveolin-1; Cav-2, caveolin-2; Cav-3,
caveolin-3; FAK, focal adhesion kinase; DDR2, discoidin domain receptor-2; vWF, von
Willebrand factor; c-2kit, receptor tyrosine kinase

-151-



Table 3.2: Protein co-localization in Cav-1"* myocardium

Proteins cM CEC FB ICLC
PM Z-line MF

MMP-2 + Cav-1 +++ + + +++ | +++ | n/a
MMP-2 + Cav-2 - - - +++ - n/a
MMP-2 + Cav-3 +++ +++ +++ ++ + n/a
MMP-2 + FAK - - - - +++ n/a
MMP-2 + DDR2 - - - - +++ -
MMP-2 + vWF - - - +++ - -
MMP-2 + c-Kit - - - - +/- +++
Cav-1+ Cav-2 - - - + - n/a
Cav-1 + Cav-3 ++ + + ++ + n/a
Cav-2+ Cav-3 - - - ++ - n/a
Cav-1 + FAK - - - - +++ n/a
Cav-1 + VWF - - - +++ - -
Cav-1 + DDR-2 - - - - +4++ -
Cav-1 + c-Kit - - - - +/- 4+
Cav-2 + FAK - - - - - n/a
Cav-2 + c-Kit - - - - - -
Cav-3 + FAK - - - - ++ n/a
Cav-3 + DDR2 - - - - + ;
Cav-3 + vWF - - - - - -
Cav-3 + c-Kit - - - - +/- ++
FAK + VWF - - - - - R
DDR2 + c-Kit - - - - +/- +/-

CM, cardiomyocytes; FB, fibroblasts; CEC, capillary endothelial cells; ICLC, interstitial
Cajal-like cells; PM, plasma membrane; MF, myofilaments; MMP-2, matrix
metalloproteinase-2; Cav-1, caveolin-1; Cav-2, caveolin-2; Cav-3, caveolin-3; FAK, focal
adhesion kinase; DDR2, discoidin domain receptor-2; vWF, von Willebrand factor; c-2kit,
receptor tyrosine kinase; +, ++ and +++ indicate immunoreactive intensity; - means
absent or inconspicuous; +/- means present occasionally; n/a means not applicable.

-152 -



Table 3.3: Protein co-localization in Cav-17" myocardium

Proteins ™M CEC FB ICLC
PM Z-line MF
MMP-2 + Cav-1 - - - - - n/a
MMP-2 + Cav-2 - - - - - n/a
MMP-2 + Cav-3 - +/- +/- +/- - n/a
MMP-2 + FAK - - - - - n/a
MMP-2 + DDR2 - - - - - -
MMP-2 + VWF - - - - - -
MMP-2 + c-Kit - - - - - -
Cav-1 + Cav-2 - - - - - n/a
Cav-1 + Cav-3 - - - - - n/a
Cav-2+ Cav-3 - - - + + n/a
Cav-1 + FAK - - - - - n/a
Cav-1+vWF - - - - - -
Cav-1 + DDR-2 - - - - - -
Cav-1 + c-Kit - - - - - -
Cav-2 + FAK - - - - - n/a
Cav-2 + c-Kit - - - - - -
Cav-3 + FAK - - - - - n/a
Cav-3 + DDR2 - - - - + -
Cav-3 + vVWF - - - - - -
Cav-3 + c-Kit - - - - - -
FAK + VWF - - - - - -
DDR2 + c-Kit - - - - - -

CM, cardiomyocytes; FB, fibroblasts; CEC, capillary endothelial cells; ICLC, interstitial
Cajal-like cells; PM, plasma membrane; MF, myofilaments; MMP-2, matrix
metalloproteinase-2; Cav-1, caveolin-1; Cav-2, caveolin-2; Cav-3, caveolin-3; FAK, focal
adhesion kinase; DDR2, discoidin domain receptor-2; vWF, von Willebrand factor; c-2kit,
receptor tyrosine kinase; +, ++ and +++ indicate immunoreactive intensity; - means
absent or inconspicuous; +/- means present occasionally; n/a means not applicable.
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CHAPTER 4

PHYSIOLOGICAL AND PHARMACOLOGICAL
CHALLENGES TO CAVEOLIN-1 KNOCKOUT MOUSE
HEART

A version of this chapter is in press:

Chow AK, Daniel EE, Schulz R. Cardiac function is not significantly diminished in
hearts isolated from young caveolin-1 knockout mice. Am J Physiol Heart Circ
Physiol.
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4.1: Introduction

Matrix metalloproteinases (MMPs) are a large family of zinc-dependent
endopeptidases best known for their proteolysis of extracellular matrix proteins to
effect remodeling of tissues in both physiological and pathological processes. MMPs
have recently been shown to play a role in targeting non-matrix proteins such as
cytokines and cell surface receptors™. In contrast, MMP-2 has been shown to have
biological actions within cardiac myocytes where it degrades susceptible sarcomeric and
cytoskeletal proteins such as troponin | (Tnl)?, myosin light chain-1 (MLC-1)* and

a—actinin® under conditions of enhanced oxidative stress.

Because of the significant physiological and pathological actions of MMPs, it is
essential that MMP activation and activity is tightly regulated. MMPs can be activated
in a number of ways. MMPs are produced in a full length zymogen form and proteolytic
removal of the N-terminal propeptide domain results in a truncated and active MMP.
Alternatively, full length MMP can also be activated by peroxynitrite which oxidizes a
cysteine residue in the propeptide domain that is coordinated with the catalytic zinc

6;6;7

ion””’. We have also recently shown that MMP-2 is a phosphoprotein and its activity

can be regulated via phosphorylation®.

The study of the regulation of extracellular MMP activity has traditionally
centered on the examination of the tissue inhibitors of metalloproteinases (TIMPs), of
which there are four®. The role of TIMPs in regulating MMP activity has been explored
almost exclusively in the extracellular milieu and little is known about the regulation of

intracellular MMPs.
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One candidate protein that may be involved in the regulation of intracellular
MMP activity is caveolin-1 (Cav-1). The caveolin family of proteins is made up of three
integral membrane proteins that are found embedded in the inner leaflet of the plasma
membrane. Cav-1 is the best characterized of the three and contains a domain known
as the caveolin scaffolding domain which has been demonstrated to be responsible for
the binding and inhibition of a number of intracellular proteins, including endothelial
nitric oxide synthase’. MMP-2 has been shown to localize to the caveolae of both

%13 and evidence suggests that Cav-1 may play a

endothelial cells™ and cardiomyocytes
role in the regulation of this enzyme. We showed that Cav-1 knockout mouse hearts

have increased MMP-2 activity. MMP-2 proteolysis of an internally quenched, artificial

fluorogenic substrate is inhibited by the caveolin scaffolding domain®®.

The isolated working mouse heart model is a modification of the Langendorff
isolated heart model and was developed by Neely et al. in 1973, It is now often used
to investigate the effects of pharmacological agents and/or I/R injury on heart function.
The isolated working heart is a better approximation of physiological heart function than
the Langendorff model. In the Langendorff model, the perfusate solution is retrogradely
perfused through the aorta and enters the coronary circulation through the ostia at the
base of the aorta. Consequently, the ventricles are not actually filled with perfusate and
do not perform work to eject it. In the isolated working heart model, the perfusate
enters the heart through a cannula inserted into the left atrium, where it then enters
into the left ventricle and is ejected by the ventricle through the aorta, the same path as
blood in the left side of the in vivo heart. The isolated working heart model offers an
additional benefit over the Langendoff model as differing preload and afterload

perfusion pressures can be used.

-163 -



Isoproterenol is a commonly used B-adrenergic agonist that has positive
inotropic and chronotropic effects on the heart. Isoproterenol stimulates both B; and

B,-adrenoreceptors and capable of initiating a number of downstream effects, including

activation of protein kinase A, protein kinase C and phosphorylation of troponin I*°

(see Chapter 6).

In this study, we used an isolated working mouse heart model to elucidate
whether increased MMP-2 activity found in Cav-1 knockout hearts affects cardiac
function during physiological or pharmacological challenges. We used in Cav-1 knockout
mouse hearts at an age (6-8 weeks old) when they show no obvious signs of pathology

as older Cav-17" mice show signs of cardiac hypertrophy™® and structural changes®’.

4.2: Materials and methods

All experiments were performed in accordance with the Canadian Council on

Animal Care Guide to the Care and Use of Experimental Animals.

4.2.1: Animals
Male 6- to 8-wk-old Cav-17" (cav<tm 1M Is>/J) and control [(B6 129 SF2/J)

(Cav-1+/+)] mice were obtained from Jackson Laboratories (Bar Harbor, ME, USA).

4.2.2: Isolated working mouse heart

Mice were injected with 100 IU of heparin (i.p) 10 minutes prior to euthanasia
by intraperitoneal pentobarbital injection. Hearts were rapidly excised from deeply

anesthetized mice and placed immediately into an ice-cold Krebs-Henseleit bicarbonate
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solution (118 mM NacCl, 25 mM NaHCOs;, 4.7 mM KCl, 1.2 mM MgSQ,, 1.2 mM KH,PO,,
2.25 mM CacCl,, 0.5 mM EDTA, and 11.1 mM glucose, oxygenated with 95% O, - 5% CO,
(pH 7.4)). The aorta was then cannulated with a 20 gauge cannula and perfused in
Langendorff mode at 60 mmHg constant hydrostatic pressure at 37°C with the
aforementioned Krebs-Henseleit solution. The left atrium was then cannulated through
the pulmonary opening and the heart is switched from the Langendorff mode to the
working mode whereby the heart is perfused with a recirculating Krebs-Henseleit
bicarbonate solution (total volume: 125 mL) at 37°C supplemented with 0.2% bovine
serum albumin, 5 mM pyruvate, and 100 mU/L human insulin and continuously gassed
with 95% O, - 5% CO, (pH 7.4) at a left atrial preload pressure of 11.5 mmHg and an
aortic afterload pressure of 50 mmHg. Spontaneously beating hearts were allowed to
equilibrate aerobically for 30 min. Following this the hearts were physiologically
challenged by step-wise adjustment of the preload pressure to 7, 10, 15, 20 and 22.5
mmHg, for 2 min at each pressure. The preload was then returned to 11.5 mmHg for 20
min to allow hearts to recover from the preload challenge. The hearts were then
pharmacologically challenged by sequential administration of 0.1, 1, 10 and 100 nM DL-
isoproterenol (Calbiochem) for 2 min at each concentration. Functional measurements
were continuously recorded with the MP100 system from AcqKnowledge (BioPac
Systems, Santa Barbara, CA, USA) for a total of 90 min. Cardiac output was measured via
a Doppler flow probe (Transonic Systems, Ithaca, NY, USA) placed in the left atrial line
while aortic flow was measured using a probe in the aortic afterload line. Heart rate and
peak systolic and developed (systolic — diastolic) pressures were measured with a
pressure transducer (Harvard Apparatus, South Natick, MA), placed at the level of the

heart, in the aortic line. Cardiac work was calculated as the product of peak systolic
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pressure and cardiac output. Coronary flow was calculated as the difference between
cardiac output and aortic flows. The rate pressure product is the product of the heart
rate and the peak systolic pressure. At the end of the perfusion whole hearts were then
clamped with Wollenberger tongs pre-cooled in liquid nitrogen and stored at -80°C until

used.

4.2.3: Langendorff mouse hearts

To control for the effects of in vitro heart perfusion, hearts were isolated from
an additional series of heparin-treated mice as above and perfused with Krebs-Henseleit
solution only in Langendorff mode at 60 mmHg constant hydrostatic pressure for 10 or
90 min at 37°C with the aforementioned Krebs-Henseleit bicarbonate solution and

frozen as above.

4.2.4: Tissue preparation

Frozen whole heart tissues were crushed and powdered in liquid nitrogen and
weighed. Four volumes (weight/volume) of ice-cold homogenization buffer (pH 7.4; 50
mM Tris, 31 mM sucrose, 1 mM DL-dithiothreitol, 0.1% Triton X-100, 10 pg/L soybean
trypsin inhibitor, 10 mg/L leupeptin, 2 g/L aprotinin, and 100 mg/L phenylmethylsulfonyl
fluoride) was added to the tissue. The powdered tissues were then homogenized with a
Polytron, 3x30 s with 30 s of cooling in ice between each cycle. The samples were then
centrifuged (4°C, 1000 x g, 5 min) and the supernatants were used for determination of
enzyme activities and Western blot analysis. Protein concentration was assessed by the

bicinchoninic acid method using bovine serum albumin as a reference standard.
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4.2.5: Western blotting

40 pg protein of each whole heart sample was run in 10% SDS-PAGE under
reducing conditions. Human recombinant MMP-2 and troponin | were loaded as
controls. Following electrophoresis, samples were electroblotted onto polyvinylidene
difluoride membranes. The membranes were then blocked at room temperature for 1
hour with 5% milk, followed by an overnight incubation at 4°C with primary antibodies
(1:1000 monoclonal mouse anti-human troponin | (Novogen), 1:1000 monoclonal mouse
anti human a-actinin (Chemicon), 1:1000 monoclonal mouse anti- human MMP-2
(Chemicon)). These membranes were then probed with 1:5000 anti mouse horseradish
peroxidase conjugated secondary antibody and incubated with ECL or ECL Plus
(Amersham) for 5 minutes before being exposed to film. Membranes were Ponceau

stained to ensure equal loading of proteins®.

4.2.6: Gelatin zymography

40 pg protein of each sample was run in an 8% polyacrylamide gel containing 2
mg/mL gelatin. Conditioned media from HT-1080 human fibrosarcoma cells were used
as a standard for MMP-2 activity. Following electrophoresis, the gel was washed 3x20
min in 2.5% Triton X-100. The gel was then incubated in 50 mM Tris HCI, 150 mM Nacl,
5 mM CaCl, pH. 7.6 for 30 h at 37°C prior to being stained with 0.05% Coomassie
Brilliant Blue in 25% methanol: 10% acetic acid for 1 h and destained with 4% methanol:

8% acetic acid for 30 min.

4.2.7: Data analysis
Western blots and zymograms were analyzed using Image J software (NIH).

Statistics and graphs were compiled using GraphPad Prism 4.03.
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4.2.8: Statistics

Data are expressed as mean = SEM. Functional differences between groups
were analyzed by two-way repeated measures analysis of variance and if significant,
followed by Bonferroni post-hoc tests. Differences in protein levels were analyzed using
Student’s t-test. Gelatinolytic activity was measured by Student’s t-test or two-way
analysis of variance, as appropriate. P values of less than 0.05 were considered

statistically significant.

4.3: Results

4.3.1: Response of caveolin-1 knockout mouse hearts to preload challenge

Following the equilibration period, there were no differences between Cav-17
(N=6) and Cav-1** (N=9) in any of the measured or calculated functional parameters
(heart rate, cardiac output, aortic flow, cardiac work, coronary flow, developed
pressure, peak systolic pressure, rate pressure product. During the preload challenge,
the Cav-1"* and Cav-17" mouse hearts did not significantly differ from each other at 7,
10 or 15 mmHg (Fig. 4.1). At preload pressures of 15, 20 and 22.5 mmHg, Cav-17" hearts
demonstrated a significantly increased coronary flow when compared with Cav-1"*
hearts (P<0.05 at 15 mmHg, P<0.01 at 20 mmHg, P<0.001 at 22.5 mmHg) (Fig. 4.1). Also,
at 20 and 22.5 mmHg of left atrial preload pressure, Cav-17" hearts demonstrated an
increased cardiac output when compared with controls (P<0.05 at 20 mmHg, P<0.001 at
22.5 mmHg). Consequently, cardiac work is also increased at these pressures in Cav-1"

hearts (P<0.05 at 20 mmHg, P<0.01 at 22.5 mmHg). An interaction effect of preload and

strain are observed in cardiac output (P=0.001), cardiac work (P=0.0034), heart rate
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(P=0.0373), and coronary flow (P<0.0001) (Fig. 4.1) were also observed. No differences
were observed in aortic flow, peak systolic pressure, developed pressure or rate

pressure product measures.

4.3.2: Response of caveolin-1 knockout mouse hearts to isoproterenol

challenge

Administration of isoproterenol caused a concentration-dependent increase in
heart rate and developed pressure, and consequently, rate-pressure product in the
hearts from both strains of mice (Fig. 4.2). An interaction effect of isoproterenol
concentration and mouse strain was observed in heart rate (P=0.0389), aortic flow
(P=0.0156) and rate pressure product (P=0.0458) measures. 100 nM of isoproterenol
resulted in a significantly higher heart rate (P<0.05) and rate pressure product (P<0.05)
in Cav-17 hearts compared with controls. Coronary flow was increased in Cav-17 hearts

at all concentrations of isoproterenol (P<0.05) (Fig 4.2).

4.3.3: MMP-2 activity and protein content in Cav-17" mouse hearts following

preload and adrenergic challenges

Gelatin zymography did not reveal any differences in MMP-2 activity between
Cav-1"* and Cav-17 mouse hearts (Fig. 4.3A). Additionally, MMP-2 protein content is
not different between the Cav-1"* and Cav-17 hearts (Fig. 4.3B). Fig. 3C illustrates the

amount of MMP-2 activity per unit of MMP-2 protein.
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4.3.4: Sarcomeric and cytoskeletal protein levels in Cav-1”" mouse hearts

following preload and isoproterenol challenges

Examination of the levels of sarcomeric and cytoskeletal proteins known to be
proteolyzed by MMP-2 in the Cav-1"* and Cav-17 hearts did not reveal any differences
between the two strains. No differences in the levels of troponin | (Fig. 4.4A) or a-

+/+

actinin (Fig. 4.4B) were apparent in the hearts from either Cav-1"" or Cav-17" mice.

4.3.5: MMP-2 activity in Cav-17" mouse hearts Langendorff perfused for 10 or

90 minutes

The 72 kDa gelatinolytic activity of both the Cav-1"* and Cav-17" mouse hearts is
significantly greater in hearts that were flushed for 10 min when compared with hearts
flushed for 90 min (P<0.0001) (Fig. 4.5). Cav-17" hearts also demonstrate higher

+/+

gelatinolytic activity when compared with Cav-1"" hearts after 10 min of perfusion

(P=0.0332).

4.4: Discussion

The purpose of this study was to evaluate whether the Cav-17" mouse hearts,
which have previously been shown to have higher basal levels of MMP-2 activity®®, are
functionally different from their wild-type controls when exposed to stimuli similar to
what may be experienced physiologically. Interestingly, following the physiological and
pharmacological challenges, no difference in MMP-2 activity was observed between
Cav-1"* and Cav-17" hearts (90 min total perfusion time). This is in contrast to hearts

that were perfused for 10 min before freezing, where Cav-17 hearts show significantly
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increased MMP-2 activity™ (Fig. 5). As a result of the challenges and/or longer perfusion
times in this study, the MMP-2 in hearts may have been released into the perfusate
consistent with the observation that myocardial MMP-2 activity is lost over extended

perfusion time due to the mild oxidative stress inherent in isolated heart perfusions™.

Perhaps as a result of differential losses of MMP-2, Cav-17 mouse hearts fared

+/+

better during preload challenges than Cav-1"" hearts. This may also be the result of
reduced membrane binding of MMP-2 by Cav-1 in Cav-17" hearts. As a result, MMP-2
would be more readily removed from the heart during perfusion and thus, would not
have the opportunity to cause damage. The improved function of the Cav-17 hearts
during the preload challenge is particularly evident in the coronary flow measurements.
We hypothesize that as a result of the absence of Cav-1, eNOS activity might be
increased® and thus results in vasodilatation which is reflected as an increased cardiac
output and consequently cardiac work. Echocardiographic data obtained by other
groups demonstrate a lack of functional difference between Cav-17" and Cav-1"* hearts

from 8-10 week old mice?, though these mice were not exposed to changing preloads

or adrenergic stimulation.

The B-adrenergic receptor has been previously found to be localized to caveolae
in the cardiac myocyte ?* and co-localized with caveolin-3%. It has been proposed that
caveolin is responsible for scaffolding the components of the B-adrenergic signaling
cascade?®, which would result in a rapid and effective conveyance of signal propagation.
Thus we hypothesized that this signal transduction would be perturbed in hearts that

+/+

lack Cav-1. The lack of difference between Cav-17" and Cav-1"* heart function in

response to an adrenergic agonist was unexpected, given that Cav-17" mice have altered
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adrenergic receptor function in the gut®. This altered function in the gut did not appear
to reflect altered B-adrenergic receptor location, but was likely a result of perturbed
protein kinase A activity that is downstream of the B-adrenergic receptor®®. Perturbed
adrenergic response in Cav-17 hearts has not yet been reported. In fact, another group
using a dog model of heart failure hypothesized that a relative increase in the amount of
caveolin protein would augment the NO synthase pathway response to B-adrenergic
agonists as a result of compartmentalization of the pathway elements to plasma
membrane agonist receptors, while at the same time inhibiting basal NOS activity, since

caveolin acts as a NOS inhibitor?’.

Age related changes have also been observed in these Cav-17" mouse hearts and
may play a significant role in the similar biochemical results between the knockout and
wild-type mouse strains. In this study, the mice were between 6 and 8 weeks of age,
which is younger than many studies which report changes in heart function and

161728 " Further confounding this issue is the fact that many studies that use

morphology
Cav-17 mouse hearts do not indicate the age at which these mice were used, which may
further explain literature discrepancies regarding the heart function of these mice. This
issue is of particular importance, since changes in the structure of these hearts is
evident as early as 10 weeks of age'’. By 5 months of age, hypertrophic changes are
apparent in the Cav-17 mice and functional changes are measureable by
echocardiography™. We chose to use mice between 6 and 8 weeks of age to elucidate
whether the alterations in MMP-2 previously described™ would lead to functional
changes independent of the structural changes observed by others. Whether these

changes occur subsequently as a result of the observed pulmonary hypertension, or

concurrently, are not yet fully elucidated. It is also possible that the structural and
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functional changes observed in these hearts are a result of prolonged exposure to
increased MMP-2 activity, particularly as it has been shown that MMP-2 can play a role

in the mechanisms leading to hypertrophic changes®>'.

Following I/R injury, MMP-2 was shown to cause degradation of important
sarcomeric and cytoskeletal proteins®>. Also, a decrease in myocardial Cav-1 content
has been observed following ischemia and reperfusion injury®’. Both of these
observations, as well as the fact that the caveolin scaffolding domain has been shown to
inhibit MMP-2 activity”®, supports the hypothesis that Cav-1 may play a role in
regulating the potentially destructive properties of this intracellular enzyme. The
experimental design of this study may have obscured any potential changes observed in
MMP-2 substrates. The administration of isoproterenol could lead to activation of
numerous protein kinases, including PKA and PKC, both of which have been shown to be
phosphorylated and diminish the activity of MMP-2 in vitro®. Though the data from this
study does not indicate a role of Cav-1 regulation of MMP-2 during aerobic perfusion of
young mouse hearts, this does not exclude a role of this protein during periods of more

intense oxidative stress or later in life.
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Figure 4.1: Functional measurements of isolated working hearts in response to step-

wise increase in preload pressure from Cav-1"* and Cav-17" mice

Cav-1"* (0) (N=9) and Cav-17"(e) (N=6). * P<0.05 within group differences. * P<0.05
between group differences. P values are listed where interaction effects of preload and
strain effects are significant. Error bars indicate £ SEM where they exceed the symbol

size.
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Figure 4.2: Functional measurements of isolated working hearts from Cav-1"/* and Cav-

17" mice challenged with varying concentrations of DL-isoproterenol (Iso)

Cav-1"* (0) (N=9) and Cav-17"(e) (N=6). * P<0.05 within group differences. * P<0.05
between group differences. P values are listed where interaction effects of
isoproterenol concentration and strain effects are significant. Error bars indicate = SEM

where they exceed the symbol size.
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Figure 4.3: MMP-2 activity and protein from Cav-1"* and Cav-1/ mouse hearts

following preload and isoproterenol challenges

MMP-2 activity and protein in Cav-1"* (N=9) and Cav-17" (N=6) mouse hearts following
preload and isoproterenol challenges. A) Upper panel: representative gelatin zymogram
showing 72 kDa MMP-2 activity in three Cav-1"* and three Cav-17 hearts. The position
of the 75 kDa molecular weight marker is shown on the right side of the panel. Lower
panel: quantitative analysis of MMP-2 activity in all hearts. MMP-2 zymographic activity

+/+

is not different between Cav-1"* and Cav-17 hearts. B) Upper panel: representative
Western blot showing 72 kDa MMP-2 protein levels in three Cav-1"* and three Cav-17"
hearts. The loading control (Ponceau stain of the PVDF membrane following antibody
probing) is also shown. A 72 kDa human recombinant MMP-2 standard is shown on the
left and the location of the 75 kDa molecular weight marker is shown on the right side of
the panel. Lower panel: quantitative analysis of MMP-2 protein level in all hearts.
Protein levels of MMP-2 in Cav-1"* and Cav-17" mouse hearts are not different following
preload and isoproterenol challenge. C) Ratio of 72 kDa MMP-2 activity / 72 kDa MMP-

2 protein level shows that there is no significant difference in MMP-2 activity per unit of

MMP-2 protein between Cav-1"* and Cav-17 hearts.
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Figure 4.4: Levels of sarcomeric and cytoskeletal proteins in Cav-17* and Cav-17"

following preload and isoproterenol challenges

Cav-17" (N=6) and Cav-1"* (N=9) hearts exposed to varying preloads and concentrations
of isoproterenol have similar levels of troponin | (A) and a-actinin (B). The upper panels
show representative Western blots of troponin | (A) and a-actinin (B) with the molecular
weight markers shown on the right side of the panel. The loading control is a Ponceau
stain of the PVDF membrane following antibody probing. The lower panels show the
guantitative analysis of troponin | (A) and a-actinin (B) of all hearts. No significant

difference is seen in either troponin | or a-actinin between Cav-1"* and Cav-17 hearts.
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Figure 4.5: MMP-2 activity in Cav-1"* and Cav-17" mouse hearts perfused for 10 min or

90 min

Upper panel: Representative zymogram demonstrating gelatinolytic activity in Cav-1"*
and Cav-17 hearts following 10 or 90 min perfusion in Langendorff mode. Lower panel:
Quantitative analysis of all hearts (N=3 per group). Hearts perfused for 10 min showed
significantly more MMP-2 gelatinolytic activity than hearts perfused for 90 min
(*P<0.0001) and Cav-17 hearts perfused for 10 min showed more gelatinolytic activity

than Cav-1"* hearts perfused for the same amount of time (TP=0.0332).
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CHAPTER 5

ISCHEMIA/REPERFUSION INJURY IN THE CAVEOLIN-1
KNOCKOUT MOUSE HEART



5.1: Introduction

Myocardial stunning is induced by an acute, sublethal ischemic insult, followed
by reperfusion. This results in transient contractile dysfunction which may persist for
hours, but is eventually followed by a complete functional recovery. Coronary artery
bypass graft surgery is a clinically induced form of myocardial stunning®. The
mechanisms that underlie cardiac stunning are being extensively explored, as this is a
period during which clinical intervention could lead to substantial decreases in morbidity

and mortality.

One element that may play a significant role in the initiation of I/R damage is
MMP-2. MMP-2 has been shown to co-localize with and proteolyze sarcomeric and
cytoskeletal elements such as Tnl*, MLC-1° and a-actinin® following I/R injury ** or by
subjecting the heart to other means to increase oxidative stress®. MMP-2 activity is
enhanced during the reperfusion period following global, no-flow ischemia in isolated
rat hearts’. In fact, the detection of circulating levels of a-actinin and Tnl and their
fragments can be used as a measure of the severity of myocardial ischemia®. The
perturbation between MMP-2 and its endogenous inhibitor, TIMP-4, has been proposed
to be one mechanism which can lead to the enhanced proteolytic activity of MMPs
observed following I/R°. In addition, the production of reactive oxygen species such as

peroxynitrite during I/R injury™® can activate MMPs***?, including MMP-2,

Though much of the research investigating myocardial I/R injury has centered
around the notion that oxidative stress is responsible for mediating the sarcomeric
damage in the heart, this does not preclude the fact that other agents may be involved.

One potential mediator of MMP-2 activity in the heart may be caveolin. We previously
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found that hearts from Cav-1 null mice have increased MMP-2 activity and that the CSD
of Cav-1 is capable of inhibiting MMP-2 activity in an in vitro assay'’. Indeed, others
have also found evidence that Cav-1 may have a role in mediating ischemic injury. Mice
whose brains were subjected to I/R injury by middle cerebral artery occlusion showed
reduced levels of Cav-1 protein when compared with controls”. Brains from Cav-1"
mice exposed to I/R have both an increased number of TUNEL positive cells and

+/+

increased infarction size’ when compared with brains from Cav-1"* mice. Cell
permeable Cav-1 CSD peptide, administered 1 h prior to experimentation, protected
against I/R injury in isolated rat hearts'’. All of this supports the notion that Cav-1 may
protect against I/R injury. Consequently, we hypothesize that as a result of both the lack
of Cav-1 and the increased MMP-2 activity in Cav-17" myocardium, Cav-17" hearts would
be more susceptible to I/R injury, manifested as compromised contractile function and

greater degree of proteolysis of both sarcomeric and cytoskeletal MMP-2 substrates in

the heart.

5.2: Materials and methods

All experiments were performed in accordance with the Canadian Council on

Animal Care Guide to the Care and Use of Experimental Animals.

5.2.1: Animals
Male 6- to 8-wk-old Cav-17" (cav<tm 1M Is >/J) and control [(B6 129 SF2/J)

(Cav-1+/+)] mice were obtained from Jackson Laboratories (Bar Harbor, ME, USA).
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5.2.2: Isolated working mouse heart

Ten min prior to euthanasia by intraperitoneal pentobarbital injection, mice
were injected with 100 IU of heparin (i.p) to prevent blood clotting in the coronary
vessels. Hearts were rapidly excised from deeply anesthetized mice and placed
immediately into an ice-cold Krebs-Henseleit bicarbonate solution (118 mM NaCl, 25
mM NaHCOs, 4.7 mM KCl, 1.2 mM MgSO,, 1.2 mM KH,PO,, 2.25 mM CaCl,, 0.5 mM
EDTA, and 11.1 mM glucose, oxygenated with 95% O, - 5% CO, (pH 7.4)) to arrest
beating. The aorta was then cannulated with a 20 gauge cannula and the heart was
perfused in Langendorff mode at 60 mmHg constant hydrostatic pressure with the
aforementioned Krebs-Henseleit solution at 37°C. The left atrium was then cannulated
through the pulmonary vein opening and the heart was switched from the Langendorff
mode to the working mode whereby the heart is perfused with a recirculating Krebs-
Henseleit bicarbonate solution at 37°C supplemented with 0.2% bovine serum albumin,
5 mM pyruvate, and 100 mU/L human insulin and continuously gassed with 95% O, - 5%
CO, (pH 7.4) at a left atrial preload pressure of 11.5 mmHg and an aortic afterload

pressure of 50 mmHg.

Spontaneously beating hearts were allowed to equilibrate aerobically for 10 min
prior to 20 min of aerobic perfusion. Following this, the hearts were subjected to 15 or
17 min of global, no-flow ischemia by clamping both the atrial in-flow and the aortic out-
flow lines. While optimizing ischemia times, other hearts were exposed to 12 (N=3) and
20 min (N=3) of global, no-flow ischemia. Twelve min of ischemia followed by
reperfusion led to no appreciable decline in cardiac function, while 20 min of ischemia
resulted in no functional recovery. Thus it was decided that 15 and 17 min of ischemia

was optimal to observe changes in cardiac function. After the elapsed ischemia times,
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the atrial in-flow and aortic out-flow clamps were released to initiate 35 min of
reperfusion for hearts subjected to 15 min of ischemia and 33 min of reperfusion for
hearts subjected to 17 min of ischemia for a total perfusion time of 80 min (Fig. 5.1).
Functional measurements were continuously recorded with the MP100 system from
AcgKnowledge (BioPac Systems, Santa Barbara, CA) for a total of 80 min. Cardiac output
was measured via a Doppler flow probe (Transonic Systems, Ithaca, NY) placed in the
left atrial line while aortic flow was measured using a probe in the aortic afterload line.
Heart rate and peak systolic and pulse (systolic — diastolic) pressures were measured
with a pressure transducer (Harvard Apparatus, South Natick, MA), placed at the level of
the heart, in the aortic line. Cardiac work was calculated as the product of peak systolic
pressure and cardiac output. Coronary flow was calculated as the difference between
cardiac output and aortic flows. The rate pressure product is the product of the heart
rate and the peak systolic pressure. At the end of the perfusion whole hearts were then
clamped with Wollenberger tongs pre-cooled in liquid nitrogen and stored at -80°C until

used.

5.2.3: Tissue preparation

Frozen whole hearts were crushed and powdered in liquid nitrogen and
weighed. Four volumes (weight/volume) of ice-cold homogenization buffer (pH 7.4; 50
mM Tris, 31 mM sucrose, 1 mM DL-dithiothreitol, 0.1% Triton X-100, 10 pg/L soybean
trypsin inhibitor, 10 mg/L leupeptin, 2 g/L aprotinin, and 100 mg/L phenylmethylsulfonyl
fluoride) was added to the tissue. The powdered tissues were then homogenized with a
Polytron (3x30 s) with 30 s of cooling in ice between each cycle. The samples were then

centrifuged (4°C, 1000 x g, 5 min) and the supernatants were used for determination of
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enzyme activities and Western blot analysis. Protein concentration was assessed by the

bicinchoninic acid method using bovine serum albumin as a reference standard.

5.2.4: Western blotting

40 pg of each whole heart sample was run in 10% SDS-PAGE under reducing
conditions. Human recombinant MMP-2 and Tnl were loaded as controls. Following
electrophoresis, samples were electroblotted onto polyvinylidene difluoride
membranes. The membranes were then blocked at room temperature for 1 h with 5%
milk, followed by an overnight incubation at 4°C with primary antibodies (1:1000
monoclonal mouse anti-human troponin | (Novogen, Oakville, ON), 1:1000 monoclonal
mouse anti human a-actinin (Chemicon, Billerica, MA), 1:1000 monoclonal mouse anti-
human MMP-2 (Chemicon, Billerica, MA). These membranes were then probed with
1:5000 anti mouse horseradish peroxidase conjugated secondary antibody and
incubated with ECL Plus (Amersham, Baie d’Urfe, QC) for 5 min before being exposed to

film. Membranes were Ponceau stained to ensure equal loading®.

5.2.5: Gelatin zymography

40 pg of each sample was run in an 8% polyacrylamide gel containing 2 mg/mL
gelatin. Conditioned media from HT-1080 human fibrosarcoma cells were used as a
standard for MMP-2 activity. Following electrophoresis, the gel was washed 3x20 min in
2.5% Triton X-100. The gel was then incubated in 50 mM Tris HCIl, 150 mM NacCl, 5 mM
CaCl, pH. 7.6 for 48 hr at 37°C prior to being stained with 0.05% Coomassie Brilliant Blue
in 25% methanol: 10% acetic acid for 1 h and destained with 4% methanol: 8% acetic

acid for 30 min.
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5.2.6: Data analysis

Western blots and zymograms were analyzed using Image J software (NIH).

Statistics and graphs were compiled using GraphPad Prism 4.03.

5.2.7: Statistics

Data are expressed as mean = SEM. Functional differences between groups
were analyzed by two-way repeated measures analysis of variance and, if significant,
followed by Bonferroni post-hoc tests. Differences in protein levels and gelatinolytic
activity were analyzed using Student’s t-test. P values of less than 0.05 were considered

statistically significant.

5.3: Results

5.3.1: Cav-1/ hearts are not functionally different from Cav-1"* hearts

following 15 min of ischemia and reperfusion

Both Cav-1"* and Cav-17" hearts experienced a significant reduction in aortic
flow following 15 min of I/R when compared to their aerobic values (P=0.025 and 0.034
respectively). No other function differences were observed when comparing the

aerobic function to the function at the end of the reperfusion period (Table 5.1).

No differences between Cav-17" (N=6) and Cav-1** (N=8) hearts were observed
during the initial aerobic perfusion period in any of the measured or calculated
functional parameters (heart rate, cardiac output, peak systolic pressure, pulse
pressure, coronary flow, rate pressure product, cardiac work, aortic flow). During the

reperfusion period, no significant interactions were observed between the strain of
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mouse over time (i.e. whether the mouse was Cav-1* or Cav-17" did not affect recovery
during reperfusion) on any measured or calculated functional parameter (heart rate,
P=0.9265; cardiac output, P=0.9862; peak systolic pressure, P=0.4166; pulse pressure,
P=0.8697; coronary flow, P=0.7017; aortic flow, P=0.9086; cardiac work, P=0.9742; rate
pressure product, P=0.9545). There were also no significant differences between Cav-
1" and Cav-17 hearts during reperfusion in any of the measured or calculated
functional parameters (heart rate, P=0.2420; cardiac output, P=0.8261; peak systolic

pressure, P=0.2142; pulse pressure, P=0.4389; coronary flow, P=0.9728; aortic flow,

P=0.7562; cardiac work, P=0.8594; rate pressure product, P=0.1094;) (Fig 5.2).

5.3.2: MMP-2 activity and protein content in Cav-17" and Cav-1*"* mouse hearts

after 15 min of ischemia followed by reperfusion

Cav-17 hearts subjected to 15 min of I/R demonstrate significantly decreased
MMP-2 activity by gelatin zymography when compared with Cav-1** hearts (P=0.0438)
(Fig 5.3A). Interestingly, MMP-2 protein content is not different between Cav-1"* and
Cav-17" hearts in hearts subjected to 15 min of ischemia (P=0.9229) (Fig 5.3B). The ratio

of MMP-2 activity per unit protein is illustrated in Fig. 5.3C (P=0.0899).

5.3.3: Sarcomeric and cytoskeletal protein levels in Cav-17" mouse hearts is

+/+

greater than that in Cav-1"" hearts after 15 min of ischemia followed by

reperfusion

Following 15 min of ischemia, both Tnl (Fig. 5.4A) content and a-actinin (Fig.
+/+

5.4B) content were significantly higher in Cav-17 hearts when compared with Cav-1

hearts (P=0.0498 and P=0.0404 respectively).

-197 -



5.3.4: Cav-17 hearts are not functionally different from Cav-1* hearts

following 17 min of ischemia

17 min of I/R significantly reduced the cardiac output, aortic flow and cardiac
work of both Cav-1"* and Cav-17" mouse hearts when compared to their initial aerobic
function.  Additionally, Cav-1"* hearts also had significantly lower peak systolic
pressures and rate pressure products during their reperfusion period when compared to

their aerobic values (Table 5.2).

During the initial aerobic period, there were no differences between Cav-1"
(N=9) and Cav-1"* (N=10) in any of the measured or calculated functional parameters
(heart rate, cardiac output, peak systolic pressure, pulse pressure, coronary flow, rate
pressure product, cardiac work, aortic flow). During the reperfusion period, no
significant interactions were observed between the strain of mouse over time (i.e.

+/+

whether the mouse was Cav-1"* or Cav-17" did not affect recovery during reperfusion)
on any measured or calculated functional parameter (heart rate, P=0.4738; cardiac
output, P=0.2909; peak systolic pressure, P=0.9027; pulse pressure, P=0.7056; coronary
flow, P=0.9252; aortic flow, P=0.1178; cardiac work, P=0.3981; rate pressure product,
P=0.4486). There were also no significant differences between Cav-17* and Cav-17"
hearts during reperfusion in any of the measured or calculated functional parameters
(heart rate, P=0.2494; cardiac output, P=0.9246; peak systolic pressure, P=0.5850; pulse

pressure, P=0.5847; coronary flow, P=0.2481; aortic flow, P=0.3639; cardiac work,

P=0.9943; rate pressure product, P=0.8534) (Fig 5.5).
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5.3.5 MMP-2 activity and protein content in Cav-17" and Cav-1"* mouse hearts

after 17 min of ischemia followed by reperfusion

No differences in MMP-2 activity were observed between Cav-1"* and Cav-17
hearts subjected to 17 min (Fig. 5.6A) of ischemia by gelatin zymography. Interestingly,
MMP-2 protein content was significantly higher in the Cav-17" hearts when compared
with the Cav-1"* hearts (P=0.0004) (Fig. 5.6B). The ratio of MMP-2 activity per unit

protein is illustrated in Fig. 5.6C (P=0.0710).

5.3.6: Sarcomeric and cytoskeletal protein levels in Cav-17" mouse hearts is

+/+

greater than that in Cav-1"" hearts after 17 min of ischemia followed by

reperfusion

In the group of hearts subjected to 17 min of ischemia, the Cav-1"* hearts
showed significantly lower levels of both Tnl (Fig. 5.7A) and a-actinin (Fig 5.7B)

(P=0.0059 and P=0.0095 respectively) when compared with Cav-17 hearts.

5.4: Discussion

Because of the fact that 12 min of I/R did not produce any significant functional
deficits, and because 20 min I/R produced no appreciable recovery, it was decided that
15 and 17 min of I/R would provide the optimal window to observe functional
differences between Cav-1"* and Cav-17 mouse hearts. Though 15 min of I/R produced
only functional changes in aortic flow, 17 min of I/R produced significantly more
functional deficits in both Cav-1"* and Cav-17 mouse hearts when compared with 15

min of I/R.

-199 -



+/+

The functional results do not reveal any significant differences between Cav-1
and Cav-17 mouse heart recovery after I/R, which is particularly surprising given that
there is evidence to suggest that the presence of Cav-1 may indeed be

16171920 However, one other group has found, using an in vivo model of I/R,

protective
that Cav-17" hearts have the same infarct size as Cav-1"7* mice after 5 min of left

coronary artery occlusion, followed by 5 min of reperfusion, though they did find that

Cav-1 null hearts were resistant to isoflurane preconditioning®.

The Cav-17" hearts in the 15 min ischemia group show reduced MMP-2 activity
levels while protein levels remain unchanged, though there is a reduced amount of Tnl
and a-actinin in the Cav-1"* group when compared with the Cav-17" hearts. The mild 15
min ischemic insult may cause the MMP-2 that is scaffolded to Cav-1 in the Cav-1"*
hearts to be activated and degrade Tnl and a-actinin, though the insult may have been
insufficient to cause MMP-2 release. In the Cav-17" hearts, the MMP-2 is not scaffolded

in close proximity to its substrates, and as a result, Tnl and a-actinin integrity may be

preserved.

Interestingly, the Cav-17 hearts in the 17 min ischemia group demonstrate
significantly higher levels of MMP-2 protein, unlike that observed in the hearts
subjected to 15 minutes of ischemia. This may be a result of the stronger oxidative
insult in the 17 min group that would consequently result in more scaffolded MMP-2

+/+

release from the Cav-1"" hearts into the perfusate. 15 min of ischemia may not have
generated sufficient reactive oxygen species to trigger the activation and release of

MMP-2. This is supported by the fact that the 17 min ischemia group demonstrated

significantly more functional impairment than the group exposed to 15 min of ischemia.
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Cav-17 hearts may be spared this release of MMP-2 because the MMP-2 is not

scaffolded to caveolae, where release may be facilitated.

Surprisingly, in both the 15 min ischemia group, as well as in the 17 min
ischemia group, Cav-17 hearts appear to have better preserved Tnl and a-actinin than
Cav-1"* hearts, despite having MMP-2 activity levels that are not different. Thus far, the
majority of evidence has suggested that the presence of Cav-1 in the cell serves as a
protective mechanism against ischemia'®''*?°, however, the results presented above
suggest that the absence of Cav-1 preserves the integrity of the sarcomeric and
cytoskeletal elements that have been shown to be proteolytically degraded by MMP-2
during I/R injury®. We believe that the Cav-1 protein may be involved in holding MMP-
2 and its intracellular substrates in close proximity to each other, where it is more likely
they will interact. In the absence of the Cav-1 protein, MMP-2 would be less likely to

degrade these intracellular substrates, as they are not nearby.

We have previously shown that Cav-1 and MMP-2 co-localize in

1421 and there is also evidence demonstrating that MMP-2 substrates

cardiomyocytes
such as Tnl and a-actinin may also be in close proximity. In fact, a-actinin is believed to
be involved in the regulation of the formation of caveolae as one of the components
that anchors caveolae to the cytoskeletal network, and may indeed be partially
responsible for the formation of caveolae®’. Cav-3 has been found to be associated with
a-actinin at the T-tubules of cardiomyocytes where they co-immunoprecipitate®.
Interestingly, Cav-3 and a-actinin co-immunoprecipitation occurs only in cardiac muscle

and is not observed in skeletal muscle?®. Whether Cav-1 is also associated or interacts

with a-actinin is not yet known, though given the structural similarities between Cav-1
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and Cav-3, this is certainly a possibility. Indeed, a-actinin has been found to occupy the
same lipid microenvironment in whole heart lysates as Cav-1** and both Cav-1 and a-
actinin have been shown to play important, distinct roles in the regulation of eNOS

targeting and release”.

The presence or absence of Cav-1 may affect Tnl more indirectly.
Compartmentalization of second messengers such as cAMP in caveolae serves to ensure

efficient and rapid response to exogenous stimuli. Disruption of caveolae using methyl-

B-cyclodextrin is able to perturb cAMP signaling initiated by B-adrenergic stimulation®®.

Indeed, B-adrenergic activation of cAMP dependent protein kinase (PKA) can lead to the

phosphorylation of Tnl*’. As one of the phosphorylation sites in Tnl is located near an
MMP-2 cleavage site (Schulz lab, unpublished observations), it is possible that altering
the phosphorylation status of Tnl may serve to protect it from MMP-2 proteolysis as it

may block access to the cleavage site itself (see Chapter 6).
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Figure 5.1: Experimental design for Cav-1""* and Cav-17 hearts exposed to I/R injury

Cav-1"7* and Cav-17" isolated mouse hearts were subjected to either 15 or 17 min of

ischemia, preceded by an aerobic perfusion period and followed by reperfusion.
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Figure 5.2: Functional measurements of isolated hearts from Cav-1* and Cav-17"

subjected to 15 min of global, no-flow ischemia

Cav-1** () (N=8) and Cav-l"/'(o) (N=6). No significant differences were observed during
the reperfusion period between the strains, nor was there an interaction effect between

the strain and time. Error bars indicate £ SEM where they exceed the symbol size.
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Figure 5.3: MMP-2 protein and activity in Cav-1"* and Cav-1"" subjected to 15 min I/R

A) Upper panel: representative gelatin zymogram showing 72 kDa MMP-2 activity in

+/+

three Cav-1"* and three Cav-17" hearts. The position of the 75 kDa molecular weight
marker is shown on the right side of the panel. Lower panel: quantitative analysis of
MMP-2 activity in all hearts following 15 min I/R. MMP-2 zymographic activity is higher
in Cav-1"* than in Cav-17" hearts (P=0.0438). B) Upper panel: representative Western
blot showing 72 kDa MMP-2 protein levels in three Cav-1* and three Cav-17" hearts.
The loading control (Ponceau stain of the PVDF membrane following antibody probing)
is also shown. A 72 kDa human recombinant MMP-2 standard is shown on the left and
the location of the 75 kDa molecular weight marker is shown on the right side of the
panel. Lower panel: quantitative analysis of MMP-2 protein level in all hearts. Protein

levels of MMP-2 in Cav-1"* and Cav-17" mouse hearts are not different following 15 min

I/R (P=0.9229). C) The ratio of MMP-2 activity per unit protein (P=0.0899).
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Figure 5.4: Levels of sarcomereic and cytoskeletal proteins Cav-1"* and Cav-1"

subjected to 15 min I/R

Levels of sarcomeric and cytoskeletal proteins in Cav-1"* (N=8) and Cav-17" (N=6) mouse
hearts subjected to 15 min I/R. Cav-17 hearts subjected to 15 min I/R have significantly
higher levels of troponin | (A) and a-actinin (B) than Cav-1"* hearts (P=0.029 and
P=0.0404 respectively). The upper panels show representative Western blots of
troponin | (A) and a-actinin (B) with the molecular weight markers shown on the right
side of the panel. The loading control is a Ponceau stain of the PVDF membrane
following antibody probing. The lower panels show the quantitative analysis of troponin

I (A) and a-actinin (B) of all hearts.
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Figure 5.5: Functional measurements of isolated hearts from Cav-1* and Cav-17"

subjected to 17 min of global no-flow ischemia

Cav-1** (¢) (N=10) and Cav-l"/'(o) (N=9). No significant differences were observed
during the reperfusion period between the strains, nor was there an interaction effect

between the strain and time. Error bars indicate + SEM where they exceed the symbol

size.
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Figure 5.6: MMP-2 protein and activity in Cav-1"* and Cav-1"" subjected to 17 min I/R

A) Upper panel: representative gelatin zymogram showing 72 kDa MMP-2 activity in

+/+

three Cav-1"* and three Cav-17" hearts. The position of the 75 kDa molecular weight
marker is shown on the right side of the panel. Lower panel: quantitative analysis of
MMP-2 activity in all hearts following 17 min I/R. MMP-2 zymographic activity is not
different between Cav-1"* and Cav-17" hearts following 17 min I/R (P=0.9827). B)
Upper panel: representative Western blot showing 72 kDa MMP-2 protein levels in

+/+

three Cav-1"* and three Cav-17" hearts. The loading control (Ponceau stain of the PVDF
membrane following antibody probing) is also shown. A 72 kDa human recombinant
MMP-2 standard is shown on the left and the location of the 75 kDa molecular weight
marker is shown on the right side of the panel. Lower panel: quantitative analysis of
MMP-2 protein level in all hearts. Protein levels of MMP-2 in Cav-1"* are significantly

lower than those from Cav-17" mouse hearts following 17 min I/R (P=0.0004). C) The

ratio of MMP-2 activity per unit protein (P=0.0710).

-213-



B)

C)

HT1080

Intensity / 40 pg protein (Arbitrary Units)

2500+

o
T

72 kDa

M

MP-2

Std.

Loading
control

MMP-2 activity / protein

Intensity / 40 ng protein (Arbitrary Units)

10.01

7.59

5.01

6004

4004

2004

0.0

o
1

75 kDa
H+ -+ -+ -
MMP-2 Activity
J—
P=0.9827
+/+ -
75 kDa
e e A e
+H+ -+ - A+ -
MMP-2 protein
—_—
P=0.0004
+/+ -/-
MMP-2 activity / protein
P=0.0710
R
+/+ -I-

-214-



Figure 5.7: Levels of sarcomereic and cytoskeletal proteins Cav-1"* and Cav-1"

subjected to 17 min I/R

Levels of sarcomeric and cytoskeletal proteins in Cav-17* (N=10) and Cav-17" (N=9)
mouse hearts subjected to 17 min I/R. Cav-17" hearts subjected to 17 min I/R have
significantly higher levels of troponin | (A) and a-actinin (B) than Cav-1'* hearts
(P=0.0059 and P=0.0095 respectively). The upper panels show representative Western
blots of troponin | (A) and a-actinin (B) with the molecular weight markers shown on the
right side of the panel. The loading control is a Ponceau stain of the PVDF membrane
following antibody probing. The lower panels show the quantitative analysis of troponin

I (A) and a-actinin (B) of all hearts.
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Table 5.1: Differences in functional parameters between the final aerobic

measurement and the final measurement obtained during reperfusion, within each

group for hearts exposed to 15 min ischemia
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Cav-1"*

Aerobic Reperfusion P
Heart rate (bpm) 350+ 15 283 +48 0.188
Cardiac output (mL/min) 7.18 +0 0.64 4.69+1.23 0.102
Peak systolic pressure (mmHg) 65.48 +0.90 51.94+ 7.52 0.253
Pulse pressure (mmHg) 12.76 £ 0.29 11.25+2.72 0.218
Coronary flow (mL/min) 2.14+0.33 1.84+0.43 0.379
Aortic flow (mL/min) 5.04 +0.60 2.90+0.88 0.025*
Cardiac work ((mL/min) X mmHg) 472 + 45 305+ 88 0.138
Rate pressure product (bpm X mmHg) 22913+ 1074 | 16214 + 3499 0.237
Cav-17"

Aerobic Reperfusion P
Heart rate (bpm) 347+ 11 360+ 11 0.21
Cardiac output (mL/min) 5.96+0.42 4.84+0.59 0.077
Peak systolic pressure (mmHg) 64.27 +0.76 62.25+1.89 0.223
Pulse pressure (mmHg) 11.83 £0.79 13.11 £ 0.99 0.169
Coronary flow (mL/min) 1.65+0.19 1.81+0.17 0.273
Aortic flow (mL/min) 431+0.31 3.03+0.54 0.034*
Cardiac work ((mL/min) X mmHg) 383 +27 306 + 42 0.077
Rate pressure product (bpm X mmHg) 22286+ 816 22543 + 996 0.423

P values were determined using Student’s t-test comparing the last aerobic value
obtained to the final reperfusion value.
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Table 5.2: Differences in functional parameters between the final aerobic

measurement and the final measurement obtained during reperfusion, within each

group for hearts exposed to 17 min ischemia
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Cav-1"*

Aerobic Reperfusion P
Heart rate (bpm) 352+14 352+19 0.491
Cardiac output (mL/min) 6.76 £ 0.38 3.25+0.83 <0.001*
Peak systolic pressure (mmHg) 61.56+1.21 | 45.97+6.06 0.029*
Pulse pressure (mmHg) 8.49+0.66 6.61+1.29 0.256
Coronary flow (mL/min) 2.46+0.26 2.03+0.51 0.277
Aortic flow (mL/min) 430+0.28 1.22 £0.45 <0.001*
Cardiac work ((mL/min) X mmHg) 417 + 26 179 +51 0.001*
Rate pressure product (bpm X mmHg) 21636+ 749 | 15906 + 1938 0.025*
Cav-1"

Aerobic Reperfusion P
Heart rate (bpm) 329+25 336+ 25 0.416
Cardiac output (mL/min) 6.20+0.48 3.28£0.69 0.003*
Peak systolic pressure (mmHg) 61.84+1.44 | 50.93+5093 0.104
Pulse pressure (mmHg) 9.74+0.93 7.69+1.29 0.091
Coronary flow (mL/min) 1.78 +0.16 1.43 £0.22 0.145
Aortic flow (mL/min) 4.42+0.35 1.85+0.50 0.001*
Cardiac work ((mL/min) X mmHg) 382+29 192 + 44 0.005*
Rate pressure product (bpm X mmHg) 20386 + 1689 | 17049 + 2374 0.22

P values were determined using Student’s t-test comparing the last aerobic value
obtained to the final reperfusion value.
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CHAPTER 6

TROPONIN | PHOSPHORYLATION IN RESPONSE

TO ISCHEMIA / REPERFUSION INJURY AND/OR

B-ADRENERGIC STIMULATION IN THE ISOLATED
WORKING MOUSE HEART
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6.1: Introduction

Serum troponin is one of the primary biomarkers used for the detection of
cardiac injury’, though the mechanisms by which troponin and its degradation products
are released into the circulation are still relatively unknown. The troponin complex is
composed of three units: troponins C, | and T. Cardiac troponin | (cTnl) is a heart specific
isoform? that is complexed to tropomyosin on actin filaments and prevents the binding
of myosin to the actin filament. The presence of circulating cTnl is a considered to be
the “gold standard” marker for cardiac injury, as it has been shown to be more sensitive
than creatine kinase-MB, myoglobin and lactate dehydrogenase assays for detecting

myocardial damage®.

Though serum cTnl is a specific indicator of acute myocardial infarction®®, it is
still not known how this cTnl enters the circulation. One theory suggests that the
proteolysis of cTnl may allow it to enter the blood stream. Indeed, an isolated working
rat heart model of the stunned myocardium revealed that cTnl is degraded’. More
specifically, myocardial stunning can remove the 17 C-terminal amino acids of cTnl” and
mice expressing this truncated cTnl have compromised function®. In fact, this C-terminal
degradation of cTnl was also observed in patients undergoing coronary artery bypass

graft surgery, a form of myocardial stunning®.

Post-translational modifications may play an important role in determining the
susceptibility of Tnl to degradation and/or release. Both degraded cTnl and extensively
phosphorylated cTnl were detected in the serum of patients with acute myocardial
infarction'®. A number of phosphorylation sites in cTnl have been found and have been

shown to have functional significance, particularly $23 and $24'%'?, though the
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significance of the numerous other cTnl phosphorylation sites is still a matter of
debate®®. Both protein kinase A (PKA)*** and protein kinase C (PKC)'**® have been

shown to be able to phosphorylate cTnl at S23 and S24. PKC-6 can also phosphorylate
S43, S45 and T144 while PKC-B more specifically phosphorylates T144Y. Additionally,

adrenergic stimulation has been shown to phosphorylate $77 and $150%, and in vitro
studies examining the phosphorylation of these two sites induces a structural change in
cTnl that alters its interaction with TnC, resulting in an exacerbated response to
calcium®. Studies using cTnl mutant mice also adds support to the role of cTnl in
mediating cardiac function. Transgenic mice expressing C-terminally truncated cTnl also
demonstrated characteristics of myocardial stunning, including altered calcium
responsiveness, reduced contractility and ventricular dilatation®. In mutant mice with

the cTnl phosphorylation sites S23/524/S43/S45/T144 all replaced with alanine to

prevent phosphorylation from occurring, B-adrenergic stimulation caused a reduction of

myocyte twitch relaxation that was observed in controls®®.

Another study using
mutated cTnl (523/S24 mutated to aspartate) to mimic phosphorylated cTnl showed

that this mutation altered cTnl’s interaction with cTnC?, resulting in a decreased affinity

to calcium. It also provided an explanation of why enhanced relaxation is observed with
B-adrenergic induced PKA phosphorylation of cTnl?. As well, ischemic heart muscle

showed a decline in $23/24 cTnl phosphorylation when compared with aerobically

perfused hearts®*, which is consistent with other observations®> .

One enzyme that plays a role in the proteolysis and also possibly the release of
Tnl is MMP-2. MMP-2 was shown to degrade Tnl in an in vitro assay and this

degradation was prevented by pharmacological inhibition of MMP-2*°, MMP-2 may
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be activated during I/R as a result of the rapid increase in oxidative stress via the
biosynthesis of ONOO’, especially at the onset of reperfusion®. ONOO™ has been shown
to activate MMP-2°?, resulting in increased proteolysis of intracellular MMP-2 targets

17?3, MMP-2 has been shown to play an important role in mediating I/R

such as Tn
injury®**. Inhibition of MMP-2 during I/R by the administration of an oral MMP-2
inhibitor (TISAM) prior to I/R reduced the mortality rate of mice by cardiac rupture®®.
Additionally, inhibition of MMP-2 in isolated rat hearts using a neutralizing antibody or
the MMP inhibitors doxycycline or o-phenanthroline resulted in improved cardiac
function during reperfusion®’ and prevented Tnl proteolysis®. MMP-2 knockout mice
demonstrated similar results to TISAM treated mice®. Of note is the fact that one of the
potential MMP-2 cleavage sites in cTnl is located near a phosphorylation site (Schulz lab,
unpublished observations). Indeed, phosphorylation of PKA sites on cTnl reduces the

susceptibility of cTnl to proteolysis by MMP-2 and the protective effect is increased

when a PKC site in the inhibitory domain of cTnl is blocked by mutation®.

39-41

B-adrenergic agonists can activate MMPs in cardiomyocytes Indeed, in

studies using adult rat ventricular myocytes, PB-adrenergic stimulation using

isoproterenol resulted in both increased MMP-2 activity, mRNA and protein expression,
as well as subsequent cell death via apoptosis*’. Inhibition of MMPs using GM-6001 or
SB-3CT reduced the isoproterenol-induced apoptosis while treatment with MMP-2
exacerbated cell death®, though the mechanism by which this may occur is yet

undefined.

Because adrenergic stimulation results in the phosphorylation of cTnl via PKC or

PKA, and one of the phosphorylation sites is near an MMP-2 cleavage site, we
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hypothesize that this phosphorylation may sterically hinder the proteolysis of cTnl by
MMP-2. Thus, the purpose of this study is to examine whether in situ phosphorylation
of cTnl using isoproterenol in the isolated heart results in the protection of cTnl from

MMP-2 cleavage.

6.2: Materials and methods

All experiments were performed in accordance with the Canadian Council on

Animal Care Guide to the Care and Use of Experimental Animals

6.2.1: Animals
Male 6- to 8-wk-old C57BI/6) mice were obtained from Jackson Laboratories (Bar

Harbor, ME, USA).

6.2.2: Isolated working mouse heart

Ten min prior to euthanasia by intraperitoneal pentobarbital injection, mice were
injected with 100 IU of heparin (i.p.) to prevent blood clotting in the coronary vessels.
Hearts were rapidly excised from deeply anesthetized mice and placed immediately into
an ice-cold Krebs-Henseleit bicarbonate solution (118 mM NaCl, 25 mM NaHCO;, 4.7
mM KCl, 1.2 mM MgS0,, 1.2 mM KH,PQ,, 2.25 mM CaCl,, 0.5 mM EDTA, and 11.1 mM
glucose, oxygenated with 95% O, - 5% CO, (pH 7.4)) to arrest beating. The aorta was
then cannulated with a 20 gauge cannula and perfused in Langendorff mode at 60
mmHg constant hydrostatic pressure at 37°C with the aforementioned Krebs-Henseleit
solution. The left atrium was then cannulated through the pulmonary opening and the

heart is switched from the Langendorff mode to the working mode whereby the heart is

-230-



perfused with a recirculating Krebs-Henseleit bicarbonate solution at 37°C
supplemented with 0.2% bovine serum albumin, 5 mM pyruvate, and 100 mU/L human
insulin and continuously gassed with 95% O, - 5% CO, (pH 7.4) at a left atrial preload

pressure of 11.5 mmHg and an aortic afterload pressure of 50 mmHg.

Spontaneously beating hearts were allowed to equilibrate aerobically for 10 min
prior to 20 min of aerobic perfusion. The heart groups were administered 100 nM DL-
isoproterenol added to the recirculating perfusate 10 min into the aerobic perfusion
period. Ten min later, the hearts in the ischemia groups were subjected to 17 min of
global, no-flow ischemia by clamping both the atrial in-flow and the aortic out-flow
lines. After the elapsed ischemia time, the atrial in-flow and aortic out-flow clamps

were released to initiate 15 min of reperfusion for a total perfusion time of 57 min.

There were a total of four different treatment groups: Control, aerobically
perfused for 57 min; Control + Iso, isoproterenol treated and aerobically perfused; I/R,
17 min of ischemia followed by 10 min of reperfusion; I/R + Iso, treated with

isoproterenol prior to 17 min of ischemia followed by 10 min of reperfusion (Fig. 6.1).

Functional measurements were continuously recorded with the MP100 system
from AcgKnowledge (BioPac Systems, Santa Barbara, CA, USA) for a total of 57 min.
Cardiac output was measured via a Doppler flow probe (Transonic Systems, Ithaca, NY,
USA) placed in the left atrial line while aortic flow was measured using a probe in the
aortic afterload line. Heart rate and peak systolic and pulse (systolic — diastolic)
pressures were measured with a pressure transducer (Harvard Apparatus, South Natick,
MA), placed at the level of the heart, in the aortic line. Cardiac work was calculated as

the product of peak systolic pressure and cardiac output. Coronary flow was calculated
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as the difference between cardiac output and aortic flows. The rate pressure product is
the product of the heart rate and the peak systolic pressure. At the end of the perfusion
whole hearts were then clamped with Wollenberger tongs pre-cooled in liquid nitrogen

and stored at -80°C until used.

6.2.3: Heart extracts

Frozen whole hearts were crushed and powdered using a mortar and pestle in
liquid nitrogen and weighed. Four volumes (in mL) of ice-cold homogenization buffer
(pH 7.4; 50 mM Tris, 31 mM sucrose, 1 mM DL-dithiothreitol, 0.1% Triton X-100, 10 pg/L
soybean trypsin inhibitor, 10 mg/L leupeptin, 2 g/L aprotinin, and 100 mg/L
phenylmethylsulfonyl fluoride) was added per gram frozen heart powder. The mixture
was then homogenized with a Polytron, 3x30 s with 30 s of cooling in ice between each
cycle. The samples were then centrifuged (4°C, 1000 x g, 5 min) and the supernatants
were used for determination of protein content, enzyme activities and for Western blot
analysis. Protein concentration was assessed by the bicinchoninic acid method using

bovine serum albumin as a reference standard.

6.2.4: Western blotting

40 pg of total protein in each heart extract was run in 10% SDS-PAGE under
reducing conditions. Separate gels used for the separation of phosphorylated proteins
also contained 3 pM of Phos-tag™ acrylamide (NARD Institute Ltd., Amagasaki, Japan)
and 20 uM MnCl,. Human recombinant MMP-2 and troponin | were loaded as controls.
Following electrophoresis, samples were electroblotted onto polyvinylidene difluoride
membranes. The membranes were then blocked at room temperature for 1 hour with

5% milk, followed by an overnight incubation at 4°C with primary antibodies (1:10 000
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monoclonal mouse anti-human troponin | (Novogen), 1:1000 polyclonal rabbit anti-
phospho Tnl (Cell Signaling), 1:1000 monoclonal mouse anti- human MMP-2
(Chemicon)). These membranes were then probed with 1:5000 anti- mouse or anti-
rabbit horseradish peroxidase conjugated secondary antibody and incubated with ECL
Plus (Amersham) for 5 minutes before being exposed to film. Membranes were

Ponceau stained to ensure equal loading™®.

Using MnCl, as a binding agent for Phos-tag™", Phos-tag™ was immobilized in
the acrylamide gel. As protein samples move through the acrylamide gel, phosphate
groups were reversibly captured by Phos-tag™, resulting in a mobility shift. Samples
with a higher phosphorylation status were more delayed while running through the gel
and would thus have a higher apparent molecular weight than less phosphorylated
samples. Thus, in combination with an antibody that is capable of detecting all
phosphorylation states of a protein, Phos-tag™ was capable of separating the multiple

phosphorylation states of a single protein in a sample.

6.2.5: Gelatin zymography

40 pg total protein in each heart extract was run in an 8% polyacrylamide gel
containing 2 mg/mL porcine gelatin (Sigma-Aldrich, Oakville, ON). Conditioned media
from HT-1080 human fibrosarcoma cells were used as a standard for MMP-2 activity.
Following electrophoresis, the gel was washed 3x20 min in 2.5% Triton X-100. The gel
was then incubated in 50 mM Tris HCl, 150 mM NaCl, 5 mM CacCl,, pH. 7.6 for 48 hr at
37°C prior to being stained with 0.05% Coomassie Brilliant Blue in 25% methanol: 10%

acetic acid for 1 hr and destained with 4% methanol: 8% acetic acid for 30 minutes.
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6.2.6: Data analysis
Western blots and zymograms were analyzed using Image J software (NIH).

Statistics and graphs were compiled using GraphPad Prism 4.03.

6.2.7: Statistics

Data are expressed as mean * SEM. Functional differences between groups were
analyzed by two-way repeated measures analysis of variance and if significant, followed
by Bonferroni post-hoc tests. Within group functional measures recorded immediately
prior to the initiation of ischemia were compared to the final reperfusion values by
Student’s t-test. Differences in protein levels and gelatinolytic activity were analyzed by
one-way analysis of variance and if significant, followed by Bonferroni post-hoc tests to
compare differences between groups. P values of less than 0.05 were considered

statistically significant.

6.3: Results

6.3.1: Functional measures

During the initial aerobic perfusion period, no significant differences were seen
between the four groups in any of the functional parameters measured. Following
injection of isoproterenol, the Control + Iso and the I/R + Iso groups showed significant
increases in pulse pressure (Fig. 6.2B), heart rate (Fig. 6.4A) and rate pressure product
(Fig. 6.4B) while aortic output (Fig 6.3B), cardiac output (Fig 6.5A) and cardiac work (Fig
6.5B) decreased significantly when compared with Control or I/R groups (P<0.05 for 16
min time point). Coronary flow remained unchanged following isoproterenol

administration (Fig. 6.3A).
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Control hearts fared significantly better than both I/R groups as well as the
Control + Iso group during the reperfusion period in terms of cardiac work, cardiac
output and aortic output (Control vs Control + Iso, P<0.001; Control vs I/R, P<0.001;

Control vs I/R + Iso, P<0.001 at all reperfusion time points) (Fig. 6.3B, 6.5A, B).

Groups that were exposed to I/R alone fared better during the reperfusion period
in terms of cardiac output (P<0.05 at 44 min) (Fig. 6.5A) and aortic output (P<0.05 at

44min) (Fig 6.3B) when compared with the I/R + Iso group.

The I/R group experienced significant reductions in aortic output, cardiac output
and cardiac work during the reperfusion period when compared with the initial aerobic
perfusion immediately prior to the initiation of ischemia. The I/R + Iso group had
significant reductions in all of the measured functional parameters during the
reperfusion period when compared to the aerobic period immediately prior to the
initiation of ischemia, but following the administration of isoproterenol. These results

are summarized in Table 6.1.

6.3.2: MMP-2 activity and protein content
No differences in MMP-2 protein content was observed between the four groups
(P=0.4312) (Fig. 6.6A). Likewise, gelatin zymography did not reveal any significant

differences in 72kDa MMP-2 activity between the four groups (P=0.4391) (Fig. 6.6B).

6.3.3: Troponin I levels
Western blotting did not reveal any significant differences in total cTnl levels

between any of the four groups (P=0.6651) (Fig. 6.7A).
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6.3.4: Phospho Troponin | levels

Western blotting of the samples using a phospho-cTnl antibody revealed that
there are differences between the treatment groups (P=0.0004). The Bonferroni post-
hoc tests showed that the Control + Iso group had significantly increased levels of
phospho-cTnl when compared with the Control (P<0.01) and the I/R (P<0.001) groups

(Fig. 6.7B).

Western blotting of samples run on gels containing Phos-tag™ showed that
three different phosphorylation states of cTnl were present in the samples (Fig 6.8A),
while the total cTnl (the sum of all three phosphorylation states) was not different
between the groups (P=0.5713) (Fig. 6.8B). There were significant differences between
groups in the cTnl with the lowest apparent molecular weight (unphosphorylated cTnl)
(P<0.0001) with Control having significantly higher levels of unphosphorylated cTnl than
Control + Iso (P<0.001), I/R (P<0.05) and I/R + Iso (P<0.001). The I/R group also had
higher levels of unphosphorylated cTnl than the Control + Iso group (P<0.05) (Fig. 6.8C).
There were no apparent significant differences between groups of the cTnl of
intermediate apparent molecular weight (phosphorylated cTnl) (P=0.6615) (Fig. 6.8D).
Analysis of variance of the multi-phosphorylated cTnl with the highest apparent
molecular weight (multiply phosphorylated cTnl) also revealed significant differences
between groups (P=0.0049) with the Control + Iso group having higher levels than
Control (P<0.01) and I/R (P<0.05), and the I/R + Iso group having higher levels than

Control (P<0.05) (Fig. 6.8E).
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6.4: Discussion

These data show that administration of isoproterenol prior to I/R leads to greater
functional impairment than hearts subjected to I/R in the absence of isoproterenol.
Additionally, it was also found that isoproterenol administration and I/R both result in

the phosphorylation of cTnl, however, results from our Phos-tag™ gel electrophoresis
revealed that B-adrenergic stimulation also leads to a more highly phosphorylated form

of cTnl than that observed in hearts exposed I/R alone.

Isoproterenol increased the amount of phosphorylated cTnl in aerobically

perfused hearts and ischemia reduced the amount of phosphorylation®. In our hands,
although B-adrenergic stimulation was sufficient to cause phosphorylation of cTnl,

protection against I/R injury was not observed. This may be due to a limitation of the
isolated working heart model. At higher heart rates, the heart may not be receiving
sufficient oxygen to maintain its ideal cardiac output. Additionally, isoproterenol has a

multitude of effects on the heart in addition to those which would result in the
downstream phosphorylation of cTnl. For instance, B-adrenergic activation of PKC

and/or PKA could result in the activation of multiple protein kinases which would have
further downstream effects besides the phosphorylation of cTnl. Consequently, the
exacerbated injury in hearts administered isoproterenol was not unexpected and

confirms previous observations by other groups***.

An alternate strategy may be to
administer more specific agents that would result in the phosphorylation of cTnl without

some of the non-specific effects of isoproterenol.
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The lack of change in the MMP-2 levels in these mice following I/R is surprising
given that previous studies in rats have indicated that MMP-2 levels in hearts are

decreased following ischemia®®?"

. The similar MMP-2 levels between the groups may
be a result of a “wash-out” effect where the MMP-2 may be rinsed into the perfusate as

a result of the long perfusion time®. As MMP-2 is activated by ONOO™ during I/R, it is

also released into the effluent, resulting in decreased MMP-2 content in the tissue.

The results of this study did not reveal any appreciable difference in the levels of
intact cTnl, which had been previously demonstrated in rat heart models of I/R”*. This
may be due to a species difference, differences in lengths of ischemia, or a result of
inter-operator variability. Alternatively, the short reperfusion time which was necessary
to detect the transient nature of phosphorylation, may not have been sufficient to

observe MMP-2 induced cleavage of cTnl.

Interestingly, our results from the Phos-tag™ gel indicate that isoproterenol is
able to phosphorylate cTnl at sites that I/R alone does not, though we were not able to
distinguish which particular site this may be. Adrenergic stimulation has been shown to
phosphorylate $77 and $150 of cTnl*®, while ischemia is most often associated with PKC-
induced phosphorylation of $43/545%. It is likely that the more phosphorylated form of
cTnl we observed in this current study is a result of adrenergic stimulation of multiple
pathways, including PKC and PKA, which would lead to phosphorylation of multiple cTnl
sites. Additionally, though the short reperfusion time was chosen to ensure that the
transient cTnl phosphorylation could be observed, even this brief period may have
resulted in the phosphorylation/dephosphorylation of multiple sites, which would not

have been detectable using our current methods. Other groups have found that
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isoproterenol treatment, which activates PKA, protects against Tnl degradation®. The
fact that the phosphorylation of specific sites of a protein can alter its susceptibility to
degradation is not novel. In fact, cTnl phosphorylation by PKC increases its susceptibility
to calpain degradation while phosphorylation with PKA decreases the likelihood it is
proteolyzed®. Consistent with this notion is the fact that human failing hearts have
significantly lower levels of PKA phosphorylated cTnl than non-failing hearts, though the

authors did not find evidence of cTnl proteolysis®.

Consistent with our results, one group reported that low-flow ischemia in
perfused rat hearts does not alter the phosphorylation status of cTnI*®, though increased
phosphorylation of both Tnl and Tnl was observed in dogs following myocardial
infarction®®. Interestingly, 2D electrophoresis showed that phosphorylation of cTnl
prevents I/R-induced degradation, though it was not shown which sites on cTnl were
phosphorylated*. However, this same study showed that phosphorylation of cTnl is
able to protect against both N- and C- terminal degradation and that the I/R induced
degradation products of cTnl are unphosphorylated®® which is in line with our

hypothesis that phosphorylation may protect the cTnl from degradation.

Though previous studies have shown that altering the phosphorylation status of
cTnl can modify its susceptibility to proteolysis by MMP-23%, the results from this study
are equivocal. Though we were able to show that isoproterenol administration to the
isolated working mouse heart is able to phosphorylate cTnl, this did not translate into
improvement of function. This may be a result of the more complex ex vivo model that
was used, when compared with the in vitro experiments. Additionally, in an attempt to

capture the transient nature of cTnl phosphorylation, we limited the reperfusion period
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to 10 min, which may have restricted our ability to detect functional changes. Finally,
isoproterenol administration is a rather non-specific, though physiologically relevant,
method of stimulating PKC and/or PKA to phosphorylate cTnl, and may indeed have a
number of other actions which would confound our results. Nevertheless, whether cTnl
phosphorylation is able to protect it from MMP-2 induced degradation is worthy of

further study, though perhaps in a more simplified model.

-240-



Figure 6.1: Experimental design for mouse hearts exposed to isoproterenol and/or I/R

Functional parameters for four groups of C57BI/6J isolated mouse hearts were
measured for 20 min during aerobic perfusion. Isoproterenol treated groups (Control +
Iso and I/R + Iso) were given 100 nM of DL-isoproterenol 10 min after the initiation of
aerobic measurements. /R groups (I/R and I/R + Iso) were subjected to 17 min of

global, no-flow ischemia prior to 10 min of reperfusion.
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Figure 6.2: Peak systolic pressure and pulse pressure of isolated mouse hearts exposed

to isoproterenol and/or I/R

Control () (N=4), Control + Iso (o) (N=4), I/R (®) (N=6) and I/R + Iso (O) (N=7). Error bars

indicate £ SEM where they exceed the symbol size.
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Figure 6.3: Coronary flow and aortic output of isolated mouse hearts exposed to

isoproterenol and/or I/R

Control () (N=4), Control + Iso (o) (N=4), I/R (®) (N=6) and I/R + Iso (O) (N=7). Error bars

indicate £ SEM where they exceed the symbol size.
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Figure 6.4: Heart rate and rate pressure product of isolated mouse hearts exposed to

isoproterenol and/or I/R

Control () (N=4), Control + Iso (o) (N=4), I/R (®) (N=6) and I/R + Iso (O) (N=7). Error bars

indicate £ SEM where they exceed the symbol size.
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Figure 6.5: Cardiac output and cardiac work of isolated mouse hearts exposed to

isoproterenol and/or I/R

Control () (N=4), Control + Iso (o) (N=4), I/R (®) (N=6) and I/R + Iso (O) (N=7). Error bars

indicate £ SEM where they exceed the symbol size.
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Figure 6.6: MMP-2 protein and activity in _isolated mouse hearts exposed to

isoproterenol and/or I/R

A) Upper panel: representative Western blot showing 72 kDa MMP-2 protein levels in
Control (N=4), Control + Iso (N=4), I/R (N=6) and I/R + Iso (N=7) hearts. A 72 kDa human
recombinant MMP-2 standard is shown on the left. Lower panel: quantitative analysis
of MMP-2 protein level in all hearts. Protein levels of MMP-2 are not different between
the four groups (P=0.4312). Ponceau stained membranes are used as loading controls.
B) Upper panel: representative gelatin zymogram showing 72 kDa MMP-2 activity in
Control, Control + Iso, I/R and I/R + Iso groups. To the left is a HT1080 MMP-2 standard
showing both the 72 and 64 kDa isoforms of MMP-2. Lower panel: quantitative analysis
of MMP-2 activity in all hearts MMP-2 zymographic activity is not different between the

four groups (P=0.4391).
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Figure 6.7: Levels of total and phosphorylated cTnl in isolated mouse hearts exposed

to isoproterenol and/or I/R

Levels of cTnl in Control (N=4), Control + Iso (N=4), I/R (N=6) and I/R + Iso (N=7) hearts
Total cTnl levels did not vary between the four groups (P=0.6772). Differences were
observed between groups for phosphorylated cTnl (P=0.0004) with Bonferroni post-hoc
tests showing differences between the Control and Control + Iso and the I/R (P<0.001)
groups. The upper panels show representative Western blots of cTnl (A) and
phosphorylated cTnl (B). The lower panels show the quantitative analysis of cTnl (A) and
phosphorylated cTnl (B) of all hearts. Ponceau stained membranes are used as loading

controls.
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Figure 6.8: Levels of phosphorylated cTnl in isolated mouse hearts exposed to

isoproterenol and/or I/R using a Phos-tag™ acrylamide gel

Levels of phosphorylated cTnl in Control (N=4), Control + Iso (N=4), I/R (N=6) and I/R +
Iso (N=7) hearts run on a Phos-tag™ acrylamide gel. A) Heart samples run on Phos-tag™
acrylamide gels revealed three different phosphorylation states of cTnl. Ponceau
stained membrane was used as a loading control. B) Quantification of the sum of all
cTnl phosphorylation states (P=0.5713). C) Quantification of the lowest apparent
molecular weight of cTnl (cTnl) (P<0.0001). The Control group has significantly higher
levels of unphosphorylated cTnl than Control + Iso (***P<0.001), I/R (*P<0.05) and I/R +
Iso (***P<0.001). The I/R group also had higher levels of unphosphorylated cTnl than
the Control + Iso group (*P<0.05). D) Quantification of the intermediate molecular
weight of cTnl (phospho cTnl) (P=0.6615). E) Quantification of the highest apparent
molecular weight of cTnl (multiply phosphorylated cTnl). (P=0.0049). The Control + Iso
group has higher levels than Control (**P<0.01) and I/R (*P<0.05), and the I/R + Iso

group having higher levels than Control (*P<0.05).
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Table 6.1: Difference in functional parameters between the final aerobic measurement

and the final measurement obtained during reperfusion, within each group
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Pre-lschemia

Post-lschemia

Treatment P
Mean * SEM Mean * SEM

Peak systolic pressure I/R 67.02 £ 3.55 47.83 + 10.17 0.105
(mmHg) I/R +1s0 66.71 + 1.67 37.06 + 9.65 0.010 *

Pulse pressure I/R 12.43 + 1.13 8.91 t+ 2.07 0.166
(mmHg) I/R +1so 17.99 + 1.42 232+ 081 <0.001 *

Coronary flow I/R 1.95 + 0.14 1.30 £ 0.28 0.064
(mL/min) I/R +Iso 1.92 + 0.07 1.02 £ 0.32 0.018 *
Aortic output I/R 520 + 0.26 1.61 £ 0.57 <0.001 *
(mL/min) I/R +1so 4.25 + 0.46 0.00 + 0.00 <0.001 *

Heart Rate I/R 313.00 + 25.30 235.17 + 53.39 0.230
(bpm) I/R +Iso 532.71 + 37.63 263.57 + 77.67 0.009 *

Rate pressure product I/R 20720.86 + 1860.07 | 13262.57 + 2911.13 0.056
(bpm x mmHg) I/R +1so 35533.90 + 2651.60 | 13884.32 + 4241.80 0.001 *
Cardiac output I/R 7.15+ 0.33 2.81 £ 0.83 0.001 *
(mL/min) I/R +1so 6.17 £ 0.47 0.64 £ 0.26 <0.001 *
Cardiac work I/R 481.56 + 37.58 134.62 + 55.42 <0.001 *
{mL/min x mmHg) I/R +1so 414.30 £ 38.77 3241 + 13.01 <0.001 *
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CHAPTER 7

CONCLUSIONS
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7.1: Conclusions

Cardiovascular diseases are the leading cause of death and claimed over 17.1
million lives worldwide in 2004 alone'. By 2030, this number is projected to be 23.6
million, with many of these new deaths occurring in low and middle income countries
which are adopting a more Westernized diet and lifestyle. Ischemic heart disease
accounts for a significant proportion of cardiovascular diseases and results in significant
morbidity and mortality”. Consequently, a thorough understanding of the
pathophysiology that underlies ischemic heart disease is not only essential to ease the
strain on the already taxed health care system, but also to reduce the number of lives
lost.

Though great inroads have been made in terms of prolonging the life of those
who have suffered ischemic heart disease, little is still known about the mechanism that
is responsible for initiating and propagating the damage to the heart. Recently, MMPs
have been the focus of much research, particularly in light of the fact that they have
been shown to play significant roles in the initiation, propagation and recovery from
ischemic heart disease. Elucidation of the regulation of MMP proteolytic activity,
particularly intracellular MMP activity, is pivotal to the understanding of how MMPs
mediate ischemic damage.

As such, this thesis as a whole has focused on the intracellular regulation of
MMP-2 activity. Chapter 2 was the first instance that describes the inhibition of MMP-2
activity by Cav-1. Both an in vitro degradation assay, as well as a knockout mouse model
demonstrated that Cav-1 is capable of inhibiting MMP-2 activity. CSD was capable of in
vitro inhibition of MMP-2 proteolysis of an internally quenched fluorogenic substrate in

a concentration dependent manner. Cav-1” mouse hearts also demonstrated
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+/+

significantly increased zymographic MMP-2 activity when compared with Cav-1
hearts. These results are consistent with the hypothesis that Cav-1 is responsible for
maintaining MMP-2 in a membrane localized and inhibited configuration, though this
did not eliminate a role of extracellular MMP-2. No evidence of increased extracellular
MMP-2 proteolytic activity was found in the Cav-17 mouse hearts.

Co-localization of MMP-2 and Cav-1 was also demonstrated using
immunohistochemistry and this was further elaborated on in Chapter 3. Whether Cav-1
exists in cardiomyocytes has been a subject of much debate, though the confocal
micrographs in Chapters 2 and 3 reveal the presence of Cav-1 on the plasma membrane
of cardiomyocytes. Additionally, in Chapter 3, MMP-2 was found to be co-localized with
Cav-3, a muscle specific caveolin, in the heart.

The fact that Cav-17" hearts demonstrated perturbed MMP-2 localization also
lends credence to the hypothesis that Cav-1 may play a role in MMP-2 regulation.
Confocal immunohistochemistry in both Chapters 2 and 3 reveals that Cav-17
cardiomyocytes have a more diffuse cytoplasmic distribution of MMP-2 when compared
with Cav-1** hearts, which demonstrate MMP-2 localization to the Z-lines and plasma
membrane. Whether this may be due to a direct effect of Cav-1 anchoring MMP-2 to
specific locales, or an indirect effect of perturbed tubulin in Cav-17" hearts is not known.
The possibility of tubulin perturbations in Cav-17 hearts is particularly intriguing given
that MMP-2 is able to degrade a- tubulin in an in vitro assay (Chapter 2) and that tubulin
is responsible for the transport of MMP-2 to the plasma membrane in preparation for
extracellular export’. If MMP-2 does indeed degrade tubulin in Cav-17" as a result of
Cav-1 disinhibition of MMP-2 activity, this would also explain the increased MMP-2

activity in Cav-1" cardiomyocytes, since MMP-2 transport to the extracellular milieu
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would be inhibited. However, an increase in intracellular MMP-2 protein would also be
expected, but was not observed, suggesting that other factors that influence MMP-2
activity, such as post-translational modifications, may be involved.

To determine whether the increased MMP-2 activity in Cav-17 hearts translated
to functional changes in hearts, Cav-17 hearts were examined using an isolated working
mouse heart model in Chapter 4. Aerobic perfusions showed no differences in function

+/+

between Cav-17" and Cav-1"* hearts and thus, the hearts were subjected to increasing
preload pressure to determine whether a physiological stressor would reveal functional
differences that may not have otherwise been apparent. It was found that though lower

preload challenges did not reveal functional differences between Cav-1"* and Cav-17

hearts, at higher preloads, it was evident that the Cav-17" hearts did not respond in the

+/+ +/+

same manner as Cav-1"7" hearts. Cav-1"" hearts did not respond to increasing preloads
with an increased cardiac output and cardiac work, as the Cav-17" hearts did, but instead
maintained a fairly consistent cardiac output and work with the varying preload
pressures. Interestingly though, Cav-17 hearts responded to increasing preload
pressures with increasing coronary flow. The differences in functional response of the
Cav-1"* and Cav-17 isolated hearts to isoproterenol were less remarkable and may be
confounded by the fact that these same hearts had previously been exposed to a
preload challenge.

Because there were not marked differences between Cav-1** and Cav-17" hearts
exposed to physiological or pharmacological challenges, we hypothesized that a
stronger oxidative stress may be necessary in order to activate MMP-2 in Cav-17" hearts

to cause the degradation of intracellular MMP-2 substrates. In Chapter 5, isolated Cav-

17 and Cav-1** working mouse hearts were subjected to I/R injury, which has previously
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been shown to affect Cav-1 distribution in the intestine®* and kidney4, with Cav-1
migrating to the cytoplasm from the plasma membrane. We hypothesize that this
migration would lead to disinhibition of the MMP-2 that is docked at the membrane in
preparation for exocytosis, allowing MMP-2 to degrade its intracellular substrates.
Additionally, Cav-1 null mice were also shown to be more susceptible to ischemic brain

+/+

injury>. Though Cav-1"* and Cav-17 hearts did not demonstrate functional differences

following either 15 or 17 min of global, no-flow I/R, Cav-17" hearts unexpectedly

+/+

demonstrated preserved Tnl and a-actinin, when compared with Cav-1"" hearts.
As a result of previous work from the Schulz lab that showed altered
phosphorylation states of Tnl can change Tnl’s susceptibility to MMP-2 proteolysis®,

Chapter 6 was initiated to examine whether this is also the case in an ex vivo isolated

working heart model. Though functional results were equivocal, PhosTag™ acrylamide
electrophoresis showed that I/R and B-adrenergic stimulation result in different

phosphorylation states of Tnl with isoproterenol administration resulting in the

appearance of an additional, more highly phosphorylated form of Tnl.

7.2: Limitations

7.2.1: Experimental design limitations

The experimental design of the isolated heart perfusions in Chapter 4 has been
particularly problematic. Because the isolated hearts were exposed sequentially to both
a preload and a pharmacological challenge, the biochemical results obtained at the end
of the perfusion period cannot be definitively attributed to either challenge.
Additionally, since the preload challenge preceded isoproterenol administration, the

functional measures during the adrenergic stimulation may also be confounded.
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The reason the study was designed in this manner, however, was for practical
reasons. The isolated working heart model is a costly experimental technique,
particularly as there is an extremely narrow margin for operator error, and large
physiological variability, which necessitates the use of a large number of animals. The
expense of this technique is further magnified by the use of genetically modified
animals. ldeally, separate groups of animals would have been used for the preload
challenge and for the pharmacological challenge, with each group being processed
separately for biochemistry following perfusion, though in reality, this could be cost

prohibitive.

The experimental design for Chapter 5 also has limitations. The addition of Cav-
1"* and Cav-17" aerobic control hearts could add to the aid in interpreting the
biochemical results. If these aerobic groups were included, it would be possible to
ascertain whether the decrease in protein and activity levels were the result of the I/R,

or whether it was an artifact of perfusion.

The experimental design for Chapter 6 could also be improved upon. The intent
of Chapter 6 was to elucidate the susceptibility of specific phosphorylation states of Tnl
and moving directly into an isolated working heart model may have been premature.
Further in vitro work with Tnl mutants that are either constitutively phosphorylated or
unphosphorylatable’ would serve to better clarify the ability of MMP-2 to degrade
specifically phosphorylated states of Tnl before moving into a more complex tissue

model.
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7.2.2: Technique limitations

Each experimental technique has specific limitations and it is essential that they

be recognized in order to prevent over- or misinterpretation of data.

In vitro degradation techniques, such as those used in Chapter 2 are
fundamentally limited, as are all in vitro techniques, by virtue of the fact that they are
not performed in a physiologically relevant environment. Though one of the greatest
strengths of in vitro techniques is the fact that it eliminates many of the confounding
variables that may lead to ambiguation of results, this simplicity is also its greatest
weakness. The ability of MMP-2 to degrade tubulin, as in Chapter 2, in an in vitro
situation, for example, does not necessarily translate into proteolysis in an in vivo
situation, particularly as physiological compensatory mechanisms are lacking in an in
vitro experiment. Despite this, however, in vitro techniques provide insight into the
mechanisms that may underlie the control of MMP-2 activity and are effective,
economical tools to use prior to initiating more resource and time consuming in vivo

experiments.

Though genetically modified animal models can be a powerful tool in the
elucidation of the function of specific proteins involved in cardiac pathologies, a number
of factors when using these models must be considered. Firstly, though the Cav-1"
mouse model specifically targets the elimination of the Cav-1 gene, other proteins may
also be inadvertently affected which may complicate interpretation of data.
Additionally, compensatory mechanisms may be present to counteract the effect of the
missing protein. In the case of the Cav-17 mice, as a result of the structural and

functional similarities between Cav-1 and Cav-3, it was entirely possible that Cav-3
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expression may be increased to compensate for the lack of Cav-1 (an examination of the
Cav-17 hearts prior to the initiation of any of the studies in this thesis showed that Cav-

3 protein is not increased in Cav-17" mice).

Gelatin zymography has been extensively used to determine MMP-2 and MMP-
9 activity in many biological samples, though interpretation of zymographic results is not
without caveats. The protocol for zymography runs gel electrophoresis under reducing
conditions and consequently, MMPs would, in theory, be dissociated from any inhibitory
complexes (eg. TIMPs, caveolin etc.). Interestingly though, results from Chapter 2
clearly indicate that Cav-17 hearts have considerably more MMP-2 activity than Cav-1*
hearts and the Cav-1"* and Cav-17" gelatinolytic activities are observed at the same
molecular weights. Different MMP-2 post-translational modifications may be able to
explain these discrepancies in MMP-2 zymographic activity, as phosphorylation or
glutathiolation of a protein is not easily detectible as a change in molecular weight by
conventional SDS-PAGE. Additionally, gelatin zymography relies on MMP-2’s ability to

degrade an artificial substrate (gelatin) and may not necessarily be indicative of MMP-2

activity on other substrates.

Though Western blots are a commonly used biochemical technique, it is also not
without limitations. The quality of a Western blot is often determined by the quality of
antibody available against the protein of interest, the abundance of the protein in the
sample and the presence of interfering substances in the sample. For instance, clean,
guantifiable Western blots are more likely to be obtained from samples obtained from
cell culture, when compared with a whole heart homogenate, likely due to the larger

number of other substances such as proteins, polysaccharides and lipids in tissue
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samples. A number of commercially available antibodies are available for the proteins
of interest in the studies performed in this thesis. Monoclonal antibodies were
preferred, when available, due to the fact that they generally result in better signal to
noise ratio, and higher specificity. However, in low abundance proteins, such as MMP-2
following long perfusion periods (Chapters 4 and 5), a polyclonal antibody may have
been more useful as more epitopes of MMP-2 would be recognized and polyclonal
antibodies typically have higher avidity to the target protein. Additionally, use of a
secondary antibody and ECL detection methods to amplify the signal to detectable levels
renders the Western blotting technique a semi-quantitative method, rather than one
that is fully quantifiable. Additionally, post-translational modifications of the protein of
interest may also affect antibody binding in an unpredictable manner. One of the major
caveats of Western blot interpretation is that it is important to keep in mind that
Western blots only approximately indicate the abundance of a protein and not its
activity. Because of the fact that Western blots are run under denaturing and reducing
conditions, proteins that are naturally inhibited by other non-covalently bound proteins,
or are normally protected from degradation due to their tertiary structures, may appear
in Western blots as degradation products due to the release of inhibitory proteins and
relaxation of tertiary structures. Finally, Western blots only indicate the relative
abundance of a protein and does not provide any information on the localization of the

protein, which may be significant in terms of its function.

Immunohistochemisty has the advantage over Western blots in this particular
aspect, as it is able to detect the localization of a protein in situ. As well,
immunohistochemistry also does not use denaturing or reducing conditions, and thus,

the results are more representative of proteins in their native forms. However, like
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other techniques that rely heavily on antibodies, the interpretation of
immunohistochemical results is reliant on the specificity of the antibody that is used.
Non-specific binding of the antibody could easily lead to misinterpretation of results.
Additionally, immunohistochemistry is not readily quantifiable and thus it is difficult to
compare the levels of proteins between two or more samples. Finally, interpretation of
immunohistochemistry results is highly dependent on the field of view that is chosen.
The disadvantages and caveats of immunohistochemistry are thoroughly reviewed

elsewhere®.

The isolated working mouse heart was developed as a simplified model to study
cardiac function and is extensively used, particularly in the evaluation of metabolic
parameters (reviewed in °). However, a number of caveats must be considered before
translating the results obtained with this technique to an in situ heart. As it is an ex vivo
model, the isolated working mouse heart is not under the influence of neurohumoral
factors, as it would be in vivo, thus functional parameters do not necessarily mimic an in
situ heart. For example, in a normal conscious mouse, heart rate ranges from
approximately 500-600 beats per min'®, while in the isolated working heart studies
presented in this thesis, the heart rates were between 300-400 beats per min.
Additionally, the function of the isolated working mouse heart is greatly dependent on
the composition of the buffers used to perfuse the heart. There is little agreement
between different research groups as to which is the most appropriate buffer system to
use. As fatty acids are a major source of energy for the heart, some research groups
routinely add fatty acids to their isolated working heart perfusion buffers. However,
albumin, which is used to bind fatty acids in such buffers, also has antioxidant properties

(reviewed in ™), which may confound results when examining models such as I/R which
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generate significant oxidative stress. Operator skill also plays a significant role in the use
of this technique. Use of the isolated working mouse heart model requires considerable
fine motor skills and keen eyesight. Coupled with this is the necessity to work rapidly in
order to prevent the nearly instantaneous deterioration or preconditioning of the organ.

Consequently, inter-operator variability is considerable.

7.3: Future directions

Though the work presented in this thesis was the first to demonstrate regulation
of MMP-2 by Cav-1, a great deal of work still remains to be done in order to more fully

elucidate the mechanisms of intracellular MMP-2 regulation.

To begin with, the nature of the Cav-1 / MMP-2 interaction needs to be more
fully explored. Though Chapter 2 had examined the theoretical Cav-1 / MMP-2 binding
sites, using a molecular technique such as yeast two-hybrid could empirically determine
where on the MMP-2 protein Cav-1 binds. It was also shown that MMP-2 and Cav-1 co-
localize by immunohistochemistry, however a demonstration of an interaction between
these two proteins in the heart (e.g. by immunoprecipitation), would lend credence to

the hypothesis that Cav-1 can regulate intracellular MMP-2 activity.

Further investigation of the Cav-17 mouse heart is also necessary. As other
groups have shown, the Cav-17 hearts develop significant pathologies as the mice age,

12-14

including dilated cardiomyopathy and cardiac hypertrophy Many of these

pathologies have also been associated with changes in MMP-2 activity™*°.
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Consequently, a thorough exploration of Cav-17" hearts from older mice may give insight

into the regulation of MMP-2 by Cav-1.

Besides its role in cardiac I/R injury, MMP-2 has been shown to play significant
roles in the development and progression of a number of other cardiovascular diseases

1817) ' Though the role of Cav-1 has not been extensively examined in these

(reviewed in
diseases, it is possible that Cav-1 may play a role in the regulation of MMP-2.
Consequently, it becomes important to examine whether Cav-1 production and/or

distribution is perturbed in other models of cardiovascular disease, in order to

determine whether Cav-1 plays a role in the regulation of MMP-2.

Clinical examination of the role of Cav-1 regulation of MMP-2 would be the
ultimate goal of this line of research. Alterations of Cav-1 have already been
demonstrated in humans in different pathologies. For example, patients with
pulmonary hypertension have been shown to have reduced levels of Cav-1 in their
lungs™®, and this may be significant, particularly as MMP-2 has been shown to be
elevated in a rat model of pulmonary hypertension and is correlated with its severity*’.
Also, patients with failing hearts that were treated with mechanical unloading not only
demonstrate improved structure and function in what is deemed “reverse
remodeling”?, but this mechanical unloading also increases Cav-1 expression in the
heart”. This is consistent with our hypothesis that Cav-1 may be responsible for the
regulation of MMP-2 activity, which has been shown to play a major role in heart

2223 An examination of tissue from a human heart that was exposed to a

remodeling
stunning injury, as in the case of patients undergoing cardiopulmonary bypass for

coronary artery grafting, for distribution of Cav-1 would greatly expand our
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understanding of the conditions during which Cav-1 regulation of MMP-2 may be

important.

Additionally, though this thesis has centered on Cav-1 regulation of MMP-2 in
the intracellular milieu, this does not exclude a role of Cav-1 regulation of extracellular
MMP-2. Indeed, a number of studies have shown that Cav-1 is perturbed in cancer
models, and this consequently leads to an increase in extracellular gelatinase activity
and cancer cell invasion®. This may also be the case in the heart, where Cav-1 may play
important roles in extracellular MMP-2 regulation, though the preliminary studies in
Chapter 2 reveal no significant alterations in extracellular collagen levels between Cav-

1** and Cav-17" mouse hearts.

Finally, additional work needs to be performed in order to more fully
understand how the phosphorylation state of Tnl changes with isoproterenol

administration and/or I/R. 2D electrophoresis and/or mass spectrometry of heart
samples exposed to B-adrenergic agonists and/or I/R injury could more fully reveal the

specific different phosphorylation states of Tnl. Interestingly, preliminary studies have
shown that Tnl may actually be able to regulate MMP-2 activity. Tnl was added to the
OmniMMP assay outlined in Chapter 2 in hopes that Tnl would become a competitive
substrate. Instead, it was found that the addition of Tnl to this assay accelerated MMP-

2’s ability to degrade the OmniMMP substrate.

In conclusion, this thesis has centered on the exploration of the role of Cav-1 in
the regulation of MMP-2 activity. The results presented here are the first to
demonstrate that Cav-1 knockout can not only affect cardiac MMP-2 activity, but also

how this altered MMP-2 activity may or may not affect intracellular MMP-2 substrates.
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Subsequent studies will further reveal the molecular mechanisms that underlie the
complex interactions between these two proteins and clinical examination may
eventually lead to a novel avenue of therapeutic intervention for cardiovascular

diseases.
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