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ABSTRACT OF THE DISSERTATION

The role of caveolin-associated microdomains in adult cardiac myocytes:
cAMP and cytoskeletal assembly
by
Brian Patrick Head
Doctor of Philosophy in Molecular Pathology
University of California, San Diego, 2005

Professor Paul A. Insel, Chair

Caveolae-localized signaling microdomains are proposed sites that concentrate G
protein-coupled receptors (GPCR), heterotrimeric G-proteins, GPCR/G-protein-
regulated effector molecules, and gaseous enzymes involved in generating free radicals and
antioxidants, such as heme oxygenase (HO) and nitric oxide synthase (NOS), in a confined
region, so as to facilitate coordinated and rapid generation of second messengers and
regulation of cell function. The effectiveness of these signaling cascades is dependent
upon the organization and location of key signaling proteins within the plasma membrane.
Caveolae, “little caves”, a subset of lipid rafts, are cholesterol- and sphingolipid- enriched
50-100 nm invaginations of the plasma membrane that contain isoforms of the structural
protein caveolin (Cav-1, -2, and —3). Defining the localization and interaction of GPCR
and gaseous signaling components in normal adult cardiac myocytes (CM) is thus

essential for understanding signaling cascades that regulate developmental and pathological



changes in the heart. Microtubules and microfilaments help regulate plasma membrane
topography but their role in compartmentation of caveolar-resident signaling components
involved in cAMP production has not been defined. The present study used adult rat
cardiac myocytes (CM) to investigate whether 1) GPCR, G-proteins, effector enzymes,
and gaseous signaling components (heme oxygenae (HO) and endothelial nitric oxide
synthase (eNOS)) involved in free radical generation, localize with caveolin in both
sarcolemmal and intracellular membrane regions, and 2) if cytoskeletal disruption
influences localization of caveolin (Cav) and expression of caveolae, thereby altering the
distribution of G protein-coupled receptor (GPCR) signaling components and cAMP
production. The observed distribution of GPCRs, G-proteins, and AC with Cav-3 on
both sarcolemmal and intracellular regions defines unique cellular microdomains for
regulation and signaling by hormones and drugs in the adult heart. The localization of HO-
1 and eNOS with caveolin, and the close apposition between caveolae and mitochondria
suggests that caveolae in addition to being sites that generate gaseous signaling
components (i.e. CO and NO) may also be sites for generation of antioxidants (biliverdin),
and thus “sinks” for free radicals in adult CM. Disruption microtubules and
microfilaments alters the expression of caveolae, phosphorylation state of caveolins, and

ability of caveolins to blunt GPCR-AC signal transduction.
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Chapter 1

Introduction
Caveolae, Caveolins, and Compartmentation



PLASMA MEMBRANE AND LIPID RAFTS (CAVEOLAE)

For several decades, the fluid mosaic model theorized by Singer and Nicolson '
provided the foundation for understanding the structure of cellular membranes. This
model viewed membrane proteins as “icebergs” floating in a “sea” of lipids. However,
work over the past decade has demonstrated that the plasma membrane is not a random
ocean of lipids, but rather a region in which there are discrete structures that organize
proteins within the bilayer. These lipid structures within the membrane are termed lipid

rafts.

Fig. 1-1. Immunoelectron microscopy reveals immunogold lebeling of Cav-3 (10
nm) on a flask like invagination of the sarcolemmal membrane in isolated adult rat
ventricular cardiac myoyctes. Scale bar 0.05 um.

Today, we know the plasma membrane to exist as a lipid bilayer with both liquid-

disordered and liquid-ordered domains. In the liquid-disordered state, the phospholipids



are capable of lateral diffusion, while the liquid-ordered domains generate a more rigid
bilayer organization. In the latter state the movement of phospholipids is confined due to
the arrangement of glycosphingolipids, sphingomyelin, and cholesterol into lipid rafts *.
A subset of lipid rafts termed caveolae, or “little caves” are cholesterol and sphingolipid
enriched invaginations of the plasma membrane 50-100 nm in size (Fig. 1-1) *°. These
lipid rafts are insoluble in detergent buffers and are more buoyant than the remaining
plasma membrane due to their cholesterol content, which allows them to be isolated
through density gradient purification techniques 8. Agents used to remove cholesterol,
such as filipin and B-cyclodextrin, create a loss of morphologically identifiable caveolae,
which eventually leads to the removal of the structural protein, caveolin, from the
flattened plasma membrane * '°. Caveolin, the structural protein that is essential for

11,12

caveolae formation, is present in three isoforms and has been implicated in signal

13-17 19-21
>

transduction , specialized endocytic uptake '8, calcium homeostasis and
transverse tubule (T-tubule) formation during myocyte development !!. The multiplicity
of suggested roles for caveolin raises the question of whether variations in the cellular

distribution and function of caveolin are cell-type-dependent.

GPCR COMPARTMENTATION AND CYCLIC AMP

There exists a large body of evidence demonstrating caveolin-associated
compartmentation of components involved in 3°, 5’ cycle adenosine monophosphate

production (¢cAMP) in cardiac tissue and non-cardiac cell types ****. More specifically,



components involved in GPCR signaling, i.e. certain receptors, G-proteins and G-protein
regulated effectors, cAMP-dependent protein kinase (PKA), enzymes involved in
generating gaseous signaling molecules and antioxidants (i.e., NO, CO, biliverdin) have
been shown to localize with caveolin in the plasma membrane of numerous cell types > '+
2332 The “caveolin/lipid raft signaling hypothesis” proposes that compartmentation of
signaling molecules in caveolae is a mechanism for temporal and spatial signal transduction
and cross-talk among signaling pathways '°. In spite of substantial data from neonatal
cardiac myocytes and other non-striated myocyte cells supporting this notion '* 3 little
is known about the potentially different roles that caveolin plays as a scaffold for

signaling components in mature/adult cardiac cells and whether such components exist in

non-surface sarcolemmal membrane locations.

RN R,

i

Fig. 1-2. Schematic depicting GPCR signaling components involved in regulating cAMP
formation localizing to a caveolar microdomain.



The sympathetic nervous system, with its release of norepinephrine as a
neurotransmitter, and circulating catecholamines stimulate cardiac $-adrenergic receptors
(B-AR). Under normal physiological conditions, cAMP elevation through stimulation of
the B-AR-Go,-AC pathway increases both rate (chronotropy) and force of contraction
(inotropy) and force of relaxation (lusitropy) (Fig. 1-2). This signaling pathway is
considered the principal physiological mechanism for production of the second messenger
cAMP in the mammalian heart, in particular by cardiac myocytes. The effectiveness of
this signaling cascade is dependent upon the location and compartmentation of these key
signaling proteins within the sarcolemmal caveolin-associated microdomains ****°. In
essence a heartbeat occurs when an excitation induces a change in membrane potential, or
action potential (A.P.) resulting in a transient increase in intracellular [Ca®"] that drives
interactions between contractile proteins and subsequent cardiac myocyte contraction.

Calcium influx into and efflux from the cell is regulated by signaling proteins and
channels within the sarcolemmal (plasma) membrane and intracellular membranes *°. Ca**
entry triggers Ca”" release from the sarcoplasmic reticulum (SR) via ryanodine receptors
(RyR), which allows calcium to bind the myofilament protein troponin C, which then
switches on the contractile machinery. This movement of calcium among organelles and
its linkage to myocyte contractility is termed the excitation-contraction coupling (ECC)
(Fig. 1-3). To achieve cardiac relaxation, Ca** dissociates from the contractile proteins
and is exported out of the cytosol by four pathways: SR Ca®*-ATPase, sarcolemmal

Na/Ca exchange, sarcolemmal Ca**-ATPase (a.k.a. mitochondrial Ca** uniport). The
g p



effectiveness of this signaling cascade is dependent upon numerous factors; these include
levels of expression of the membrane components in the signaling pathway as well as
their location within these membranes. Several studies have shown that caveolin not only
localizes with B-AR, Ga,, and AC in the sarcolemma of adult cardiac cells, but in addition
localizes with calcium channels (i.e., DHPR, RyR) near the T- tubule/sarcoplasmic
reticulum junction (dyad), suggesting that there are multiple populations of caveolin that

localize receptors and ion channels involved in intracellular calcium regulation 3!,

/ Og_ggj)\

L type Ca2+ Channel

Transverse Tubule

>

E>E3@=

Ryanodine Receptor
Caveolin Oligomer

GPCR

G protein

Adenylyl cyclase

Fig. 1-3. Schematic showing caveolin oligomers scaffolding L-type Ca®* channels
proximal to the ryanodine receptor and sarcoplasmic reticulum in both sarcolemmal
caveolae and T-tubule regions.

CAVEOLIN
Caveolin is the structural protein that is essential for caveolar formation and is
present in three isoforms ''. Caveolin-1 and —2 (Cav-1 or —2) are found primarily in

endothelial, epithelial, smooth muscle cells, and fibroblasts. Cav-1 and Cav-2 form



hetero-oligomers of approximately 15 monomers following synthesis of Cav-1 in the
endoplasmic reticulum (ER) and prior to transport to the Golgi apparatus **. Cav-2 is
dependent upon Cav-1 for localization to caveolae, and in the absence of Cav-1, Cav-2
remains in the Golgi apparatus *>*. Cav-3, the muscle specific isoform, is found
exclusively in skeletal and cardiac myocytes, with the exception of certain smooth muscle
cells, and forms homo-oligomer complexes **. Rybin et al. (2003) showed that both Cav-
2 and Cav-3 are present in buoyant membrane fractions isolated from neonatal and two
month old rat cardiac myocytes, yet there is still dispute over whether all caveolin
subtypes are expressed in adult cardiac myocytes. All three isoforms possess a structural
motif (FEDVIAEP) that remains conserved across species *°. The importance of Cav-3 in
caveolar formation as well as its association with T-tubules during muscle development
has been emphasized !'. In addition, studies conducted on adult rat skeletal and cardiac
myocytes demonstrated the association between Cav-3 and surface sarcolemmal
membrane and in the core of the fibers, more specifically I-band/A-band interface and T-

4047 indicating that caveolin is present on both the surface sarcolemmal

tubules
membrane and in non-surface sarcolemmal membrane regions. Knowledge of the cellular
distribution of caveolin in various cell types is of critical importance, considering that
there is evidence that suggests redistribution of caveolin isoforms during aging and
pathological changes in the heart and non-cardiac cells .

Investigating caveolin has been of considerable interest because of this scaffold-

protein’s ability to undergo covalent modifications (i.e., phosphorylation) following



30-33 " Several studies have established that Cav-1 is

cellular stress or insulin stimulation
phosphorylated on tyrosine-14 (Tyr'*) by members of Src tyrosine kinase. Moreover,
Cav-2 is phosphorylated on Tyr" and Tyr®’ by Src tyrosine kinase on serine 23 and 36
(Ser”, Ser’®) by casein kinase 2 >**°. To date there is no evidence for Cav-3
phosphorylation; the possible tyrosine phosphorylation of Cav-3 is an interesting

hypothesis that needs to be tested, especially as this modification might contribute to

cardiac myocyte physiology.

KNOCKOUT OF CAVEOLIN

Studies have demonstrated that mice deficient in Cav-1 display a complete loss in
morphologically identifiable caveolae in tissues that normally express the Cav-1 protein,
in addition to primary cells isolated from Cav-1 knockout mice '*°7-*. Because caveolin
serves as a binding partner for lipids and proteins, its absence may alter membrane
organization and caveolar biogenesis. An example of this is well demonstrated in the Cav-
1 null mice in terms of the effect on Cav-2 protein levels, which are reduced to less than
10% of wild-type levels, suggesting that Cav-2 is dependent upon Cav-1 for
heteromultimeric association and trafficking to plasma membrane ®. The absence of
morphologically distinct caveolae impairs nitric oxide and calcium signaling in the
cardiovascular system, resulting in impaired endothelium-dependent relaxation,
contractility, and maintenance of myogenic tone *°. A lack of caveolae was observed in

lung, adipose tissue, diaphragm, kidney, and heart. In striated muscle cells (i.e., cardiac



and skeletal) that lack Cav-1, Cav-3 is still expressed and caveolar morphology was
retained, however abnormal cardiac function such as an enlarged right ventricular cavity,
decreased systolic function, myocyte hypertrophy, and hyperactivation of the p44/42
MAPK (Erk 1/2) cascade in cardiac tissue has been detected ** !, suggesting a role for

Cav-1 in regulating MAP kinase signaling in cardiac muscle.

CAVEOLAE AND THE CYTOSKELETON

The cytoskeleton which is composed of three systems — intermediate filaments,
microtubules, and microfilaments — contributes to the structural organization of the
cytoplasm and plays a key role in the topography of the plasma membrane in animal cells
6264 Microtubules and microfilaments have nucleotide-binding and hydrolyzing activity,
while intermediate filaments have no known enzymatic activity. Intermediate filaments
are cytoskeletal ‘identity cards’ that serve to distinguish one cell type from another ®.
For example, vimentin marks intermediate filaments in mesenchymal cells, while proteins
such as desmin, synemin, syncolin, and nestin identify the same cytoskeletal network in
muscle cells ®. Experiments involving disruption of vimentin-containing intermediate
filaments result in disassembly of both microtubules and microfilaments, and demonstrate
that intermediate filaments are vital for stabilizing crosstalk between microtubules and
microfilaments .

Intermediate filaments interact and demonstrate motility along microtubules

through association with molecular motors such as kinesin and dynein. Disruption of
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microtubules with colchicine results in reorganization of vimentin-containing intermediate
filaments, indicating dependence of intermediate filaments on proper microtubule
formation ®’. Following disruption of microtubules, some components of intermediate
filaments continue to move, implicating microfilaments as an alternative mode of
transport %. Intermediate filaments interact with microfilaments primarily via myosin.
Treatment with cytochalasin D, an agent that disrupts microfilaments through actin
depolymerization, results in disruption of keratin-based intermediate filaments ,
consisten with the interaction between intermediate filaments and microfilaments. In
mature cardiac and skeletal myocytes, the end capping proteins of actin-myosin filaments
(e.g. CapZ, a-actinin, telethonin) from opposing sarcomeres overlap and contribute to the
formation of the highly ordered Z-discs. Z-discs cross-link myofilaments in an organized
3-dimensional lattice and are located at the interface of the sarcomere, sarcoplasmic
reticulum (SR), sarcolemma, and cytoskeleton "°. Interestingly, intracellular signaling
components, such as protein kinase A, protein kinase C and calcineurin, interact with
subcellular structures and cardiac Z-discs via anchoring proteins '°, in addition to being
compartmentalized to caveolae ** 1.

Several studies have demonstrated a connection between caveolar-related cellular
processes and the cytoskeleton 7276, Ligand-triggered endocytosis of caveolae involve
rearrangement of the actin cytoskeleton, suggesting that caveolae serve as sites for actin
“tail” formation > °. Additional work has demonstrated that caveolae are anchored to

74,71

the cell surface by cortical actin filaments , and that F-actin spikes stem from
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organized rosette-like clusters of caveolae/lipid raft microdomains termed Cav-actin ’®.
Another group that investigated whether there is a connection between caveolae and the
actin cytoskeleton identified the F-actin cross-linking protein filamin as a ligand for
caveolin and showed that the actin network is directly involved in the spatial organization

of caveolin-associated microdomains (Fig. 1-4) 7.

8

A

~ N
? <& (aveolae %?5 MF 85
¥y » 2

pCav —

Fig. 1-4. Schematic showing microtubules (MT; blue rods) and microfilaments (MF;
brown rods) interacting with phosphorylated (red circle) caveolin (yellow anchors) (P-
Cav) oligomers in plasmalemmal caveolae. Filamin, a known ligand for caveolin and F-
actin cross-linking protein, is represented by the green crescent. Inset represents
magnified view of caveolar microdomain with phosphorylated caveolin and filamin.

Recently, there have been conflicting findings with regard to the role of
cytoskeletal changes, more specifically microtubule alterations, in cardiac myocyte

contraction and heart failure. One study that investigated myocardium experiencing
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pressure-overload cardiac hypertrophy revealed that myocardial microtubule content was

d 79, 80, 81

increase and that microtubule disruption increased contraction in failing

myocytes %> *°. In normal cardiac myocytes (neonatal and adult) and smooth muscle cells

84-88 (~ 2+
, Ca

microtubule disruption results in changes in heart rate and contraction current

89.90 and B-AR responsiveness " ?2. In contrast to these findings, others have shown no
affect with colchicine, an agent that depolymerizes tubulin, on contraction of normal and

failing myocytes ***°.

HYPOTHESES

The objective of Chapter 2 was to test the hypothesis that Cav-3 co-localizes
with G protein-coupled receptor (GPCR) signaling components in both sarcolemmal and
intracellular membranes in mature cardiac myocytes. We thus used adult CM to
determine if Cav-3 distributes differently in adult CM versus other cardiac cell types, if
GPCRs (e.g., p-adrenergic, muscarinic, and u-opioid receptors) and key post-receptor
signaling components, including heterotrimeric G proteins and adenylyl cyclase co-
localize with Cav-3 in intracellular domains (i.e., T-tubules) in addition to the sarcolemma,
and whether Cav-3 scaffolds GPCR signaling components capable of stimulating and
inhibiting cAMP synthesis.

The objective of Chapter 3 was to test the hypothesis that adult CM express all
three caveolin isoforms and that they localize with gaseous signaling components involved

in free radical generation (e.g, HO and NOS) in sarcolemmal caveolin-associated
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microdomains. In addition this aim tested the hypothesis that sub-sarcolemmal
mitochondria are closely apposed to sarcolemmal caveolar microdomains.

The objective of Chapter 4 was to test the hypothesis that disruption of
cytoskeletal components (i.e., microtubule and microfilament) affects the distribution and
phosphorylation of caveolin isoforms, the distribution of GPCR signaling components,

and alters GPCR-mediated cAMP production in adult CM.



Chapter 2

G-protein coupled receptor signaling components
localize in both sarcolemmal and intracellular
caveolin-3-associated microdomains in adult
cardiac myocytes

14
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ABSTRACT

The present study tests the hypothesis that G protein-coupled receptor
(GPCR) signaling components involved in the regulation of adenylyl cyclase
localize with caveolin, a protein marker for caveolae, in both cell surface and
intracellular membrane regions. Using sucrose density fractionation of adult
cardiac myocytes, we detected caveolin-3 (Cav-3) in both buoyant membrane
fractions (BF) and heavy/non-buoyant fractions (HF), B,-adrenergic receptors (8,-
AR) in BF, adenylyl cyclase 5/6 (ACss), f1-AR, M4-muscarinic receptors (My-
mAChR), p-opioid receptors (u-OR), and Go, in both BF and HF, while M-
mAChR, Ga,_;, and Go;_, were only found in the HF. Immunofluorescence
microscopy showed co-localization of Cav-3 and ACsj, Go, f,-AR, and p-OR on
both sarcolemmal and intracellular membranes, while M,-mAChR were only
detected intracellularly. Immunofluorescence of adult heart revealed a
distribution of Cav-3 identical to that of isolated adult cardiac myocytes. By
immunoelectron microscopy Cav-3 co-localized with ACs and Go, on
sarcolemmal and intracellular vesicles, the latter closely allied with transverse
tubules (T-tubules). Cav-3 immunoprecipitates possessed components that were
necessary and sufficient for GPCR agonist-promoted stimulation and inhibition of
cAMP formation. The distribution of GPCRs, G-proteins and AC with Cav-3 on
both sarcolemmal and intracellular, T-tubule-associated regions indicates the
existence of multiple Cav-3-localized cellular microdomains for signaling by
hormones and drugs in the heart.

INTRODUCTION

Caveolar microdomains have been proposed as sites that concentrate G protein-
coupled receptors (GPCR), heterotrimeric G-proteins, and GPCR/G-protein-regulated
effector molecules in a confined region so as to facilitate coordinated and kinetically
favorable generation of second messengers > 2*. Caveolae, “little caves”, cholesterol- and
sphingolipid-enriched 50-100 nm invaginations of the plasma membrane **, are

considered a subset of lipid rafts °. Caveolin (Cav), a protein marker for caveolae, is
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present in three isoforms (Cav-1, 4, -2, and -3); Cav-3 is preferentially expressed in
skeletal and cardiac muscle. Caveolae help regulate a variety of cellular functions,
including endocytosis, calcium homeostasis, skeletal muscle transverse tubule (T-tubule)
formation and GPCR compartmentation ' '>. Components involved in GPCR signaling,
i.e., certain receptors, G-proteins and G-protein regulated effectors, localize with Cav in
the plasma membrane > 14 28 30-32.34.96

The caveolin/lipid raft signaling hypothesis proposed that compartmentation of
signaling molecules in caveolae provides a mechanism for temporal and spatial signal
transduction and cross talk among signaling pathways '°. In spite of substantial data
supporting this notion '® ¥, little is known regarding the expression of caveolae in the
plasma membrane versus non-plasma membrane locations. One cell type in which GPCR
compartmentation has been studied is the cardiac myocyte (CM) but virtually all
previous studies related to caveolae have involved the use of neonatal CM **°7. Adult
CM differ from neonatal CM in numerous ways, including being more extensively
differentiated, multi-nucleated, larger in volume and possessing a more developed T-
tubule network. In the current study, we hypothesized that Cav-3 co-localizes with
GPCR signaling components in both sarcolemmal and intracellular membranes and used
adult CM to determine if: a) Cav distributes differently in adult CM versus other cardiac

cell types, b) GPCRs (e.g., p-adrenergic, muscarinic, and pu-opioid receptors) and key

post-receptor signaling components, including heterotrimeric G proteins and adenylyl
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cyclase co-localize with Cav-3 in intracellular domains (i.e., T-tubules) in addition to the
sarcolemma, and c¢) Cav-3 scaffolds GPCR signaling components capable of stimulating

and inhibiting cAMP synthesis

RESULTS

Caveolin (Cav) distributes differently in adult CM compared to other
cardiovascular cells. The distribution of Cav was investigated in human coronary artery
smooth muscle cells (hCASMC), and adult rat cardiac fibroblasts (ACF) and CM
following sucrose density fractionation. We detected the majority of Cav-1 in buoyant
fractions (4 and 5) from ACF and hCASMC (Fig. 2-14). In adult CM Cav-3 was
detected in both buoyant fractions (4 and 5, termed buoyant fractions, BF) and non-
buoyant fractions (9-12, which we called heavy fractions, HF) (Fig. 2-14). Following
equal protein loading of sucrose density fractions of adult CM (Fig. 2-1B), BF were
enriched in Cav-3; HF had a lower proportion of Cav-3 (Fig. 2-14, bottom two panels).
BF contained < 5% of total cellular protein (Fig. 2-1B). Adult CM fractions in Fig. 2-14
(from equal volume-loaded gels) that were immunoblotted for the transverse (T-) tubule
markers vinculin and DHPR, a marker for voltage-sensitive calcium channels, showed a
distribution pattern similar to that of Cav-3 (Fig. 2-1C). The sarcoplasmic reticulum
marker, ryanodine receptor (RyR), and B-adaptin, a marker of clathrin-coated pits, were

detected only in HF (Fig. 2-1C). To test whether the Cav-3 distribution pattern observed
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with Na,COs-sucrose density fractionation of adult CM was unique to this method of
cellular disruption and fractionation, we fractionated adult CM in alternative lyses
buffers, one with Triton X-100 (1%) and the other in a high salt buffer to extract
contractile myofibrils. Immunoblot of equal volume loaded fractions from the Triton X-
100 fractionation revealed a broad distribution of Cav-3 (Fig. 2-1D). Following extraction
of the contractile myofibrils using a high salt buffer, we detected buoyant and heavy
pools of Cav-3, albeit with a substantially greater amount of Cav-3 in the heavier
fractions (Fig. 2-1D). Overall, these results show that Cav-3 is present in both BF and
HF following sucrose density fractionation, indicating a different cellular distribution
when compared to Cav-1 in two other cardiovascular cell types, hCASMC and ACF.

GPCR signaling components distribute nonuniformly with Cav-3 in adult CM.
Using immunoblot analyses, we investigated co-localization of G- and G; protein-coupled
receptor signaling components with Cav-3 in adult CM. ACss, 3;-AR and 3,-AR were
detected in BF while a portion of 3;-AR was also detected in the HF (Fig. 2-24). Go
was detected as two bands, which represent the short and long splice variants of Ga, in
BF and HF (Fig. 2-2A). Because the B-AR and mAChR pathways act antagonistically in
the regulation of cardiac rate and force of contraction, we investigated if M,- and My-
mAChR localize to BF. We found that M,-mAChR are excluded from BF, as are Go; 3
and Ga;.,, G-proteins through which both M,- and My-mAChR signal, whereas we

detected M4;-mAChR in both the BF and HF (Fig. 2-2B,C). We also detected w-opioid
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receptor (u-OR), another G;-coupled receptor, in adult CM by polymerase chain reaction
(data not shown) and by immunoblot, in both BF and HF (Fig. 2-2B).

As an alternative means to test for interaction of the signaling components with
Cav-3, we assessed BF and HF following immunoprecipitation with a Cav-3 antibody
(Fig. 2-2D). ACss, B1-, P2-AR, Ga,, My-mAChR, u-OR, and Cav-3 were all detected in
Cav-3 immunoprecipitates from both BF and HF. By contrast, M,-mAChR and Ga 3
(Fig. 2-2D) were detected only in Cav-3 immunoprecipitates from HF, while Ga,., and -
adaptin were not detected in immunoprecipitates from either BF or HF. Thus, the
results with the Cav-3 immunoprecipitates from BF and HF confirm the immunoblot
findings with sucrose density fractions and demonstrate that GPCR signaling components
vary in their cellular distribution with Cav-3.

Immunofluorescence microscopy shows co-localization between Cav-3 and ACsy,
Gagprotein, 3,-AR, u-OR, and M-mAChR in the sarcolemmal and intracellular regions
in adult CM. We used immunofluorescence microscopy as a further means to assess
GPCR co-localization with Cav-3 in CM. Cav-3 was detected in the sarcolemma as a
punctate pattern and in striations running transversely across the interior of the cell (Figs.
2 3-8). To assess co-localization of Cav-3 with ACg, a key post GPCR/G-protein
effector in CM, we used an adenoviral vector to over-express ACq because available
antibodies do not readily detect endogenous ACg¢ in adult CM. Individual components

showed different extents of co-localization with Cav-3 in sarcolemmal and intracellular
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regions, respectively (Figs. 2-3, 2-4, and 2-5, data expressed relative to Cav-3 expression):
ACss, 27% and 11%; Ga,, 32% and 7%; B,-AR, 43% and 59%; u-OR, 39% and 32%;
M 4-mAChR, 21% and 34%; and M,-mAChR, 12% and 45% (Fig. 2 3-5). As a negative
control, incubation with secondary antibodies revealed minimal background staining (Fig.
2-4, bottom panel). AC¢, Gais, Bo-AR, My-mAChR, and u-OR displayed greater co-
localization with Cav-3 in the sarcolemma than did M,-mAChR. The distribution of
intracellular $,-AR was predominantly in sub-sarcolemmal locations (Fig. 2-3) while M,-
mAChR displayed a more transverse intracellular distribution (Fig. 2-54, fop panels).
Treatment with the agonist carbachol (100 uM; 10 min) disrupted the transverse staining
pattern of M,-mAChR, with redistribution to the sarcolemma and nucleus (Fig. 2-54,
bottom panels). Quantitation of Cav-3 immunofluorescence revealed that ~ 25% of total
cellular Cav-3 was sarcolemmal (Fig. 2-5B, left panel), a value similar to that for Cav-3
detected in BF (Fig. 2-5B, right panel) from sucrose density fractionation (Fig. 2-1C, third
panel). Thus, Cav-3 appears to be present in both intracellular and sarcolemmal regions
and different GPCRs differ in their co-localization with Cav-3.

Immunofluorescence microscopy of adult heart shows co-localization of Cav-3 and
G ay-protein in both the sarcolemmal and intracellular regions. Immunofluorescence
microscopy revealed that the cellular distribution of Cav-3 in adult heart is similar to that
in adult CM (Fig. 2-3, 2-4): with Cav-3 in a punctate pattern in the sarcolemma and in

striations that run transversely across the cell interior (Fig. 2-6, top panel). In tissue
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sections Go, co-localized with Cav-3 in intracellular regions, most predominantly in
intercalated discs (arrow), which demarcate junctions between adjacent myocytes (Fig. 2-
6, bottom panel, arrow).

Immunofluorescence microscopy shows co-localization between Cav-3 and T-
tubule (DHPR and vinculin) and sarcoplasmic reticulum (RyR) markers in both adult CM
and heart. Immunostaining of adult CM revealed that Cav-3 co-localizes with two
different T-tubule markers (vinculin and DHPR) in a transverse pattern and along the
sarcolemma (Fig. 2-74). Tissue sections of heart assessed with antibodies for Cav-3 and
DHPR revealed a similar pattern to that found in isolated CM with Cav-3 and DHPR co-
localizing in intracellular regions running transversely across the cell, along the
sarcolemma, and in intercalated discs (Fig. 2-7B, arrow). Staining for Cav-3 and RyR, a
sarcoplasmic reticulum (SR) marker, revealed co-localization predominantly in
intracellular regions running transversely across the cell in both isolated CM and heart
(Fig. 2-84) and in intercalated discs (arrows) in sections of heart. We detected minimal
co-localization of Cav-3 and a-actinin, a Z-disc marker (data not shown). As an
alternative means to test for Cav-3-RyR interaction, we assessed lysates from CM
immunoprecipitated with Cav-3 and RyR antibodies (Fig. 2-8C) and observed Cav-3 and
RyR in both Cav-3 and RyR immunoprecipitates, thus confirming results from
immunofluorescence microscopy showing the co-localization between Cav-3 and the SR

marker. Thus Cav-3 not only localizes along the sarcolemma but also in T-tubule/SR
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regions in both adult CM and heart.

Immunoelectron microscopy (immunoEM) detects Caveolin-3 in sarcolemmal
invaginations and in intracellular domains in the adult CM. We used immunogold labeling
as a further means to assess the distribution of Cav-3 in adult CM. ImmunoEM
demonstrated abundant sarcolemmal caveolae, present as invaginations that labeled with
antibodies directed against Cav-3 (Figs. 2-94, 2-9B). We also detected Cav-3 in
membranes flanked by Z-discs, which correspond to the T-tubule network within the cell
interior (Fig. 2-9C). These immunoEM data confirmed and extended results from
immunofluorescence microscopy, demonstrating Cav-3 on both sarcolemmal and
intracellular regions, and are consistent with the detection of Cav-3 in the HF following
sucrose density fractionation (Fig. 2-1).

Immunoelectron microscopy shows co-localization of Cav-3 with ACs and Ga.
Using immunogold labeling we detected Cav-3 (10 nm gold) with AC¢ (5 nm gold) in
invaginations of the sarcolemma (Fig. 2-9D) and on intracellular membranes (Fig. 2-9F)
located between adjacent Z-discs. We also detected Cav-3 (10 nm gold) with Go, (5 nm
gold) on vesicles near myofibrils (Fig. 2-9F, G). These immunoEM findings are consistent
with results of Cav-3 immunoprecipitation studies, which showed multi-protein
interaction between Cav-3 and ACy4 and Ga in adult CM (Fig. 2-2C).

ACg overexpression enhances GPCR-stimulated cAMP production in adult CM.

To confirm that the overexpressed ACq4 that we analyzed microscopically (Fig. 2-3, 2-9)
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was functional, we assessed cCAMP production in adult CM. Overexpression of ACq
increased levels of cAMP produced in response to isoproterenol, a f-AR agonist, without
an increase in agonist potency (Fig. 2-104). Thus, the overexpressed ACq that co-
localized with Cav-3 in adult CM (as shown by both immunofluorescence and imunoEM)
is enzymatically active. Moreover, by assaying forskolin-stimulated cAMP
accumulation, we obtained functional evidence for the presence of u-OR in adult CM: the
u-OR agonist DAMGO significantly reduced forskolin-stimulated cAMP production
(p<0.05, n=5; Fig. 2-10B).

Cav-3 immunoprecipitates multi-protein complexes capable of producing and
inhibiting cAMP. To demonstrate that Cav-3 interacts with and organizes components
that mediate stimulation and inhibition of cAMP formation we assessed AC activity in
Cav-3 immunoprecipitates of adult CM lysates. Forskolin increased cAMP production
(Fig. 2-100); this stimulation was significantly (p<0.01) inhibited by DAMGO, a
response that was inhibited by the opioid receptor antagonist, naloxone. Immunoblot
analysis detected u-OR and, Ga,;_; in the Cav-3 immunoprecipitates used in the AC
activity experiments (data not shown). These data show functional evidence for the
existence of u-OR and support the conclusion that Cav-3 interacts with multi-protein

complexes that can both stimulate and inhibit cAMP production in adult CM.



24

DISCUSSION

Caveolae-localized signaling microdomains have been proposed as sites that
concentrate GPCR, heterotrimeric G-proteins and G-protein regulated effector molecules,
so as to facilitate coordinated, precise and rapid regulation of cell function > 4 28-30-32.34.
%_Cav-rich domains thus may serve as spatial organizers of GPCR signaling, although not
all data have supported this conclusion ** %, Using multiple experimental approaches -
subcellular fractionation, immunoprecipitation, immunofluorescence, immunoEM, as well
as functional assays of cAMP formation - we provide here new evidence that extend the
notion of Cav-rich domains as organizers of GPCR-signaling components and in support
of the novel conclusion that Cav-3 organizes GPCR signaling components in both
sarcolemmal and intracellular regions (e.g., T-tubules in cardiac myocytes) in the adult
heart.

Most previous studies '* 3+ 97

on compartmentation of GPCR signaling
components in CM have utilized embryonic and neonatal cells. However, it is preferable
to study adult CM, which are more akin to the in vivo setting than are neonatal CM and
other non-striated cardiovascular cells '®°. Because of development-related changes in ion
channels and contractile proteins, it can be difficult to extrapolate results from the
neonatal to the adult heart. The present results regarding Cav-3 distribution in adult CM

differ from findings reported for neonatal CM and certain non-cardiac cell types in which

cav distributes only to buoyant fractions '*3*°7 %11 " Demonstration that M,-mAChR
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are excluded from BF and expressed in intracellular sites confirms and extends previous
results for adult CM ' and contrasts with findings from neonatal CM where M,-
mAChR were detected in both bouyant and heavy fractions **. Such differences imply
developmental changes related to caveolar compartmentation of the f-AR and mAChR
signaling cascades, which perhaps contribute to differences during development in
response to physiologic stimuli. Compartmentation of GPCR signaling components in
adult CM also contrasts with findings from adult rat aortic smooth muscle cells in which
- and ,-AR are found only in heavy fractions, implying that localization of particular

GPCR to Cav-rich fractions is cell-type dependent %,

Previous workers have observed intracellular Cav-3 in skeletal myocytes ' 47 1%,
A possible role for intracellular Cav in adult CM may be as a regulator of calcium
homeostasis '**: T-tubules in adult CM are continuous with the sarcolemma and are
essential for the influx of calcium via L-type Ca®" channels, or DHPRs, and regulation of
myocyte contractility '°>'% DHPRs are located primarily at the T-tubule/SR junction
proximal to where the SR Ca*" release channels, or RyRs, are found **'%. The present
study shows Cav-3 co-localizing with DHPRs and RyRs in adult CM and whole tissue
(Fig. 2-7, 2-8), and Cav-3 in regions between adjacent Z-discs morphologically
corresponding to T-tubules (Fig. 2-9), results which complement evidence for Cav-3 in T-

tubules in striated myocytes '"**’. In addition, our detection of ACs in intracellular

membranes that correspond to T-tubules agrees with results that suggest a T-tubule
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localization of the ACs protein 37_The biochemical and immunofluorescent data indicate
that the inhibition of AC by Gj-coupled receptors occurs in Cav-3 rich microdomains in
the T-tubular system. Intracellular Cav may provide a scaffold that helps organize
GPCR-signaling components and proteins that regulate calcium homeostasis at the T-
tubule/SR junction. We attempted to assess for differences in AC activity between
sarcolemmal and intracellular Cav-rich regions, but due to the lengthy preparation required
to isolate fractions and conduct activity assays, we were unable to detect stable AC
enzyme activity (data not shown).

Although caveolae are morphologic entities, virtually all previous work has
utilized subcellular fractionation or immunoprecipitation to infer co-localization of
GPCR-signaling components with caveolins. Plating of adult CM on laminin-coated
surfaces allowed us to utilize microscopic techniques, both light and electron, to show
Cav-3 in a punctate pattern along the sarcolemma and in intracellular transverse striations.
The present study thus provides the first microscopic evidence of Cav-3 co-localization
with GPCRs and GPCR signaling components in both sarcolemma and intracellular
membranes, in particular T-tubule-associated membrane regions, in adult CM (Fig. 2-9D-
G). The results from immunofluorescence microscopy of adult myocardium showing a
similar Cav-3 distribution to that seen in isolated adult CM (Fig. 2-6, 2-7B, 2-8B),
supports the use of isolated adult CM as an in vitro model '%°.

Opioid receptors have been shown to play an important role in protecting the
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101 and arrhythmias ''2. However, ambiguity exists

heart from ischemic injury
regarding the receptor subtypes expressed and activated by agonists in the myocardium
113+ in particular, the presence of u-OR has been disputed ''*. Past studies that utilized
radioligand-binding experiments were performed on membranes prepared from whole
hearts, making it difficult to distinguish sarcolemma from intracellular CM membranes and
membranes contributed by other cell types. Our results obtained using four different
techniques (PCR, Western blotting, immunofluorescent microscopy, and assay of cAMP
generation) provide evidence consistent with the idea that functional u-OR are expressed
in CM of adult heart.

In conclusion, in this study we used multiple complementary techniques -
subcellular fractionation, immunochemistry, morphology and functional assays - to
documents a role for cardiac Cav-3 as an organizer of signaling components that regulate
cAMP production for multiple classes of GPCRs (i.e., f-AR, mAChR and u-OR). The

results imply that spatial organization of GPCR signaling components occurs in

microdomains in both sarcolemmal and intracellular membrane regions in the hear.

The text of Chapter Two is a reprint of the material as it appears in Journal of
Biological Chemistry: Head BP, Patel HH, Lai NC, Niesman IR, Roth DM, Farquhar
MG, and Insel PA. 2005. G-protein coupled receptor signaling components localize in

both sarcolemmal and intracellular Caveolin-3-associated microdomains in adult rat cardiac



myocytes. J Biol Chem. 280: 31036-31044, 2005. I was the primary author and the co-
authors listed in this publication directed and supervised the research which forms the

basis for this chapter.
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Fig. 2-1. Distribution of Cav-3 protein and markers in cardiac myocytes (CM) and
fibroblasts (ACF), and coronary artery smooth muscle cells (hCASMC). 4, Na,CO;
extraction followed by sucrose density fractionation as described in Experimental
Procedures was undertaken with adult CM, ACF, and CASMC. B, Protein concentrations
(ug/ul) are shown for fractions 4-12 and are representative of caveolar fractionation
experiments from adult CM (n=6). C, Equal volume loaded samples following sucrose
density fractionation were assessed for localization of ryanodine receptor (RyR,
sarcoplasmic reticulum marker), vinculin (T-tubule marker), dihydropyridine receptor
(DHPR, voltage sensitive Ca** channel; T-tubule marker), and localization of -adaptin
(clathrin-coated pit marker) in adult CM. D, Equal-volume loading of adult CM subjected
to Triton X-100 and high salt extraction followed by subcellular fractionation.
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Fig. 2-2 Expression and localization of 3-adrenergic, muscarinic, and opioid receptor
signaling components in sucrose density fractionations of Na,COj; extracts and Cav-3
immunoprecipitates of BF and HF generated from Na,COj; extracts from adult CM. 4,
ACss, B2-AR, B1-AR, and Gag localization in sucrose density fractionation of Na,CO;
extracts. B, Fractions 4 and 5 (BF) and 9-12 (HF) were pooled and compared to whole
cell lysates (WCL) from adult CM for expression of mAChR subtypes (M, and M), u-
OR, Ga,.3, and Cav-3 by immunoblot analysis. Approximately 4 ug of protein from each
fraction were loaded into each lane. C, Ga,;_, and Cav-3 localization in sucrose density
fractionation of Na,COj; extracts (equal volume). D, BF and HF generated from adult CM
sucrose density fractionations were pH neutralized with HCl, immunoprecipitated with
Cav-3 antibodies and immunoprecipitates were then probed with antibodies for 3-
adaptin, ACsj, B-AR, u-OR, mAChR, Ga,, Ga,3, Ga,.,, and Cav-3.
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Signaling
Component Overlap

Fig. 2-3. Immunofluorescence and de-convolution analysis of the co-localization between
Cav-3, ACss, Gog and B,-AR in adult CM. Cells were co-stained with antibodies for
Cav-3 and ACss, Ga, or B,-AR. Images were deconvolved and shown as single stained or
overlaid to show co-localization. Scale bar, 10 pm.
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Fig. 2-4. Immunofluorescence and de-convolution analysis of the co-localization between
Cav-3 and p-OR, and My-mAChR in adult CM. Cells were stained with antibodies for
Cav-3, p-OR and M4-mAChR. Images were deconvolved and shown as single stained or
overlaid to show co-localization. As a negative control, incubation with secondary
antibodies revealed minimal background staining (bottom panel). Scale bar, 10 pm.
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Fig. 2-5. Immunofluorescence and de-convolution analysis of the co-localization between
Cav-3 and M,-mAChR following treatment with carbachol in adult CM. Cells were co-
stained with antibodies for Cav-3 and M,-mAChR under basal conditions and following
treatment with carbachol (Carb, 100 pM; 10 min). Under basal conditions M,-mAChR
were found predominantly in a discrete transverse pattern across the interior of the cell.
After treatment with carbachol, M,-mAChR was more sparsely distributed within the

interior of the cell and redistributed to sarcolemmal and nuclear regions of the cell. Scale
bar, 10 pm.
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Cav-3

Ga
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Fig. 2-6. Immunofluorescence and de-convolution analysis of the co-localization between
Cav-3 and Gay in adult heart. Semithin sections (5 um) of adult heart were co-stained
with antibodies for Cav-3 and Gao,. Cav-3 co-localized with Go in transverse striations
within the cell and in intercalated discs between two cardiac myocytes. Images were

deconvolved and shown as single-stained or overlaid to show colocalization. Scale bar, 10
um.
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Fig. 2-7. Immunofluorescence and de-convolution analysis of the co-localization between
Cav-3 and T-tubule markers, dihydropyridine receptor (DHPR) and vinculin, in adult
CM and heart. 4, Cells stained with antibodies for Cav-3, DHPR and vinculin revealed
co-localization between Cav-3 and T-tubule markers on the sarcolemma and in a
transverse intracellular pattern B, Semithin sections (5 wm) of heart stained with
antibodies for Cav-3 and DHPR displayed co-localization along the sarcolemma, in
transverse intracellular striations and intercalated discs (arrow) between adjacent CM.
Images were deconvolved and shown as single-stained or overlaid to show co-localization.
Scale bar, 4, 10 wm; B, 30 um.
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Fig. 2-8. Immunofluorescence and de-convolution analysis of the co-localization between
Cav-3 and the SR marker, ryanodine receptor (RyR), in CM and adult heart. 4, Cells co-
stained with antibodies for Cav-3 and RyR revealed co-localization between Cav-3 and

the SR marker in a transverse pattern within the cell interior. B, Semithin sections (5 wm)

of adult heart co-stained with antibodies for Cav-3 and RyR displayed co-localization in
transverse striations within the cell and in intercalated discs (arrows) between adjacent
CM. Images were deconvolved and shown as single stained or overlaid to show co-
localization. Scale bar, 4, 10 um; B, 30 um. C, RyR and Cav-3 immunoprecipitates were
probed for RyR and Cav-3.
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Fig. 2-9. Immunoelectron microscopic localization of Cav-3 with AC¢ and Go on the
sarcolemma and on intracellular membranes morphologically corresponding to T-tubules
in adult CM. Immunogold labeling detected Cav-3 (10 nm) on the sarcolemmal membrane
(4 and B) and on intracellular membranes anchored to Z-discs (C). Additional immunogold
labeling detected Cav-3 (10 nm) with ACg4 (5 nm) on sarcolemmal invaginations (D) and
on intracellular membranes near Z-discs (E). Similarly Cav-3 (10 nm) with Go (5 nm) is
detected on intracellular membranes corresponding to T-tubules (F, G). Z denotes Z-discs;
t denotes T-tubules. Scale bar, 0.05 um.
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Fig. 2-10. cAMP formation (measured over 10 min) in adult CM and Cav-3
immunoprecipitates. 4, cCAMP accumulation in response to isoproterenol in adult CM
incubated with either adenoviral LacZ (control, open squares) or ACg¢ (closed squares).
Data are expressed as total pmol cAMP/mg + SEM, n=3. B, Effect of forskolin (10 uM)
and the u-OR agonist DAMGO (1 uM) on cAMP formation was measured in adult CM.
Data are expressed as total pmol cAMP/mg + SEM, n=5. C, Effect of forskolin (10 uM),
the u-OR agonist DAMGO (1 uM), and the opioid antagonist naloxone (0.1 uM) on AC
activity was measured in Cav-3 immunoprecipitates (Cav-3 IP) of adult CM lysates.
Data are expressed as fold over basal and each bar represents average + SEM, n=6.
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ABSTRACT

Caveolae, membrane structures involved in multiple cellular events,
including transport and signal transduction, are composed of lipids and the
structural protein caveolin. Recently, heme oxygenase (HO), the rate-limiting
enzyme involved in the oxidative degradation of heme into carbon monoxide (CO),
biliverdin, and free iron, was detected in caveolae in endothelial cells. Here, we
used cardiac myocytes (CM) isolated from adult rats and mice and sought to
determine whether HO-1 and endothelial nitric oxide synthase (eNOS), two
enzymes involved in free radical generation, localize to buoyant Cav fractions and
co-immunoprecipitate with caveolin isoforms. Immunoblotting of sucrose density
gradient fractions detected both HO-1 and eNOS in buoyant Cav fractions (BF)
and non-buoyant, heavy fractions (HF) from adult CM. Additional experiments
revealed that all three Cav isoforms and HO-1 co-immunoprecipitated.
Immunohistochemistry showed ~67% co-localization between Cav-3 and
cytochrome C, a mitochondrial marker, along the sarcolemma. Additional,
electron microscopy revealed closed apposition between sub-sarcolemmal
mitochrondria (within 200 nm of sarcolemma) and sarcolemmal caveolae. This
presence of caveolae near sub-sarcolemmal mitochondria was completely disrupted
with methyl-B-cyclodextrin (MBCD, 2 mM). The localization of HO-1 and eNOS
with caveolin, and the close apposition between caveolae and mitochondria
suggests that caveolae in addition to being sites that generate gaseous signaling
components (i.e. CO and NO) may also be sites for generation of antioxidants
(biliverdin), and thus “sinks” for free radicals in adult CM.

INTRODUCTION

Caveolae (“little caves™), cholesterol- and sphingolipid-enriched 50-100 nm
invaginations of the plasma membrane,> * are a subset of lipid rafts °. Caveolae, as
membrane microdomains, help regulate a number of cellular functions, including
endocytosis, calcium homeostasis, transverse tubule (T-tubule) formation in skeletal
muscle and G protein-coupled receptors (GPCR) compartmentation ' . Caveolar
microdomains have been proposed as sites that concentrate GPCR, heterotrimeric G-
proteins and GPCR/G-protein-regulated effector molecules ****°. Other work has

indicated that caveolae are sites that concentrate the expression of endothelial nitric oxide
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synthase (eNOS, NOS3), which synthesizes NO in numerous cell types, including cardiac
myocytes "2, It was recently reported that heme oxygenase-1 (HO-1), the rate-limiting
enzyme in the degradation of heme that generates biliverdin, iron and carbon monoxide
(CO), also localizes to caveolae in pulmonary arterial endothelial cells and renal mesangial
cells 2> ''° Together, such findings suggest that GPCR-derived second messengers, as well
as NO and CO, can be generated in localized membrane regions so as to facilitate
coordinated and kinetically favorable signaling, perhaps together with regulation of
reactive oxygen species 2% 2% 3> 116120 YWhether caveolae from cardiac cells, in particular
adult cardiac myocytes (CM), also localize such signaling components has not been
demonstrated although recent work indicated co-localization of eNOS and certain GPCR
signaling components in neonatal CM *°.

The precise determinants of localization of components in caveolae are not fully
understood *. One key contributor is caveolin (Cav), a structural and scaffolding protein
essential for the formation of caveolae, that exists in three isoforms (Cav-1, -2, and -3);
Cav-1 is highly expressed in adipocytes, endothelial cells, fibroblasts, smooth muscle

cells, and epithelial cells ** 1!

while Cav-3 is preferentially expressed in striated muscle
4:122 - Cay-1 co-localizes with Cav-2 and forms hetero-oligomeric complexes of 14-16
monomers in caveolae, while Cav-3 typically forms larger homo-oligomers in vitro *.
Arterial smooth muscle cells are the only adult cell type known to express all three
caveolin isoforms '** 1%,

The use of Cav-1-deficient mice has facilitated the study of the functional role of

caveolae in vivo '°. The absence of caveolae, observed in multiple tissues in these mice,
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blunts NO and calcium signaling in the cardiovascular system, resulting in impaired
endothelium-dependent relaxation, contractility and maintenance of myogenic tone *°.
Cav-1-null mice express Cav-3 in cardiac and other striated muscle but the animals have
abnormal cardiac function, including an enlarged right ventricular cavity, decreased
systolic function, myocyte hypertrophy, and hyperactivation of the p44/42 MAPK (Erk
1/2) cascade > ®'. Although no detailed studies have characterized the localization of
Cav-1 in adult CM, the findings from Cav-1-deficient mice provide circumstantial
evidence that Cav-1 may be present and functionally active in the heart. Other studies
have detected co-fractionation and co-immunoprecipitation of Cav-2 and Cav-3 in cardiac
preparations '**. Capozza et al '* recently reported the co-immunoprecipitation of all
three caveolin isoforms in transfected L6 myoblast cells but not in mouse embryonic
fibroblasts, indicating that this interaction is cell type-specific.

In the present study, we used primary cultures of adult rat and mouse CM and
utilized sucrose density centrifugation, co-immunoprecipitation, immunofluorescence and
electron microscopy to determine if adult CM express all three caveolin isoforms together
with enzymes involved in free radical generation (e.g, HO-1 and eNOS). Our findings
support this hypothesis and suggest an important role for caveolin family members in
cardiac physiology and pathophysiology, in particular in regulation mediated by the
activation of eNOS and HO-1, perhaps, at least in part, as the consequence of close

association of caveolae and mitochondria.
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RESULTS

Caveolin mRNA and protein expression in adult rat and mouse CM. We initially
investigated the expression of mRNA and protein for Cav-1, Cav-2, and Cav-3 in
ventricular CM isolated from adult rats and mice. Analysis by real-time PCR showed the
expression of all three Cav isoforms, with higher levels of mRNA expressed in rat versus
mouse (P<0.05, Fig. 3-14). The relative expression of the different Cavs was different in
rat (Cav-1>Cav-3>Cav-2) vs. mouse (Cav-3>Cav-1>Cav-2). To assess for expression of
Cav proteins, we used sucrose density centrifugation of CM disrupted using a non-
detergent method and probed with antibodies specific for each of the Cav isoforms. All 3
forms of Cav were detected in buoyant fractions (BF, 4-5) and heavy fractions (HF, 9-12)
in adult rat CM, albeit with more Cav-3 than Cavs-1 and -2 in HF (Fig. 3-1B). Adult
mouse CM subjected to sucrose density fractionation revealed a distribution of Cavs
similar to that in rat CM: Cav’s-1, -2, and —3 were present in BF but much less Cav-1
was detected in HF compared to Cav-2 and Cav—3 (Fig. 3-1C). Taken together, these
findings demonstrate expression of mRNA and protein for all three Cav isoforms in adult
rat and mouse CM with all three isoforms present in BF following sucrose density
fractionation.

Co-immunoprecipitation reveals Cav-1 and Cav-3 in multi-protein complexes in
CM. Assessment of rat CM lysates by co-immunoprecipitation revealed Cav-1, Cav-2
and Cav-3 in Cav-1, Cav-2, and Cav-3 immunoprecipitates (Fig. 3-24). Because filamin is
an F-actin cross-linking protein and known ligand for Cav-1 ", we assessed whether Cav-

1 and Cav-3 are present in filamin immunoprecipitates. Comparing CM of wild-type mice
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for Cav expression with CM of Cav-1-null mice, we detected Cav-1 in both Cav-3 and
filamin immunoprecipitates but only in lysates of control, not those from Cav-1-null mice
(Fig. 3-2B). Cav-1, Cav-2 and Cav-3 were also detected in Cav’s-1, -2, and -3
immunoprecipitates of mouse CM lysates (Fig. 3-2B). Thus, all three Cav isoforms are
expressed and form multi-protein complexes in adult rat and mouse CM lysates.
Immunofluorescence microscopy demonstrates expression of Cav’s-1, -2, and -3
and co-localization between Cav-3 and Cytochrome C in CM. We used
immunofluorescence and deconvolution microscopy as a further means to assess whether
adult CM express all three caveolin isoforms and to determine if Cav-3 localizes near
other cellular organelles. We detected Cav-1 and Cav-3 in a punctate pattern along the
sarcolemmal membrane and in transverse striations within the interior of the cell while
Cav-2 stained predominantly along the sarcolemmal membrane with diffuse intracellular
staining (Fig. 3-34). Cav-3 co-localized with cytochrome C, a mitochondrial marker, along
the sarcolemmal membrane and in sub-sarcolemmal regions (Fig. 3-3B, ~70% co-
localization within 2 mm of the surface). By contrast with the co-localization in those
regions, Cav-3 and cytochrome C stained in parallel, transverse patterns with minimal co-
localization within the interior of the cells. Electron microscopy revealed that rat CM
have abundant caveolae closely apposed to sub-sarcolemmal mitochondria (arrows, Fig. 3-
44,B). Quantitation revealed that more sub-sarcolemmal mitochondria are associated with
regions of the membrane that contain caveolae (~10 fold more, Fig. 3-4C) and that ~50%
of total caveolae/mm of sarcolemma associates with sub-sarcolemmal mitochondria (Fig.

3-4D). These data indicate that adult CM express all three Cav isoforms and that Cav-3 is
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found along the sarcolemmal membrane and in sub-sarcolemmal regions, in some sites
closely juxtaposed to sub-sarcolemmal mitochondria.

HO-1 and eNOS are present in BF following sucrose density fractionation of rat
CM. To assess whether HO-1 and eNOS co-localize with caveolin in adult CM, we
tested whether these enzymes distribute to BF and immunoprecipitate together with Cav
isoforms. Both eNOS and HO-1 were detected in BF of adult rat CM following sucrose
density fractionation (Fig. 3-54). In addition, Cav-1, Cav-3, and HO-1 were detected in
HO-1 and eNOS immunoprecipitates of rat and mouse CM lysates (Fig. 3-5B). HO-1
was also detected in Cav’s-1, -2, -3 immunoprecipitates from mouse and rat lysates.
Thus, enzymes involved in the generation of CO and NO distribute to buoyant caveolin

fractions and are present in multi-protein complexes with caveolin in adult CM.
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DISCUSSION

The current studies provide new information regarding several aspects of caveolae
and caveolins in the heart: 1) using multiple techniques, we show that in addition to the
well-known expression of Cav-3, Cav-1 and Cav-2 are also expressed in adult CM; 2) we
found that caveolins in adult CM localize with two key enzymes, eNOS and HO-1, that
are involved in regulation of reactive species; 3) we show the close apposition of caveolae
and mitochondria, thus identifying an aspect of cardiac caveolae expression that has not
been previously emphasized.

The repetitive movement of the heart requires an ongoing supply of energy and
oxygen consumption, which likely is reflected in the high mitochondrial content.

126. 127 and stimulation of mitochondrial ATP-

Preservation of mitochondrial function
dependent potassium channels (Krp) % 2% 12 have been linked to protection of the
ischemic myocardium; however, little is know regarding mechanisms by which
extracellular stimuli “communicate” with intracellular organelles, such as mitochondria, to
produce these effects. Our finding that caveolae are in close proximity to sub-
sarcolemmal mitochondria define potential microenvironments in adult CM that may
contribute to the regulation of cardiac function, a result akin to findings observed in
certain smooth muscles "*°. Of note, pathophysiologic conditions, such as ischemia, that
deprive the heart of oxygen or that result in a mismatch between energy production and
energy utilization (e.g., congestive heart failure) have been linked to altered expression of

caveolae and/or redistribution of caveolin *® 4% 131132,
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The contribution of mitochondria in cardiovascular disease suggests that there may
be a close link between generation of reactive species and mitochondrial signaling,
however, the precise mechanisms involved in regulating cardiac energetics during
conditions of increased demand and reduced supply are unknown. Several studies have
demonstrated the phosphorylation of Cav on Tyr'* by Src family kinase members
following oxidative stress, thus implicating such modifications of Cav in signaling by
reactive species ° 7% > 133134 " These reactive species may serve as a bridge between
surface sarcolemmal caveolae and mitochondria that are in close proximity and thereby
may contribute to intracellular regulation by extracellular signals. Increased free radicals
can produce damage via reactivity with biologically important molecules such as lipids
135,136 proteins 137139 "and DNA %11 \while CO and NO are signaling molecules that
help modulate the negative impact of reactive species '**'%*,

Our finding that expression of eNOS and HO-1, which generate NO and CO,
respectively, co-fractionate and co-immunoprecipitate with caveolins suggests that
caveolae are sites that regulate production of these reactive species. Of note, biliverdin,
the other product of catalysis of heme by HO besides CO, also provides protection from
oxidative damage 143197~ Other data link mitochondrial K ,rp channel activity to actions of
NO in ventricular myocytes '** and to generation of reactive species in an atrial-derived
cell line '**. HO-1 expression is enhanced with ischemia '*° while over-expression of HO-
1 protects rat hearts from ischemia/reperfusion injury via an anti-apoptotic mechanism "'

and improves post-ischemic dysfunction '*%. Such studies, which suggest potential links
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between the generation of reactive species and protection of the heart from oxidative
damage, are consistent with the current results that emphasize caveolae and mitochondria
and the association with caveolin of HO and eNOS in adult CM.

Unlike the well-known expression of Cav-3, the existence of Cav-1 and -2 in adult
CM has not previously been reported, although others have noted a relationship between
Cav-2 and Cav-3 with increasing expression of Cav-2 in neonatal CM placed in culture '**
as well as muscle-type-specific expression and interactions of caveolins '*°. Our recent
data suggest that caveolin-3 acts as a scaffolding molecule in adult CM at sites in addition
to surface sarcolemmal caveolae *°. Observations akin to ours have been made by Li et al
153 who have suggested that localization of Cav-1 is not restricted to plasma membrane
caveolae but can occur in other cellular regions, including mitochondria in airway epithelial
cells. Such findings and others indicate that not only caveolin isoform distribution but also
protein composition of caveolae varies among cell types, although the precise
determinants for the latter differences have not-yet been defined **.

In conclusion, our findings show that all three caveolin isoforms are expressed in
adult CM and that they interact with both eNOS and HO-1, enzymes that form gases
that regulate cells. The interaction of caveolin isoforms with enzymes involved in
generating reactive species and the enrichment of these enzymes in caveolar microdomains
provides a novel mechanism for regulation of CM by external stimuli. The close
proximity of caveolae with mitochondria may provide a means to regulate mitochondrial

function and impact of mitochondrial products on other organelles in CM. We speculate
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that studies designed to explore this association between mitochondria and caveolae have
the potential to yield information that will further our understanding of cardiac myocyte

energetics and pathophysiology.
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Fig. 3-1. Real-time -PCR and immunoblot analysis shows expression of Cav’s-1, -2, and -
3 in adult rat and mouse CM. 4, Real-time PCR analysis of Cav-1, Cav-2, and Cav-3 in
adult rat and mouse CM. B and C, Adult rat (B) and mouse(C) CM were subjected to
Na,CO; extraction followed by sucrose density fractionation, as described in Methods
and demonstrate Cav’s-1, -2, and —3 are distributed in buoyant (BF, 4-5) and heavy
fractions (HF, 9-12).
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Fig. 3-2. Caveolin isoforms co-immunoprecipitate in adult rat and mouse CM lysates. 4,
Immunoblot analysis shows Cav’s-1, -2 and -3 in Cav’s-1, -2, and -3 immunoprecipitates
(without and with detergent [Igepal 1%]) of rat (4) and mouse (B) adult CM. B, Cav-1
was detected in Cav-3 and filamin immunoprecipitates of wild-type adult CM, but not in
Cav-3 and filamin immunoprecipitates from Cav-1 null adult CM.
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Fig. 3-3. Immunofluorescence and de-convolution microscopy demonstrates expression
of Cav’s-1, -2, and —3 and co-localization between Cav-3 with cytochrome C in rat CM.
Adult rat CM were stained with antibodies for Cav-1, Cav-2, and Cav-3 (A) or with
antibodies for Cav-3 and cytochrome C, a mitochondrial marker (B). Inset represents
quantitated regions within 2 um of image surface that reveal ~70% co-localization
between Cav-3 and Cyto C. Images were de-convolved and shown as single stained
myocytes or overlaid to show co-localization. Scale bar, 10 um.
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Fig. 3-4. Electron microscopy reveals abundant caveolae clustering near sub-sarcolemmal
caveolae in adult rat CM. 4, Electron microscopy, performed as described in Methods,
shows that sarcolemmal caveolae are adjacent to sub-sarcolemmal mitochondria. Scale bar,
0.1 um. B, A lower magnification image reveals clusters of sarcolemmal caveolae adjacent
to sub-sarcolemmal mitochondrial membrane (arrow). C, Data were quantitated as total
subsarcolemmal-mitochondria/mm of sarcolemma that are and are not associated with
caveolae. Association was defined as less than the diameter of 2 caveolae, i.e., ~200 nm.
D, Data were quantitated as total caveolae/mm of sarcolemma and total caveolae
associated with subsarcolemmal-mitochondria (sc-Mito) with 2 um. of the cell surface.
Each mitochondrion is represented by M and arrows indicate caveolae. Scale bar, 0.2 um.
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Fig. 3-5. HO-1 and eNOS distribute to buoyant Cav fractions and are detected in
immunoprecipitates for Cav’s-1, -2, and -3 in adult CM. 4, HO-1 and eNOS localized in
both buoyant (BF, 4-5) and heavy fractions (HF, 9-12) following sucrose density
centrifugation of Na,COj; extracts of rat CM. B, Cav-3 and Cav-1, and HO-1 were
detected in HO-1 and eNOS immunoprecipitates of mouse and rat CM. HO-1 was also
detected in all Cav’s-1, -2, and —3 immunoprecipitates from rat and mouse lysates. Due to
the close proximity of the agarose band with the predicted molecular weight of HO-1 (37
kDa), short exposure times (10 s) were used to detect HO-1, thus generating a relatively
faint band.
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ABSTRACT

Microtubules and microfilaments regulate plasma membrane topography
but their role in compartmentation of caveolar-resident signaling components, in
particular those that regulate cAMP production, has not been defined. The
present study tests the hypothesis that the microtubular and actin cytoskeleton
influences localization of caveolin (Cav) and presence of caveolae, thereby altering
the distribution of G protein-coupled receptor (GPCR) signaling components
involved in regulating cAMP production in adult -cardiac myocytes.
Depolymerization of microtubules with colchicine (Colch) for 60 min or of
microfilaments with cytochalasin D (CD) for 90 min dramatically reduced the
percent of cellular Cav-3 in buoyant membrane fractions following sucrose density
gradient fractionation: Colch, 4.0 = 1.9 %, n=4, CD, 2.1 £ 0.9 %, n=4, vs. Control,
26.2 £ 2.3 % (n=11, p<0.0001), increased the expression of Cav-3 in “heavy”
fractions. Colch or CD treatment caused Cav-1, Cav-2, 3 -adrenergic receptors (f;-
AR), B,-AR, Go, and adenylyl cyclase (AC)ss to be excluded from buoyant fractions
but increased, isoproterenol (B-AR agonist)-stimulated cAMP production (P<0.05
vs. Control). Immunofluorescence microscopy showed that Colch decreased co-
localization of Cav-3 and a-tubulin and that both Colch and CD decreased co-
localization between Cav-3 and filamin, an F-actin cross-linking protein. Colch
and CD decreased phosphorylation of Cav-1, Src, and p38 MAP kinase and reduced
the number of caveolae/um sarcolemma, as measured by electron microscopy.
Taken together, the findings implicate a role for microtubules and microfilaments
in the presence of morphologic caveolae and indicate that phosphorylation of
caveolin appears to be required for its ability to blunt GPCR-AC signal
transduction.

INTRODUCTION
The three components of the cytoskeleton - intermediate filaments, microtubules, and
microfilaments - contribute to the structural organization of the cytoplasm and help

62-64 " Microtubules

regulate the topography of the plasma membrane in eukaryotic cells
and microfilaments have nucleotide-binding and hydrolyzing activity, while intermediate

filaments, which serve as cytoskeletal ‘identity cards’ to distinguish among different cell

types, have no known enzymatic activity.  The actin-associated cytoskeleton,
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microfilaments, are involved in cell motility, adhesion, and endocytosis; disassembly of
the actin cytoskeleton leads to fusion of intracellular vesicular membranes with the
plasma membrane . The polymerized tubulin cytoskeleton, microtubules, are involved
in cell locomotion, movement of organelles and mitosis. Both microfilaments and
microtubules are implicated in membrane trafficking, including that of caveolae-containing
membranes, in mitotic cells 7.

A growing body of evidence suggests a connection between cytoskeletal components

73-75

and caveolar-regulated cellular events Caveolae, 50-100 nm invaginations of the

plasma membrane that contain cholesterol, sphingolipids, and the structural protein

caveolin (Cav-1, -2, and —3) * °, have been shown to serve as sites for actin “tail”

7 77

formation > and can be anchored to the cell surface by cortical actin filaments

154

Caveolae participate in a variety of cellular functions, including endocytosis ", calcium

155

homeostasis '*°, skeletal muscle transverse tubule (T-tubule) formation !

and

compartmentation of receptor-mediated signaling components 2% *°

. Among the latter are
G protein-coupled receptors (GPCR), heterotrimeric G-proteins, and GPCR/G-protein-
regulated effector molecules, a population of which localize in caveolae, thereby
facilitating coordinated and rapid generation of second messengers and regulation of cell
function 2> *°. However, the contribution of microtubules and microfilaments to caveolar-

regulated signal transduction, in particular GPCR-G-protein signaling, remains relatively

unknown. In this regard, it is of interest that treatment of cells with cytoskeletal
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disrupting agents can influence GPCR-mediated signal transduction and GPCR
desensitization/resensitization, as will be described subsequently.

An example of a physiologically important GPCR is the B-adrenergic receptor (p-
AR), whose activation by the sympathetic nervous system or circulating catecholamines
is a key mechanism for production of the second messenger cAMP in numerous tissues,
including the mammalian heart '°°. The synthesis of cCAMP is regulated by GPCR that
activate (via Gy) or inhibit (via G;) the activation of adenylyl cyclase (AC). Substantial
data over the past three decades have indicated that -AR-stimulated cAMP formation
can be enhanced by agents that disrupt microtubules or microfilaments but the precise
mechanisms have not been defined '*”'*°. Other data have indicated co-localization with
and regulation by caveolins of B-AR and other GPCR, G, and ACs '* %, Since the
effectiveness of this signaling cascade is dependent upon the organization and location of
signaling proteins within the plasma membrane, in the present study we sought to
determine if there was a mechanistic link between the localization of GPCR signaling
components in caveolae and the ability of cytoskeletal agents to alter B-AR signal
transduction. We thus undertook experiments to assess the impact of disruption of
microtubules and microfilaments in adult cardiac myocytes on the distribution of
caveolae, caveolins and GPCR signaling components, in particular as related to GPCR-G;,
mediated-cAMP production. The results indicate that intact microtubules and

microfilaments contribute to the presence of caveolac and the phosphorylation state of
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caveolin, which appears to be required for tonic inhibition of GPCR-G;-AC signal

transduction.

RESULTS

Caveolin (Cav) isoforms, P-AR, Ga, and ACsy are excluded from buoyant
fractions following cytoskeletal disruption. To test the impact of cytoskeletal disrupting
agents on expression and co-localization of caveolins and GPCR-G,-AC, we investigated
the distribution of Cav-3 and signaling components in fractions prepared by sucrose
density gradient fractionation of adult CM treated with colchicine (Colch) or cytochalasin
D (CD), using conditions previously validated to lead to inhibition of microtubule and

microfilament assembly, respectively ©7- 160 161

. Cav-3 was detected in both buoyant
fractions (fractions 4 and 5, termed buoyant caveolin-rich fractions, BF) and heavy/non-
buoyant fractions (fractions 9-12, HF) in non-treated cardiac cells (Fig. 14, top panel).
Treatment with Colch and CD prominently decreased the percent of total cellular Cav-3
detected in BF: Colch, 4.0 = 1.9, n=4, CD, 2.1 + 0.9, n=4, vs. control, 26.2 + 2.3, n=11
(P<0.0001) with compensatory increases in Cav-3 in HF (Fig. 4-14,B). Treatment with
Colch or CD also redistributed Cav-1 and Cav-2 from BF to HF and produced a similar
redistribution of B1-AR, B,-AR, ACss, and Gag (Fig. 4-24-C). In parallel with this
redistribution of signaling components, the p-AR agonist isoproterenol produced a greater

amount of cCAMP in Colch-, nocodazole- (Nocod; another microtubule disrupter), and

CD-treated CM (Fig. 4-2D; P<0.05 vs. Control). These results show that agents that
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depolymerize microtubules and microfilaments of adult CM redistribute caveolin
isoforms and B-AR signaling components (i.e., p-ARs, ACs;, Gog) from BF to HF and
enhance B-AR-stimulated cAMP production, suggesting disruption of caveolae, which we
corroborated by electron microscopy, to be shown subsequently (Fig. 4-8).

Treatment with Colch and CD decreases Cav-1, p38 MAP kinase, and Src
phosphorylation in adult CM. In addition to redistributing caveolins, B-AR, ACss, and
Ga,, treatment with Colch or CD altered the phosphorylation of Cav, which has been

0 Colch treatment

shown to be mediated by Src tyrosine kinase family members
decreased the amount of phospho-Cav-1 (P-Cav-1), phospho-Cav-2 (P-Cav-2), P-p38,
and P-Src, albeit the latter exhibited a somewhat slower time course (Fig. 4-34). CD
treatment decreased P-Cav-1, P-p38, and P-Src, but not P-Cav-2 (Fig. 4-3B). In contrast
to P-p38, P-Erk 1/2 expression was not altered following treatment with Colch or CD
(data not shown). Sucrose density centrifugation revealed that in control cells, the
majority of P-Cav-1 and P-Src (but not Src [T-Src in Fig. 4-3C]) distribute in BF, with
some P-Src in HF, and Colch or CD treatment decreases and redistributes P-Cav-1, P-Src
and T Src (Fig. 4-3C). The antibody for P-Src may cross-react with other Src family
members in equivalent phosphorylation states (according to the antibody manufacturer),
thus potentially explaining the different bands detected in BF and HF. These results
demonstrate that disruption of microtubules and microfilaments in adult CM alters

caveolin phosphorylation without changing total caveolin expression and also alters

phosphorylation of p38 and Src.
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Treatment with methyl-pB-cyclodextrin (MPBCD) decreases P-Cav-1 and -2, P-p38
MAP kinase, P-Src P-Erk 1/2 and expression of total Cav-3 and increases basal, but not
isoproterenol-stimulated, cAMP production in adult CM. We used MBCD, a cholesterol-

%35 as an alternative approach to assess the impact of caveolae/caveolin

depleting agent
structure on expression of signaling components and cAMP production. Treatment of
CM with MBCD (2 mM; 90 min) yielded certain findings similar to those observed after
cytoskeletal disruption: P-Cav-1 and -2, P-p38, P-Src decreased with MPBCD treatment
while expression of Cav-1 and 2 was maintained (Fig. 4-4). However, unlike what
occurred with Colch or CD (Fig. 4-3), total Cav-3 expression and P-Erk 1/2 decreased in
CM treated with MBCD (Fig. 4-44). In addition, by contrast with results obtained in
cells treated with Colch and CD (Fig. 4-2D), MBCD treatment increased basal cAMP
content and forskolin-stimulated, but not isoproterenol-stimulated cAMP accumulation
(Fig. 4-4B). Effects of MBCD on cAMP accumulation were not observed if cholesterol
was added together with MPBCD (Fig. 4-4B). Thus, cholesterol depletion of adult CM
lowers caveolin phophorylation and has different effects on cAMP formation than does
cytoskeletal disruption.

Immunofluorescence microscopy of adult CM after treatment with Colch and CD
reveals irregular Cav-3  clusters in sub-sarcolemmal regions. We used
immunofluorescence microscopy as a more direct means to assess the intracellular
distribution of Cav-3 following cytoskeletal disruption. In untreated adult CM, Cav-3

was detected in a punctate pattern on the sarcolemmal membrane and in transverse
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striations across the cells (Fig. 4-54, left image). In comparison with untreated cells,
treatment with Colch (middle image) and CD (right image) resulted in more prominent
irregular Cav-3 clusters and aggregates in regions proximal to the sarcolemmal membrane
(Fig. 4-54). In untreated cells, Cav-3 co-localized with a-tubulin on both the sarcolemma
and intracellular transverse striations (Fig. 4-5B, left image). Colch treatment decreased
co-localization between Cav-3 and a-tubulin in both the whole cell (P<0.05 vs control)
and sarcolemma (P<0.05 vs control) (Fig. 4-5B,C). Treatment with CD resulted in
irregular Cav-3 clusters in sub-sarcolemmal regions; quantitation revealed no reduction in
co-localization between Cav-3 and o-tubulin, in particular in the sarcolemma. Thus,
cytoskeletal disruption causes irregular Cav-3 clustering in sub-sarcolemmal and
intracellular regions and co-localization between Cav-3 and a-tubulin is dependent upon
proper microtubule assembly.

Localization between Cav-3 and filamin is decreased following cytoskeletal
disruption. To determine whether filamin, an F-actin cross-linking protein and known
ligand of Cav-1 in non-striated cells ”°, is detected in multi-protein complexes with Cav-3,
we performed immunoprecipitation experiments with a filamin antibody. Cav-3 was
detected in immunoprecipitates of adult CM lysates using such an antibody (Fig. 4-64).
Treatment with Colch, Nocod, and CD decreased the amount of Cav-3 in filamin
immunoprecipitates. Immunofluorescence microscopy demonstrated that Cav-3 and
filamin co-localize on the sarcolemmal membrane and in sub-sarcolemmal regions but this

co-localization was decreased in both regions following disruption of microtubules or
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microfilaments (Fig. 4-68 and 4-6C). Thus, Cav-3 localizes in multi-protein complexes
with filamin and this complex is disrupted following depolymerization of microtubules or
microfilaments.

Immunofluorescence microscopy of cytoskeletal-disrupted and cholesterol-depleted
adult CM reveals a significant reduction in phosphorylation of Cav-1. We used
immunofluorescence microscopy to assess phosphorylation of Cav-1 (P-Cav) following
treatment of cells with Colch, CD, and MBCD in adult CM. Control CM incubated with
antibodies for P-Cav-1 (red pixels) and Cav-3 (green pixels) revealed discrete regions of
co-localization on the sarcolemmal membrane as well as in sparse regions within the
interior of the cell (Fig. 4-74, far left image). Treatment with Colch, CD and MBCD, but
not cholesterol + MBCD, reduced Cav-1 phosphorylation (P<0.0001 vs control, Fig. 4-
74,B). Thus, both by immunoblotting (Fig. 4-3 and 4-4) and microscopy (Fig. 4-7)
cytoskeletal disruption and cholesterol depletion decrease P-Cav-1 in adult CM.

Cytoskeletal disruption decreases the number of caveolae. We used EM as a
direct means to assess the presence of caveolae (50-100 nm sarcolemmal membrane
invaginations or vesicles within close proximity (~5-10 nm) to sarcolemma) and observed
a loss of caveolae following either Colch or CD treatment (Fig. 4-8). Fig. 4-84 reveals
abundant caveolae along the sarcolemma and closely apposed to sub-sarcolemmal
mitochondria (within 0.5 wm of sarcolemma). Treatment with Colch (4-8B) and CD (4-
8C) did not appear to alter the number of sub-sarcolemmal mitochondria but resulted in

the loss of adjacent caveolae both on the sarcolemma (4-8Bi,Ci) and near sub-sarcolemmal
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mitochondria (4-8Bii,Cii). In addition, Colch treatment resulted in vacuoles associated
with omega shaped membranes resembling caveolae (4-8Biii), while CD treatment yielded
structures adjacent to the sarcolemma that resemble fused caveolae (4-8Ciii) and ranged
between 50-100 nm in diameter. Quantitation of total caveolae per um of sarcolemmal
membrane revealed ~ 60% reduction of caveolae (Fig. 4-8D) with Colch and CD
treatment. These data demonstrate that cytoskeletal disruption by Colch or CD
decreases the number of caveolac along the sarcolemma, near sub-sarcolemmal
mitochondria and results in vacuoles (Colch) or fused omega shaped vesicles (CD) that
resemble caveolae in both morphology and size.

MPBCD treatment decreases sarcolemmal caveolae in adult CM. EM analysis
(Fig. 4-94) demonstrated that MBCD (i7) treatment decreases the number of sarcolemmal
caveolae compared to control (i) or cholesterol-MBCD-treated cells (iii). Pooled data
show that MBCD treatment produced a striking decrease in number of caveolae per um of
membrane (Fig. 4-9B). Sucrose density fractionation (data not shown) confirmed that
MBCD treatment decreases the amount of Cav-3 in BF compared to untreated and

cholesterol-MBCD controls.

DISCUSSION
Microtubules and the actin-associated cytoskeleton (i.e., microfilaments) are two
key components for establishing membrane topography, dynamics, trafficking, and

organelle movement. Proper biological function of cellular membranes (e.g., signal
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transduction) can be regulated by dynamics of microtubules and the actin cytoskeleton

157139, 162, moreover, the role of those cytoskeletal components changes during aging and

disease .

Here we combined the use of biochemical, functional, and microscopic
techniques to investigate the role of microtubules and the actin-associated cytoskeleton in
caveolae expression and PB-AR-G;-AC signaling compartmentation. The role of those
cytoskeletal components in organizing caveolar-related GPCR signal transduction has not
been previously examined. We chose to focus our efforts on adult cardiac myocytes
because: 1) previous work from our lab has shown localization of B-AR-G-AC signaling
components in buoyant caveolin-associated microdomains in these cells *; 2) past studies

have demonstrated alterations in microtubule content 7% %!

(in spite of the relatively low
abundance of cardiomyocyte tubulin [~0.01% of total myocyte protein]) and changes in
number and morphology of caveolae during cardiac hypertrophy '%; and 3) evidence that
caveolin is redistributed in both aging and failing hearts **.

Tissue remodeling involves alterations of both cellular and sub-cellular structures.
For example, pressure-overload cardiac hypertrophy is associated with increased content
of microtubules while microtubular disruption increases contraction and alters Ca®"
currents, P-AR responsiveness, and heart rate in normal and failing myocytes .
Microtubular stabilization decreases cardiac calcium transients, thus implying a role for

microtubules as regulators of calcium handling '**.

In smooth muscle cells, increases in
contractile tone due to mechanical stress results in cytoskeletal stiffening, actin

accumulation at stress sites, and cell remodeling '®. Treatment of smooth muscle cells
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with cAMP or cytochalasin B causes disintegration of actin filaments ' while treatment
of endothelial cells with cAMP or agents that disrupt microtubules (i.e. Colch) inhibits
cell migration and partial dissolution of microtubules leads to endothelial cell barrier
dysfunction '°” ' These and other data implicate microtubules and microfilaments in cell
migration, barrier dysfunction, and cellular remodeling.

Our results show co-localization of Cav-3 with a-tubulin and filamin, an F-actin
cross-linking protein, interactions that were altered following cytoskeletal disruption. In
spite of this disruption, we observed an enhancement in P-AR-stimulated cAMP
production following treatment with Colch, Nocod and CD (Fig. 4-2B), implying that
caveolar-related GPCR-G4-AC signal transduction is restrained by normal cytoskeletal
assembly and dynamics. These results are consistent with and provide a mechanism to
explain prior findings pertaining to cytoskeletal-associated alterations in cAMP and [Ca];

157-159, 169

in a variety of cells types and may relate to the ability of microtubular

depolymerization to increase [Ca”']; transients 3¢ %%,

Disruption of caveolar microdomains through the use of cholesterol-depleting
agents results in exclusion of caveolin and GPCR signaling components from buoyant
membrane fractions *> and morphologic disruption of caveolae °. A difference between
the current results and previous data is the increase in basal cAMP levels that we
observed in MBCD-treated CM (Fig. 4-4B) that is not seen in other cell types *°. The

loss in isoproterenol-stimulated cAMP production following MBCD treatment indicates

that the 3-AR-Go, or Go-AC signaling cascade is disrupted in cholesterol-depleted adult
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CM. An explanation for the increase in basal cAMP levels is loss in cyclic nucleotide
phosphodiesterase (PDE) activity following caveolar disruption of adult CM, an idea
consistent with recent results that indicate compartmentation of AC, PDEs and cAMP

signaling components in caveolae * 1% 17!

. Clustering of these signaling components by
the cytoskeletal infrastructure may form microdomains for cAMP formation, degradation
and action. Depletion of cholesterol leads to loss of sarcolemmal caveolac and may

imbalance the opposing effects of resident ACs and PDEs, offsetting cAMP gradients '

174 171

and disrupting cellular homeostasis The loss of Cav-3 expression following
MPBCD treatment (Fig. 4-44), which did not occur in Colch- or CD-treated cells (Fig. 4-
3), may result from degradation of components. We immunoprecipitated the cell culture
media with Cav-3 antibodies but failed to find shedding of Cav-3 into the media following
cholesterol depletion (data not shown), implying that intracellular degradation likely
mediates the decrease in Cav-3 expression following MBCD treatment.

Previous studies have linked caveolin phosphorylation to internalization of caveolae
7175 Work in mitotic cells has shown that cell detachment produces a shift in
localization of phospho-caveolin-1 from focal adhesion sites to caveolae, resulting in the

internalization of cholesterol-enriched membrane microdomains '”°.

In the present study
we detected P-Cav-1 and P-Src in buoyant fractions prior to loss of caveolae due to
cytoskeletal disruption and cholesterol depletion, indicating that caveolae may be sites for

activated caveolin and Src family kinases. In addition, the decrease in phosphorylated

caveolin and Src tyrosine kinase in conjunction with the clearance of caveolae extends the
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notion that caveolar microdomains maintain the fidelity of multiple signaling pathways
and in addition, may serve as sites of attachment to the extracellular matrix in non-mitotic
cells.

We also found constitutive phosphorylation of Cav-1, Cav-2, p38 MAP kinase, and
Src but that this phosphorylation is reduced following treatment with agents that alter the
presence of sarcolemmal caveolae (Figs. 4-3, 4-4, 4-7). Although the role of P-Cav in
signal transduction is not fully understood, we hypothesize that phosphorylation of
caveolin isoforms is important for maintaining caveolin hetero- and homo-oligomers >* and
forming a scaffold for signaling components, perhaps by stabilizing multi-protein
complexes between caveolar resident and cytoskeletal proteins (i.e., tubulin and filamin),
thereby optimizing cell signaling. In hypertrophied hearts, one finds a transient increase in
the number of caveolae and abnormal caveolae associated with filamentous structures *.
In addition, hypertrophied myocardium has an increase in phosphorylated Src tyrosine
kinase at Tyr-416 '°, the active state required for caveolin phosphorylation, suggesting
that cytoskeleton-membrane junctions contain binding domains for Src family kinases and

that phosphorylation by these kinases is important for signal transduction '”’.

Because
low M, phosphotyrosine-protein  phosphatase localizes to caveolae, co-
immunoprecipitates with caveolin, and dephosphorylates P-Cav '7*, it will be of interest

to assess the impact of cytoskeletal disruption and MPBCD on this enzyme’s distribution

and activity.
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In conclusion, cytoskeletal disruption produces loss of morphologic caveolae and
redistribution of caveolar-resident proteins from sarcolemmal locales, increases cAMP
production and decreases phosphorylation of caveolin isoforms, results that help explain
previous observations related to the ability of cytoskeletal inhibitors to increase cellular
cAMP levels. The ability of cytoskeletal components to influence the phosphorylation
state of caveolins and caveolar-resident protein interactions have implications for signal
transduction processes as well as for age- and pathophysiological-related changes in the
heart and possibly other tissues **.

The text of Chapter Four has been submitted for publication of the material as it
appears: Head BP, Patel HH, Niesman IR, Roth DM, Farquhar MG, and Insel PA.
Cytoskeletal components regulate expression of caveolae, caveolin phosphorylation and
cAMP production. Submitted to J Biol Chem. 1 was the primary author and the co-
authors listed in this publication directed and supervised the research which forms the

basis for this chapter.
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Fig. 4-1. Distribution of Cav-3 protein in adult cardiac myocytes (CM) following
cytoskeletal disruption. 4, Na,COs; extraction followed by sucrose density fractionation,
as described in Experimental Procedures, was undertaken with adult CM following
treatment with colchicine (Colch, 30 uM; 1 h) and cytochalasin D (CD, 20 uM; 1.5 h).
Cav-3 immunoblot analysis shows a decrease in the amount of Cav-3 in buoyant fractions
(BF) after treatment with Colch and CD. B, Densitometric analysis of the Cav-3
immunoblots from Fig. 14 show a significant decrease in Cav-3 detected in buoyant
fractions after Colchicine and Cytochalasin D.
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Fig. 4-2. Distribution of ACss, B1-AR, B,-AR, Gag and Cav isoforms and effects on
isoproterenol-stimulated cAMP accumulation following cytoskeletal disruption of adult
cardiac myocytes (CM). 4, ACs,, B1-AR, B2-AR, Ga,, Cav-1, -2, and —3 were detected
in bouyant fractions (4,5; BF) and heavy fractions (10-12; HF) from sucrose density
fractionation of Na,COj; extracts. B, Colch (30 uM; 1 h) and C, CD (20 uM; 1.5 h)
treatment of adult CM resulted in the total exclusion of ACss, B1-AR, B,-AR, Ga,, Cav-
1, -2, and -3 from BF. D, Isoproterenol-, but not forskolin-,stimulated cAMP
accumulation significantly increased (P<0.05) in adult CM treated with Colch, nocodazole
(Nocod, 33 uM; 1 h), and CD compared to non-treated adult CM. Data are expressed as
total pmol cAMP/mg + SEM, n=4.
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Fig. 4-3. Cytoskeletal disruption of adult cardiac myocytes decreases phosphorylation of
Cav, p38 MAP kinase, and Src tyrosine kinase. Adult CM were treated with Colch (30
uM; 1 h) for 15, 30, and 60 min and CD (20 uM; 1.5 h) for 15, 30, 60, and 90 min
followed by immunoblot analysis. 4, Colch treatment decreased the amount of P-Cav-1,
P-Cav-2, P-p38 MAP kinase, and P-Src tyrosine kinase after 60 min, while total Cav-1,
Cav-2, and Cav-3 protein expression did not change. B, CD treatment decreased P-Cav-1,
P-p38, and P-Src after 90 min without altering protein expression of total Cav-1, Cav-2,
and Cav-3. C, P-Cav-1, P-Src, and total Src tyrosine kinase redistributed to HF from
sucrose density fractionation of Na,COs; extracts following Colch and CD treatment of
adult CM.
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Fig. 4-4. Methyl-B-cyclodextrin (MBCD) treatment decreases phosphorylation of Cav-1
and -2, p38 MAP kinase, Src, and total Cav-3 and alters cAMP accumulation in adult
CM. 4, Cells treated with MBCD (2 uM) for 15, 30, 60, and 90 min followed by
immunoblot analysis revealed a decrease in the expression of P-Cav-1, P-Cav-2, P-p38, P-
Src, and total Cav-3 after 90 min. B, Treatment with MBCD significantly increased
(P<0.01) basal cAMP levels. Incubation with forskolin (10 uM; 10 min), but not
isoproterenol (1 uM; 10 min), following treatment with MPBCD (2 uM; 1.5 h)
significantly increased (P<0.01) cAMP accumulation compared to controls (no MBCD
and cholesterol-loaded MBCD). Data are expressed as total pmol cAMP/mg + SEM, n=3.
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Fig. 4-5. Immunofluorescence and de-convolution analysis of the co-localization between
Cav-3 and the microtubule marker (a-tubulin) following cytoskeletal disruption of adult
cardiac myocytes. A4, Treatment with Colch and CD revealed irregular Cav-3 aggregates
(arrows) in sub-sarcolemmal membrane regions and in intracellular regions compared to
non-treated cells. B, Immunofluorescence microscopy reveals that co-localization
between Cav-3 and o-tubulin is significantly decreased (P<0.5 vs whole cell and
membrane, n=3) following Colch (30 uM) treatment. C, Data from panel B is expressed
as percent co-localization between Cav-3 and o-tubulin in whole cell and sarcolemmal
membrane. Images were de-convolved and shown as single stained or overlaid to show co-
localization. Scale bar, 10 wm.
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Fig. 4-6. Cytoskeletal disruption decreases co-localization between Cav-3 and filamin in
adult CM. A4, Cav-3 was detected in filamin immunoprecipitates of adult CM lysates.
Treatment with Colch (30 uM; 1 h), CD (20 uM; 1.5 h) and Nocod, (33 uM; 1 h)
decreased the amount of Cav-3 detected in filamin immunoprecipitates. B, Co-localization
of Cav-3 with filamin on the sarcolemmal membrane was significantly reduced (P<0.01,
n=4) in the presence of Colch and CD, as indicated by a reduction in yellow fluorescence
(overlapping pixels). C, Data from Fig. 6B are expressed as percent sarcolemma co-
localization between Cav-3 and filamin. Images were de-convolved and shown as single-
stained or overlaid to show co-localization. Scale bar, 10 wm.
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Fig. 4-7. Cytoskeletal disruption and cholesterol depletion significantly decreases P-Cav-
1 expression in adult CM. 4, Immunofluorescence and deconvolution microscopy shows
partial co-localization between P-Cav-1 (red pixels) and Cav-3 (green pixels) on the
sarcolemmal membrane and in sparse, intracellular locations. P-Cav-1 expression was
significantly reduced (P<0.0001, n=3) following treatment with Colch (30 uM; 1 h), CD
(20 uM; 1.5 h), and MBCD (2 mM; 1.5 h). Incubation with secondary antibodies only
shows minimal background staining. B, Quantitation of data is expressed as P-Cav-1
pixels. Scale bar, 10 um.
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Fig. 4-8. Cytoskeletal disruption of adult cardiac myocytes decreases the number of
sarcolemmal caveolae as determined by electron microscopy 4, EM demonstrates the
presence of several caveolae (arrows) on the sarcolemmal membrane near sub-sarcolemmal
mitochondria (scale bar, 1 um). Colchicine (B) treatment significantly decreased (P<0.05,
n=3) the number of total sarcolemmal caveolae. Bi and Bii (scale bar 1 um) show a
decrease in the presence of caveolae while maintaining sub-sarcolemmal mitochondria and
demonstrate the existence of vacuoles associated with omega shaped membranes
(asterisks) (Biii, scale bar 0.2 um) resembling caveolae. Ci and Cii demonstrate that cells
treated with CD results in the loss of caveolae on the sarcolemma without displacing sub-
sarcolemmal mitochondria (scale bar 1 um). Ciii (scale bar 0.5 um) shows CD treatment
results in clustering of structures resembling caveolae adjacent to the sarcolemma
(asterisks). D, Quantitation of data is expressed as number of caveolae per micrometer of
sarcolemma. M, mitochondrion.
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Fig. 4-9. MBCD treatment decreases sarcolemmal caveolae as determined by electron
microscopy and buoyant Cav-3 as determined by sucrose density fractionation. 4,
MPBCD (i) treatment decreases the amount of sarcolemmal caveolae in adult CM
compared to control (if) and cholesterol-MBCD control (iii), scale bar 0.2 um. B,
Quantitation of data is expressed as # caveolae per micrometer of sarcolemma.
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Chapter 5

Caveolin-associated G protein-coupled receptors
(GPCR), 8- and p-opioid receptors (OR), inhibit
B-adrenergic receptor promoted apoptosis in
adult ventricular cardiac myocytes
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ABSTRACT

Previous studies conducted with isolated adult cardiac myoctes (CM)
demonstrate that stimulation of ;-adrenergic receptors (8;-AR) promotes
apoptosis in a cAMP-dependent manner. Agonists of opioid receptors (OR) act via
Ga; to inhibit adenylyl cyclase (AC) activity and protect the heart from ischemic
injury but whether this protection represents blockade of apoptosis is not known.
In the present study, we used CM isolated from adult rat hearts to test the
hypothesis that activation of multiple OR block f-AR/AC/cAMP-induced apoptosis.
CM were treated with agonists or antagonists for 24 h prior to assessing apoptosis
by TUNEL staining. Pre-treatment with SNC 121 (1 pM), a -OR agonist,
significantly (P<0.05) inhibited isoproterenol (1 uM)-promoted apoptosis. SNC
121 significantly (P<0.01) inhibited cAMP production stimulated by isoproterenol
and isoproterenol plus forskolin. Treatment with DAMGO (1 uM), a p-OR
agonist, also inhibited apoptosis promoted by isoproterenol or by the AC activator
forskolin. The anti-apoptotic effects of both 3-OR and p-OR stimulation were
blocked by the non-selective opioid antagonist, naloxone (0.1 pM). These data
provide evidence that two different OR subtypes (8 and p) block f-AR induced
apoptosis in cardiac myocytes, at least in part by regulating activation (i.e.
phosphorylation) of MAPK family members. The results thereby define a
mechanism by which OR activation may protect the heart following ischemic
injury or other states that lead to f-AR activation.

INTRODUCTION

Apoptosis of cardiac myocytes (CM) during fetal and early postnatal
development determines the number of myocytes in the adult heart !”. The inability of
adult CM to regenerate suggests that the continued decline in the number of CM to
apoptosis may contribute to loss of function in the “aging heart” and perhaps to
progressive myocardial failure. Studies have shown that activation of 3;-AR-promotes

apoptosis in adult cardiac myocytes, while stimulation of the 3,-AR subtype inhibits
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apoptosis, primarily by coupling to Go; '*°. Treatment with pertussis toxin (PTX),
which inactivates Goy increases B-AR stimulated apoptosis '*'. In addition stimulation of
the M, muscarinic receptor, a Ga,;-coupled GPCR, with carbachol, inhibits f-AR
mediated apoptosis '®'. Similar to f,-AR and M,-AChR, other GPCRs that couple to
Ga;, such as opioid receptors (0-, u-, and k-OR), can protect the heart from ischemic
injury, and this protection was accomplished through the Go; pathway '®2. Agonist
activation of opioid receptors has also been demonstrated to protect CM from apoptosis
183: however, it is not known whether OR activation protects CM from f-AR-promoted
apoptosis.

Several pathological states of the heart are associated with myocyte apoptosis

184,185 ' myocarditis '*®, and myocardial infarction '*’. Apoptotic cells

include heart failure
have been detected along the border zone of an ischemic region and are also present
following acute myocardial infarction in humans '** '®. Studies involving ischemic injury
have demonstrated cardioprotective effects through activation of 6-opioid receptor (8-
OR)-Gay-protein signaling pathway '*°. Opioid receptor subtypes (8-, u-, and k-OR) are
members of seven-transmembrane domain GPCRs and are present on numerous cell
types, including the central nervous system and on cardiac myocytes '°!. Radioligand
binding studies in cardiac myocytes have identified the presence of the delta (8) and
kappa (k) subtype of opioid receptors on ventricular rat myocytes '°> 3. Recent work

in our lab has demonstrated the u-OR are expressed, attenuate B-AR promoted cAMP

production, and localize with B-AR to caveolin-associated microdomains in adult CM *.
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OR may exert anti-apoptotic effects and therefore be of therapeutic significance
for patients suffering from increased sympathetic nerve activity and excessive f3-
adrenergic stimulation, which is suggested to play a role in progressive heart failure '**.
Previous studies have shown that stimulation of 8-OR attenuates ischemic-induced
apoptosis in cultured ventricular CM, suggesting a protective role of opioid receptors
against cardiac myocyte apoptosis > '¥*. With the apparent regulation of myocardial
apoptosis through opposing effects from Go, and Ga;, we hypothesized and tested
whether activation of opioid receptor subtypes block f-AR-promoted apoptosis in adult

CM.

RESULTS

Stimulation of OR subtypes inhibit B-AR promoted apoptosis in adult CM. To test
whether stimulation of OR subtypes inhibit B-AR-promoted apoptosis, we pretreated
adult CM with SNC 121 (1 uM; 15 min), a 8-OR agonist, or with DAMGO (1 uM; 15
min), a u-OR agonist, followed by treatment with isoproterenol (ISO) (1 uM; 15 min),
forskolin (FSK) (10 uM; 15 min), and ISO plus FSK for 24 h (Fig. 5-1). Adult CM
treated with ISO, FSK, and ISO plus FSK significantly increased the percent of TUNEL
positive cells (Figs. 5-1, 5-24,B; ISO, 49+6%, FSK, 50+4%, ISO + FSK, 45+1% versus
control, 21+3%, P=0.008, 0.004, 0.001, respectively; n=4). SNC 121 significantly
decreased ISO-promoted apoptosis (SNC 121, 21+4%, P=0.03), but had no effect on

FSK or ISO plus FSK. The inhibitory effect by SNC 121 was significantly blocked by
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the non-selective OR antagonist, naloxone (0.1 uM; 38+2%, versus SNC 121 + ISO,
P=0.02). Pre-treatment with DAMGO (1 uM; 15 min) significantly decreased ISO, FSK,
and ISO plus FSK promoted apoptosis (Fig. 5-1C). This inhibition by DAMGO was
blocked by pre-treatment with naloxone (15 min). These data demonstrate that
stimulation of OR subtypes attenuate $-AR-promoted apoptosis in adult CM.

SNC 121 and DAMGO lower the potency of increasing doses of ISO-stimulated
apoptosis in adult CM. Because OR stimulation attenuated ISO-promoted cardiac
apoptosis, we next assessed the pharmacodynamics by using SNC 121 and DAMGO in
the presence of increasing concentrations of ISO (Fig. 5-3). Increasing concentrations of
ISO (10® to 10> M; 24 h) augmented adult CM apoptosis, while pre-treatment with
SNC 121 (1 uM; 15 min) or DAMGO attenuated ISO-stimulated apoptosis (P<0.05; Fig.
5-34). Increasing concentrations of SNC 121 (P<0.05; 10" to 10> M) or DAMGO (10°*
to 10> M) prior to treatment with ISO (1 uM; 24 h) lowered ISO-promoted apoptosis
(Fig. 5-3B). These data show that treatment with SNC 121 or DAMGO attenuates
increasing concentrations of ISO-promoted apoptosis in adult CM.

Stimulation of OR decreases B-AR-promoted cAMP production and increases
phosphorylated-p38 MAPK expression. Because stimulation of u-OR has been shown to
decrease f-AR-promoted cAMP production in adult CM *°, we tested the hypothesis
that stimulation of 8-OR, a Ga;-coupled receptor, will decrease f-AR stimulated cAMP
production in these cells. Pre-treatment with SNC 121 significantly reduced ISO-

stimulated (P<0.05; SNC 121, 2.5+0.6 versus control, 9.2+1, control; n=7; Fig. 5-44) and



84

ISO plus FSK stimulated (P<0.05; SNC 121, 38.6+3.8 versus control, 51.9+7.6) cAMP
production. These data show that stimulation of 8-OR significantly attenuates ISO-
stimulated cAMP production in adult CM.

Because p38 MAPK activation has been shown to be anti-apoptotic in adult CM
190 we stimulated OR subtypes prior to f-AR stimulation and assayed for
phosphorylation of p38 MAPK (P-p38). ISO (1 uM; 15 min) - or FSK (10 uM; 15 min)
- treated adult CM showed no increase in p38 phosphorylation compared to basal (Fig. 5-
4B). Treatment with DAMGO (15 min; 1 uM) or SNC 121 (15 min; 1 uM) increased
phosphorylation of p38 without changing total p38 expression. This increase in P-p38
was blocked by the non-selective opioid antagonist, naloxone (0.1 uM). Thus, both 6-
OR and u-OR stimulation increase the phosphorylation of p38, an anti-apoptotic
MAPK, and this increased phosphorylation is blocked by an opioid receptor antagonist,
naloxone, in adult CM.

Agonist stimulation of B-AR and u-OR increases Cav-1, Cav-2, and Src tyrosine
kinase phosphorylation in adult CM. Because 3-AR subtypes and u-OR distribute to
buoyant fractions on a sucrose density gradient and localize with caveolin on surface
sarcolemma *°, we thus tested if simulation of B-AR or u-OR increases phosphorylation
of caveolin in adult CM. Treatment with ISO (1 uM) or DAMGO (1 uM) increased
Cav-1, Cav-2, and Src tyrosine kinase phosphorylation with a maximal effect at 30 min
(Fig. 5-54, B, C). PP2, a Src tyrosine kinase inhibitor, blocked both B-AR and u-OR

stimulated induction of Cav-1 and Cav-2 phosphorylation (Fig. 5-5D).
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DISCUSSION

Previous work from our lab has shown that $-AR and ORs localize to caveolin
membrane fractions and stimulate or inhibit cardiac myocyte cAMP production,
respectively *. Regulation of intracellular cAMP levels through stimulation of the f-AR-
Goa,-AC pathway increases the rate (chronotropy) and force of contraction (inotropy)
and force of relaxation (lusitropy). This signaling pathway is considered the principal
physiological mechanism for production of the second messenger cAMP in the
mammalian heart, in particular by cardiac myocytes. The effectiveness of this signaling
cascade is dependent upon the location and compartmentation of key signaling proteins
within sarcolemmal caveolin-associated microdomains * ***°. The findings that increased
myocyte apoptosis in patients with heart failure is accompanied by increased
sympathetic adrenergic activity suggests that -AR hyper-stimulation contributes to the
pathophysiology of myocardial failure '*> ', The present study utilized biochemical and
functional techniques to test whether OR stimulation blocks B-AR-promoted apoptosis
in mature cardiac myocytes.

Studies involving cardiac ischemic injury have demonstrated cardioprotective
effects through activation of the §-opioid receptor (0-OR)-Goy-protein signaling pathway
190 Tn addition, apoptosis has been implicated in ischemic injury in the heart '8 197. 198
and OR stimulation has been shown to have anti-apoptotic affects in cardiac myocytes

183 The mechanism through which OR protect the heart from ischemic injury is not well
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understood. We have recently shown that u-OR are expressed and localize with caveolin
on the sarcolemmal membrane in adult cardiac myocytes, as well as attenuating $-AR-
stimulated cAMP production *°. Our findings that u-OR stimulation blocks f-AR-
promoted cardiac myocyte apoptosis independent of intact caveolae (Fig. SE), and that
agonist stimulation of both OR and $-AR increases phosphorylation of Cav-1, Cav-2,
and Src tyrosine kinase extends the notion that u-OR are expressed and functionally
active and suggest that caveolin phosphorylation is upstream of B-AR and OR signal
transmission and regulation of cardiac myocyte apoptosis.

Mitogen-activated protein kinases (MAPK) play a variety of different roles in
regulating cardiac myocyte apoptosis '*°. Several studies have demonstrated p38 (four

isoforms a, B, y, and 8) can have both pro- and anti-apoptotic actions 2% 2!

. Since p38
activation has been associated with Goy-protein coupled receptors 2%, we hypothesize
that the inhibitory effects from 6- and u-OR are via activation of p38. Consistent with
this hypothesis we found that treatment with SNC 121 and DAMGO, 8-OR and u-OR
increased phosphorylated-p38 expression in the presence of ISO and FSK suggesting that
OR induced phosphorylation of p38 MAPK may be involved in attenuating $-AR-
promoted apoptosis in adult CM.

The literature suggests that lipid caveolin-associated complexes serve as platforms
to recruit and concentrate signaling molecules in order to create preformed signaling

16,22,23

complexes Several lines of evidence have shown that numerous receptor tyrosine

kinases (RTKs), non-receptor tyrosine kinases (NRTKs; Src-family kinases), G protein-
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coupled receptors (GPCR), and heterotrimeric G-proteins localize to caveolin-associated
microdomains in numerous cell types °*** >4’ Caveolin (Cav-1) can be tyrosine
phosphorylated (Tyr'*) by Src family tyrosine kinases via activation of p38 MAPK in
response to extracellular signaling events such as osmotic and oxidative stress, integrin
ligation, epidermal growth factor, and insulin °*2**-?°*_ Cav-2 can also be phosphorylated
on tyrosine 19 (Tyr') in addition to serine phosphorylated on serines 23 and 36 by

casein kinase 2 %

. Src induced phosphorylation of Cav-2 localizes near focal adhesions
and remains associated with caveolae suggesting that phosphorylation of Cav-2 may
signal the cellular machinery to induce dissociation of Cav-2 from Cav-1 oligomers >*.
Although GPCR family members have been shown to co-localize with caveolin and
distribute to buoyant Cav-membrane fractions in sucrose density gradients, our findings
that stimulation of 3-AR and OR induces the phosphorylation of caveolin isoforms and
Src tyrosine kinase is the first to demonstrate that GPCR family members coupled to
both Ga,, and Ga; are involved in caveolin phosphorylation, in particular in cardiac
myocytes.

In summary, the present findings demonstrate that OR stimulation attenuates f3-
AR promoted apoptosis in fully differentiated cardiac myocytes. Our evidence that OR
and B-AR stimulation induces caveolin phosphorylation further suggests that caveolin
may be upstream of GPCR-mediated cardiac myocyte apoptosis during development and

aging. Pathophysiologic states, such as ischemia, which deprive the heart of oxygen or

that result in an imbalance between energy production and energy utilization (e.g.,
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congestive heart failure) have been linked to altered expression of caveolae and/or

redistribution of caveolin 4% 4% 131, 132

, and therefore point to these distinct microdomains
as potential therapeutic targets for patients with increased B-AR stimulation and heart

failure.
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Fig. 5-1. Stimulation with isoproterenol and/or forskolin induces apoptosis in adult CM.
Adult CM cultured on laminin coated wells were exposed to isoproterenol (1 uM; ISO),
forskolin (10 uM; FSK), and ISO plus FSK for 24 hours and apoptosis was assessed
with TUNEL staining.
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Fig. 5-2. Stimulation of 8-OR or u-OR inhibits f-AR-promoted apoptosis in adult CM.
Adult CM were pre-treated with the 8-OR (4) agonist SNC 121 (1 uM; 15 min) or the -
OR (B) agonist, DAMGO (1 uM; 15 min) followed by exposure to isoproterenol (ISO),
forskolin (FSK), and ISO plus FSK for 24 hr. The opioid receptor antagonist, naloxone
(0.1 mM; 15 min), blocked OR inhibition of cardiac myocyte apoptosis. Data are mean +
SEM from 4 animals, each performed in triplicate. P<0.01 vs basal; *P<0.05 vs control;
#P<0.05 vs either SNC or DAMGO.
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uM; 24 h) lowered ISO-promoted apoptosis. Data are expressed as mean + SEM from 3
animals, each performed in triplicate.
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*P<0.0001 vs control. (B) Treatment with DAMGO (15 min; 1 uM) or SNC 121 (15
min; 1 uM) increased phosphorylation of p38 without changing total p38 expression.
This increase in P-p38 was blocked by the non-selective opioid antagonist, naloxone (0.1
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Fig. 5-5. Agonist stimulation of B-AR and u-OR increases Cav-1, Cav-2, and Src tyrosine
kinase phosphorylation in adult CM. Treatment with ISO (1 mM) or DAMGO (1 uM)
increased Cav-1, Cav-2, and Src tyrosine kinase phosphorylation with a maximal effect at
30 min (4, B, C). PP2, a Src tyrosine kinase inhibitor, blocked both B-AR and u-OR
stimulated induction of Cav phosphorylation (D). Data are expressed as mean + SEM,
from 3 animals. *P<0.05 vs basal.
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THE ROLE OF CAVEOLIN/TRANVERSE TUBULES IN ADULT VENTRICULAR
CARDIAC MYOCYTES

Adult versus neonatal cardiac myocytes

The present thesis investigated the role that caveolin-associated microdomains
play in scaffolding GPCR components involved in regulating cAMP formation and how
the cytoskeleton affects this signaling organization in adult ventricular cardiac myocytes.
Although considerable amounts of research have been conducted on cardiac myocytes
regarding caveolae and GPCR compartmention, most studies have utilized neonatal or
embryonic rather than adult cells, likely due to the difficulty in obtaining healthy, viable
cells following enzymatic isolation. However, with respect to cardiac physiology and the
in vivo myocadium it is more advantageous to use mature cardiac myocytes because of
changes in expression of ion channels and contractile proteins, and development of the

205,206 49 well as adult atrial

transverse tubule system, a system absent in neonatal cells
myocytes ', Adult CM are multi-nucleated, contain abundant mitochondria and are 20
by 100 um in size **’, several times larger in volume than non-striated cells such as
endothelial, epithelial, fibroblasts, smooth muscle cells, etc. I established a model for

isolating adult ventricular cardiac myocytes and used these cell to ask a variety of

questions regarding GPCR compartmentation in caveolin-associated microdomains.
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Caveolae and surface area

Caveolae, omega (€2) shaped 50-100 nm regions of the plasma membrane, are
expressed by many cell types, and are believed to increase the surface area of cells.
However, previous studies have shown that non-striated cells have much greater amounts
of plasmalemmal caveolae than striated myocytes 2°*?%. Findings from these studies
demonstrate that the packing density of caveolae is 6/um? of the cell surface and increases
the cell membrane surface area by approximately 27% in rat myocardium, while caveolae
of endothelial and smooth muscle cells possess a greater packing density of 75/um? and
35/um?, respectively, increasing the surface in smooth muscle cells by 75% 2%21°. Yet, if
caveolae do serve to increase the surface area of cells, then why would a cell, such as the
adult CM, which is much larger in volume and contains more nuclei and organelles,
express fewer caveolae? I speculate that CM have adapted to this situation by having a
transverse (T-) tubule network. The T-tubule system originate from invaginations of the
sarcolemmal membrane and eventually runs in both transverse and longitudinal directions
104 Striated myocytes, instead of expressing more caveolae to accommodate the increased
cell volume, have replaced these flask like invaginations of the plasmalemma (i.e.
sarcolemma in myocytes) with T-tubules, a more efficient system to expose intracellular

proteins and organelles to the extracellular environment.
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Caveolae, Transverse Tubules, and Mitochondria

This idea is supported by evidence that caveolae and T-tubules are not distinct
entities, but rather are components of the cell that are similar to one another in that they
localize Cav-3 and are continuous with the plasma membrane *'"*?'2, Parton et al. 1997
elegantly showed that the caveolar protein marker, caveolin (Cav), in particular Cav-3,
transiently associates with T-tubules in developing skeletal muscle as a part of
interconnected caveolae but predominantly associates with the sarcolemma following
myocyte maturation. In contrast, my work *° shown in this thesis indicates that in
mature cardiac muscle (both isolated adult CM and heart) Cav-3 distributes to the
saroclemmal membrane and co-localizes with the T-tubule markers, dihydropyridine
receptor (DHPR) and vinculin, suggesting that caveolin’s association with T-tubules is
not transient in mature cardiac muscle, a conclusion that extends previous findings in
mature skeletal muscle *.

Cell surface caveolae and other caveolin-associated microdomains have been
demonstrated to be in close proximity with certain organelles, in particular mitochondria

130.208.213 " Data shown in this thesis lead to the hypothesis

and sarcoplasmic reticulum
that caveolin-associated microdomains localize components involved in antioxidant
generation (i.e., heme oxygenase, NOS, biliverdin, NO) thus serving as “sinks” for free
radicals generated by mitochondria (Chpt. 4). In addition, work shown by co-

immunoprecipitation and co-localization between Cav-3 and the sarcoplasmic reticulum

(SR) marker, ryanodine receptor (RyR), and co-localization of Cav-3 with DHPR indicate



98

that Cav-associated microdomains localize protein complexes involved in intracellular

40.41 " Close proximity between caveolin-

calcium flux and excitation-contraction coupling
associated protein complexes in T-tubules with both the SR and mitochondria is
consistent with the idea that there is preferential coupling of Ca®" transport form SR to
mitochondria in cardiac myocytes *'*. Several types of G protein coupled receptors, G
proteins, and effector enzymes localize to caveolin-associated microdomains both on the
surface sarcolemma and in T-tubules, extending the notion that surface caveolae and
caveolin-associated microdomains in T-tubules serve the same overall objective, which is
to localize signaling components in proximity to subcellular organelles >’°. The findings
thus suggest that T-tubules take on a key task that surface caveolae accomplish in non-
striated cells, which is to 1) increase the surface area, 2) transduce extracellular signals
from outside to inside the cell, 3) regulate intracellular calcium homeostasis, and 4)
compartmentalize and localize caveolin-associated signaling complexes within close
proximity to subcellular organelles '™, It is intriguing that T-tubules are found in cardiac
tissue of mammals, yet are absent from avian, reptile, and amphibian cardiac tissue, an
observation suggesting that T-tubules may serve to provide ions, nutrients, and
metabolites to the interior of myocytes in hearts with increased metabolic demand '**#!>
216 Tt thus would be of interest to assess caveolin-3 expression in cardiac tissue of lower
vertebrates (i.e., birds, fish, reptiles, and amphibians).

In conclusion, the combined use of multiple experimental approaches such as Q-

PCR, immunoblot analysis of subcellular fractions, immunoprecipitation,
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immunofluorescence and de-convolution microscopy, and immunoelectron microscopy
demonstrate that Cav-3 is present and co-localizes with certain GPCRs (i.e. §-AR,
mAChR, and opioid receptors) and their signaling components in both surface
sarcolemmal and non-surface sarcolemmal membranes, and Cav-3 interacts with protein
complexes capable of producing and inhibiting cAMP production in adult CM. The
localization of HO-1 and eNOS with caveolin, and the close apposition between caveolae
and mitochondria suggests that caveolae may not only be sites that generate gaseous
signaling components (i.e. CO and NO) but may also serve as discrete cellular regions for
antioxidant production, and thus “sinks” for free radicals in adult CM. Finally, the
results demonstrating that disruption of microtubules and microfilaments prevents
localization of Cav isoforms and GPCR signaling components to buoyant membranes, and
decreases phosphorylation of caveolin isoforms while enhancing cellular cAMP formation
implicate a role for microtubules and microfilaments in the formation and/or maintenance

of caveolar-mediated GPCR signal transduction, in particular in adult CM.
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EXPERIMENTAL PROCEDURES

Materials. Antibodies for ACss, B1-, B2-AR, Gao,, Ga3, Gaip, M-, My-mAChR, u-
OR, and p-adaptin were obtained from Santa Cruz Biotechnology (Santa Cruz, CA), for
eNOS, Cav-3, Cav-1, Cav-2 (monoclonal). phosphorylated caveolin (P-Cav) were
obtained from BD Biosciences (San Jose, CA), for DHPR, vinculin, and RyR from Sigma-
Aldrich, and for Cav-3 (polyclonal) and HO-1 from Abcam (Cambridge, MA). Antibodies
for Src, P-Src, p38, and P-p38 kinase were obtained from Cell Signaling (Beverly, MA).
GAPDH and cytochrome C antibodies were obtained from Imgenex (San Diego, CA).
FITC and Alexa-conjugated secondary antibodies were obtained from Molecular
Probes/Invitrogen (Carlsbad, CA). Filamin, a-tubulin, and all other chemicals and reagents
were obtained from Santa Cruz Biotechnology. All other chemicals and reagents were

obtained from Sigma Chemical (St. Louis, MO) unless otherwise stated.

Cardiac myocyte (CM) Preparation. Adult male Sprague-Dawley rats (250-300 g,
male) were anesthesized with ketamine (100mg/kg) and xylazine (10mg/kg), hearts were
excised and retrograde-perfused with media containing collagenase II, as previously
described 2!, Animals were heparinized (1,000-2000 units IP) 5 min prior to anesthesia.
Hearts were removed and placed in ice-cold cardioplegic solution (containing in mM: 112
NaCl, 5.4 KCI, 1 MgCl,, 9 NaH,PQO,, 11.1 D-glucose; supplemented with 10 Hepes, 30

Taurine, 2 DL-carnitine, 2 creatine, pH. 7.4). The hearts were retrograde-perfused on a
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Langendorff apparatus for 5 min at a rate of 5 ml/min at 37°C, followed by perfusion
with media containing collagenase II (250 units/mg; Worthington) for 20 min. Following
perfusion, ventricles were separated from atria and minced in collagenase II-containing
media for 10-15 min, washed several times and re-acclimated to 1.2 mM Ca** over 25 min
to produce calcium-tolerant CM. Myocytes were then plated in 4% fetal bovine serum on
laminin (2 ug/cm?) coated plates for 1 h; followed by serum-free medium (1% bovine
serum albumin) to remove all non-myocytes; CM were incubated at 37°C in 5% CO, for

24 h prior to experiments.

Real-time PCR Analysis of Gene Expression. Total RNA was isolated using a RNeasy
Mini Kit (Qiagen). First strand cDNA synthesis (Superscript First Strand Synthesis
System for RT-PCR, Invitrogen) was performed using random hexamers on 1-2 ug of
total RNA. The concentration of cDNA was determined and adjusted to 50 ng/ul for real-
time PCR analysis, which was performed on a MJ Research Opticon 2 in triplicate using
the QPCR Mastermix Plus for SYBR Green Kit (Eurogentec) with 100 ng cDNA and 0.5
uM forward/reverse primer mix in 20 ul final reaction volume. Thermal cycle conditions
were as follows: 94°C-10 min (1 cycle); 94°C-20 sec, 55°C-20 sec, 72°C-30 sec (40
cycles). Resulting PCR products were confirmed by melt curve analysis and agarose gel
electrophoresis. Analysis of cycle threshold (C,) was performed using Opticon 2
Analysis Software (MJ Research); normalized values were obtained for each group by

subtracting matched glyceraldehyde-3-phosphate dehyodrogenase (GAPDH) C; values.
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Membrane Fractionation. CM were fractionated using both detergent-free and
detergent-containing (1% Triton X-100) methods " '*2. A buffer containing 10 mM
KH,PO,4, 5 mM MgCl,, 5 mM EDTA, 1 mM EGTA was used to extract the contractile
myofibrils, as described previously 2'*. CM from a 15 cm plate were washed twice in ice-
cold PBS and scraped in 3 ml of either 500 mM Na,COs, pH 11.0, to extract peripheral
membrane proteins, or TNE (25 mM Tris-HCI, 150 mM NaCl, 5 mM EDTA) containing
Triton X-100 (1%). For detergent-free extraction cells were homogenized using three 10
sec bursts of a tissue grinder and then sonicated with three cycles of 20 sec bursts of
sonication and 1 min incubation on ice. Approximately 2 ml of homogenate were mixed
with 2 ml of 90% sucrose in 25 mM MES, 150 mM NaCl (MBS, pH 6.5) to form 45%
sucrose and loaded at the bottom of an ultracentrifuge tube. A discontinuous sucrose
gradient was generated by layering 4 ml of 35% sucrose prepared in MBS/250 mM
Na,CO; followed by 4 ml of 5% sucrose (in MBS/Na,COs). Gradients were centrifuged
at 280,000 g using a SW41Ti rotor (Beckman) for 16-20 h at 4°C. For subcellular
fractionation using Triton X-100, 2 ml of homogenate were mixed with 2 ml of 90%
sucrose in TNE. A discontinuous sucrose gradient was generated by layering 4 ml of 30%
sucrose in TNE followed by layering 4 ml of 5% sucrose in TNE and centrifugation at
190,000 g using a SW41Ti rotor for 16-20 h at 4°C. Samples were removed in 1 ml

aliquots to form 12 fractions.
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Immunoprecipitation of BF and HF. Immunoprecipitations were performed using
either protein A or protein G-agarose (Roche). BF and HF (in which pH was neutralized
with HCI and treated with 1% Igepal CA-630) or Triton X-100 fractions were incubated
with primary antibody for 1-3 h at 4°C, immunoprecipitated with protein-agarose
overnight at 4°C and then centrifuged at 13,000 g for 5 min. Protein-agarose pellets were
washed once in lysis buffer (50 mM Tris-HCI, pH 7.5, 500 mM NaCl, 1% Igepal CA-
630) followed by subsequent washes in wash buffer 2 (50 mM Tris-HCI, pH 7.5, 500
mM NaCl, 0.2% Igepal CA-630) and wash buffer 3 (10 mM Tris-HCI, pH 7.5, 0.2%

Igepal CA-630).

Immunoblot Analysis. Proteins in fractions and cell lysates were separated by SDS-
polyacrylamide gel electrophoresis using 10 or 12% acrylamide precast gels (Invitrogen)
and transferred to polyvinylidene difluoride membranes (Millipore) by electroelution.
Membranes were blocked in 20 mM PBS Tween (1%) containing 1.5% nonfat dry milk
and incubated with primary antibody overnight at 4°C. Primary antibodies were
visualized using secondary antibodies conjugated with horseradish peroxidase (Santa Cruz
Biotech, Santa Cruz, CA) and ECL reagent (Amersham Pharmacia Biotech, Piscataway,
NJ). All displayed bands migrated at the appropriate size, as determined by comparison
to molecular weight standards (Santa Cruz Biotech). The amount of protein per fraction

was determined using a dye-binding protein assay (Bio-Rad, Hercules, PA).
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Immunofluorescence Microscopy of adult CM and heart. Adult rat heart ventricles
and CM were prepared for immunofluorescence microscopy as described 2'*?2°. CM
were plated on pre-coated laminin (2 ug/cm?) glass coverslips and grown for 24 h. Rat
ventricles were freshly harvested, frozen and then mounted on a cryostat (—23°C) in order
to cut 10 mm semithin sections. Semithin sections and cells were fixed with 2%
paraformaldehyde in PBS for 10 min at room temperature, incubated with 100 mM
glycine (pH. 7.4) for 10 min to quench aldehyde groups, permeabilized in buffered Triton
X-100 (0.1%) for 10 min, blocked with 1% BSA/PBS/Tween (0.05%) for 20 min and then
incubated with primary antibodies (1:100) in 1% BSA/PBS/Tween (0.05%) for 24-48 h at
4°C. Excess antibody was removed by incubation with PBS/Tween (0.1%) for 15 min and
samples were then incubated with FITC or Alexa-conjugated secondary antibody (1:250)
for 1 h. To remove excess secondary antibody, semithin sections and cells were washed
6x at 5 min intervals with PBS/Tween (0.1%) and incubated for 20 min with the nuclear
stain Dapi (1:5000) diluted in PBS. Sections and cells were washed for 10 min with PBS

and mounted in gelvatol for microscopic imaging.

Deconvolution Image Analysis. Deconvolution images were obtained as described **"
222 and captured with a DeltaVision deconvolution microscope system (Applied
Precision, Inc., Issaquah, WA.). The system includes a Photometrics CCD mounted on a
Nikon TE-200 inverted epi-fluorescence microscope. Between 30 and 80 optical sections

spaced by ~0.1-0.3 mm were generally taken. Exposure times were set such that the
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camera response was in the linear range for each fluorophore. Lenses included 100x (NA
1.4), 60x (NA 1.4) and 40x (NA 1.3). The data sets were deconvolved and analyzed using
SoftWorx software (Applied Precision, Inc) on a Silicon Graphics Octane workstation.
Image analysis was performed with Data Inspector program in SoftWorx. Maximal

projection volume views or single optical sections are shown as indicated.

Quantitation of colocalization analysis. Colocalization of pixels was assessed

quantitatively by CoLocalizer Pro 1.0 software (http://www.home-

page.mac.com/colocalizerpro). Overlap coefficient according to Manders (MOC) was

used to determine the degree of colocalization on whole cells or sarcolemmal membrane
regions of interest (ROI) after subtracting background through normalized threshold
values **. The values are defined by 0 to 1 with 1 implying that 100% of both
components overlap with the other part of the image. Statistics were performed with

Prism.

Electron Microscopy. Cells were fixed with 2.5% glutaraldehyde in 0.1 M cacodylate
buffer for 2 h at room temperature, postfixed in 1% OsO, in 0.1 M cacodylate buffer (1
hr) at room temperature, and embedded as monolayers in LX-112 (Ladd Research,
Williston, VT), as described previously ***. Sections were stained in uranyl acetate and
lead citrate and observed with the use of an electron microscope (JEOL 1200 EX-II or

Philips CM-10). Caveolae were quantitated on random images per length of membrane.
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Immunoelectron Microscopy. Cells were fixed in 4% paraformaldehyde in 0.1 M
phosphate buffer, gently scraped and pelleted. The resuspended pellet was fixed for 1 h
at room temperature with 8% paraformaldehyde and then overnight with 4%
paraformaldehyde at 40°C. Cells were washed 3x with 0.1 M phosphate buffer,
embedded in 10% gelatin and cryoprotected in 2.3 M sucrose overnight at 40°C.
Cryosections were cut on a Leica UltraCut E; 80 nm ultrathin sections were mounted on
glow-discharged Ni grids and stored on 2% gelatin until labeled. Sections were blocked
with 1% goat serum/1% BSA, incubated with primary antibodies for 2 h to overnight,
followed by 5 or 10 nm gold-labeled goat-anti rabbit or goat anti-mouse IgG (Amersham).
Sections were then absorption-stained with uranyl acetate and embedded in 0.2% methyl
cellulose. For AC localization, cells were treated with an adenoviral construct containing

either LacZ (control; Adv-LacZ) or ACq (Adv-ACg) for 24 h prior to fixation *’.

Measurement of AC Activity. AC activity was measured in Cav-3 immunoprecipitates
using a modification of a previously described method . A 15 cm plate of adult CM was
homogenized on ice in a lysis buffer (50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 5 mM
MgCl,, 1 mM EGTA, 2 mM DTT, and 0.5% Igepal CA-630, plus mammalian protease
inhibitor cocktail from Sigma), pre-cleared with protein A-agarose for 1 h, and then
incubated with primary antibody for 1 h at 4°C. Antibody conjugates were

immunoprecipitated with protein G-agarose for 1 h at 4°C and then centrifuged at 13,000
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g for 5 min. Agarose pellets were washed once in lysis buffer, subsequently in wash
buffers 2 and 3 and then resuspended in 30 mM Na-HEPES, 5 mM MgCl,, 2 mM DTT,
pH 7.5. Protein (30 ul of immunoprecipitate) was added to tubes containing 30 mM Na-
HEPES pH 7.5, 100 mM NaCl, 1 mM EGTA, 10 mM MgCl,, | mM
isobutylmethylxanthine (IBMX, a cyclic nucleotide phosphodiesterase inhibitor), 1 mM
ATP, 10 mM phosphocreatine, 5 uM GTP, 60 U/ml creatine phosphokinase, and 0.1%
BSA. After 5 min, naloxone (0.1 uM), an opioid receptor antagonist, or vehicle was
added, followed by addition of DAMGO (1 uM), a selective u-opioid receptor agonist,
or vehicle 5 min later. After 5 min, forskolin (10 uM) was added and samples were
incubated for an additional 15 min. The reaction was stopped by boiling for 5 min and

cAMP content was assayed as previously described °.

Measurement of cAMP production. Assay for cAMP accumulation was performed by
incubation with drugs of interest and 0.2 mM IBMX for 10 min. To terminate reaction,
assay medium was aspirated, and 250 ml of ice-cold trichloroacetic acid (7.5%, w/v) was
immediately added to each well. cAMP content in trichloroacetic acid extracts was
determined by radioimmunoassay. Production of cAMP was normalized to the amount

of protein per sample as determined using a dye-binding protein assay (Bio-Rad).

Terminal deoxynucleotidyl Transferase (TdT)-mediated dUTP Nick End-Labeling

(TUNEL). TUNEL staining was performed on cells plated on a 24 well plate with an R
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& D Systems CardioTACS in situ apoptosis detection kit. Briefly, cells were fixed in
3.7% formaldehyde for 10 min at room temperature. Cells were then washed with PBS
and permeabilized with Triton X (0.1%) for 90 min at 37°C in a humidified chamber.
Cells are quenched with 3% H,0, in methanol for 5 min at room temperature and
incubated with TUNEL reaction mixture for 100 min at 37°C in a humidified chamber.

As a positive control, fixed and permeabilized cells were treated with nuclease enzyme
and nuclease buffer to introduce double stranded breaks in genomic DNA. The percentage
of DNA nick end-labeling myocytes were determined by counting in triplicate 100 cells

from randomly chosen fields and compared across three samples (900 total cells).

APOPercentage Assay. Adult CM were treated with agents to induce or inhibit
apoptosis. Approximately 30 min prior to measuring apoptosis, media was removed and
fresh culture media containing 1:20 dilution of APOPercentage dye was added to the cells
for 30 min at 37°C/5% CO,. Dye was then removed and the cells were washed twice
with PBS followed by the addition of 100 ul of APOPercentage dye (Biocolor,
Newtonabbey, Northern Ireland) release reagent for 10 min on a shaker. The cell bound
dye recovered in the solution was then measured using a microplate fluorimeter at

excitation and emission wavelengths of 530 nm and 580 nm, respectively.
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Statistical Analysis. Data are expressed as mean + SEM. Students unpaired ¢ test was

used to compare the number of groups as indicated. Significance was established at a level

of P<0.05.

PROTOCOLS

Preparation of Adult Rat Ventricular Myocytes

Cardiac myocytes (CM) were be isolated from adult Sprague-Dawley rats (250-300 g,
male) as previously described (Communal et al. 1998). Briefly, animals are heparinized
(1,000-2000 units IP) 5 min prior to being anesthetized with ketamine (100mg/kg) and
xylazine (10mg/kg), and their hearts removed and placed in ice-cold cardioplegic (20 mM
KCl) heart media solution (in mmol/L: 112 NaCl, 5.4 KCl, 1 MgCl,, 9 NaH,PO,. 11.1 D-
glucose; supplemented with 10 Hepes, 30 Taurin, 2 DL-carnitine, 2 creatine, pH. 7.4).
The hearts are retrograde-perfused on a Langendorff apparatus with Ca**-free heart media
for 5 min at 5 ml/min at 37°C, followed by perfusion with a Ca**-free heart media
containing collagenase II (250 units/mg; Worthington) for 20 min. Following perfusion,
both ventricles are removed from the heart and minced in collagenase II containing heart
media for 10-15 min. Cell solution are washed several times to remove collagenase II and
re-acclimated to 1.2 mM Ca®* over 25 min to produce calcium-tolerant CM. Myocytes
are plated in 4% fetal bovine serum (FBS) on laminin (2 ug/cm?) coated plates for 1 h.
Plating media is changed to serum free media (1% BSA) to remove all non-myocytes, and
CM are placed in an incubator set at 37°C and 5% CO, for 12-24 h prior to experiments.

Protocol steps are as follows:

1. Set flow rate to 5 ml/min
2. Set up cannula with 3 ml syringe containing heart media (HM)
3. Set up two 50 ml conical tubes with HM, one containing 20 mM KCI (plegic

solution).

4. Heparinize rat with 0.3 ml of 10,000 unit/ml (total 3000 units), 5 min prior to
anesthesia.

5. Anesthetize rat with 100 mg/kg of Ketamine (100 mg/ml) and 10 mg/kg of
Xylazene (20mg/ml)

a. Inject 0.7-0.9 ml IP from stock into 200-300 g rat.
b. Stock: 10 ml of Ket + 5 ml of Xyl + 5 ml 0.8% NaCl.
6. Shave thoracic region and wipe down with 70% EtOH prior to incision.
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Remove heart and place it in HM (without KCI) to remove blood, and then
transfer heart to HM containing 20 mM KCI.

Place heart into dish with HM (KCl). Cannulate heart via aorta with 3-5 cc
syringe containing HM with KCl. (IMPORTANT: No air bubbles in cannula!
This will prevent perfusion of the myocardium).

Transfer heart with cannula to Langendorff apparatus and perfuse heart with
calcium free HM for 5 min, at 6 ml/min, at 35°C.

Following 5 min perfusion, perfuse for 20 min at the same rate with HM
containing collagenase II.

Remove heart and place in dish containing 10 ml of collagenase II. Cut ventricles
into smaller pieces. At this point the heart should fall apart easily and the
myocardium should be flaccid, light-pink in appearance.

Transfer minced heart from dish into 50 ml conical tube and triturate for 6 min at
37°C.

Filter heart through 80-100 micron mesh into 50 ml conical tube and use washing
solution to wash the excess cells through the mesh.

Let tube sit at 45° angle for 10 min to generate a loose pellet (cardiac myocytes).
The supernatant can be drawn off and pelleted to produce cardiac fibroblasts.
Add 1:1 volume of washing solution to remove excess collagenase II, invert 2-4
times and let tube sit at 45° angle for 10 min to re-establish the pellet.

Aspirate supernatant and add 1:1 volume of washing solution. Let tube sit at 45°
angle for 10 min to re-establish the pellet.

Aspirate supernatant and add 1:1 volume of washing solution. Begin calcium
re-introduction step.

Introduce Ca** to myocytes by adding 0.25, 0.5, 0.75, 1, 1.25 mM Ca** in 4 min
increments to slowly equilibrate the cells to 1.25 mM Ca**. Invert tube 2x after
each calcium addition.

Let cells sediment again, remove 50% of washing solution and add 25% Plating
Media (4% Fetal Bovine Serum). Make sure the media has a maximum of 1.25
mM Ca”* (Media 199 Hanks Salts).

Let cells sediment again, aspirate supernatant, and add 50% Plating Media and mix
cells.

Let cells sediment again, aspirate supernatant, and add 75% Plating Media and
mix.

Let cells sediment again, aspirate supernatant, add 90% Plating Media and mix
thoroughly. Cells are ready for plating on Laminin pre-coated plates (2 ug/cm?).
Should yield between 3-5 x 10° cardiac myocytes.

Plate cells for 1 h and then remove Plate Media and add Maintenance Media (1%
BSA).

Culture ACM in 37°C at 5% CO,.
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26. Cells die an average 10-24% per 24 h while in maintenance media (1% BSA in 199

Media with Hanks Salts).

Buffers and Media
Joklik Modified Media
NaCl 112 mM
KCl1 5.4 mM
MgCl, 1 mM

NaH,PO, 9 mM
D-glucose 11.1 mM

Add to Joklik
Hepes 2380 mg/L
Taurin 3750 mg/L
DL-carnitine 400 mg/L
Creatine 300 mg/L

10 mM
30 mM
2 mM
2 mM

Adjust pH to 7.4 with NaOH and then filtrate.

Collagenase Solution

Heart Media 150 mL

Collagenase 11 150 mg of 251 units/mg*
*(Units vary per collagenase stock, so adjust
amount so that it is equal to 150 mg of 250units/mg)

BSA 150 mg (0.1%)
CaCl, 20 uM (30 ul from 100 mM stock)

Washing Solution

Heart Media 100 mL
BSA 1000 mg (1%)
CaCl, 20 uM (20 ul from 100 mM stock)

Adenylyl Cyclase Activity Assay
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1. Thaw AC buffers Solution A (30 mM Na-HEPES, 5 mM MgCl,, 2 mM DTT,
pH 7.5) and Solution B (30 mM Na-HEPES, 100 mM NaCl, 1 mM EGTA, 10
mM MgCl,, 1 mM IBMX, 1 mM ATP, 10 mM phosphocreatine, 5 uM GTP,
60 U/ ml creatine phosphokinase, and 0.1% bovine serum albumin, pH 7.5. The
stock should be in the -80 unless you are making a new batch. A and B should
be equal amounts.

2. Dilute drugs to proper concentrations from 102 M stock.

3. Depending on what the final volume is, mix the AC buffers in the 2 ml
microcentrifuge tubes with the drugs.

4. Place the tubes at 30 degrees to equilibrate for a few minutes. Then add the
tissue to start the assay (typically 10 min). Add the AC buffers and tissue
together and placed in heat block for a few minutes.

5. Start the reaction by adding the drugs. First, add the antagonists for 5 min, then
add the agonists to start the 10 minute reaction time.

6. Finish by boiling for 5 min.

7. For immunoprecpitation, re-suspend final 50 ul of agarose G (Cav-3 IP) in 300
ul of membrane buffer

8. Place in —20 degrees.
9. For RIA, use 30 ul for basal and 15 ul for drug-treated samples.
10. For example:

* Total volume = 200 ul
* AC Buffer solution (A & B mix) = 160 ul
* Drug of interest = 20 ul
1. Add antagonist 5 min prior to agonist
* Add tissue (e.g., immunoprecipitation solution) = 20 ul
* Incubate for 10 min
* Boil for 5 min
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Immunofluorescence Staining Protocol

1. Wash 2x with 1x PBS at room temperature (RT).

Fix in 2% paraformaldehyde/PBS for 10 min at RT.
Wash with 100 mM Glycine (pH 7.4) in PBS for 5 min.
Permeabilize in 0.1% Triton X/PBS for 10 min at RT.

A

Wash 2x with PBS/Tween 20 (0.1% Tween).
*Can be stored overnight at 4°C if necessary.

6. Block in 1% BSA/PBS/0.05% Tween for 20 min at RT (make fresh every few
times).

7. Dilute primary antibody (1:100) in 1%BSA/PBS/0.05% Tween and incubate for
48 h at 4°C.

8. Wash 3x at 5 min intervals with PBS/0.1% Tween (15 min).

9. Dilute secondary antibody (1:250) in 1%BSA/PBS/0.1% Tween for 1 h at RT.

10. Wash 6x at 5 min intervals with PBS/0.1% Tween.

11. Incubate with Heoscht (1:2000) for 20 min diluted in PBS on lab bench.

12. Wash 2x at 5 min with PBS, and 1x with D.I. H,O.

13. Mount in mounting media and place in dark area.

Note: If the cells are on coverslips incubate in a humidified chamber for the antibodies and
Hoescht.

Also, check with the antibodies being used, some require TBS instead of PBS, i.e. 10
mg/mL BSA in 1xTBS.

Reverse Transcriptase PCR and PCR

1. Amount of Oligo = X nmoles (of Primer) x 5 volume of molecular grade H,O
a. Add the X nmole + volume to get 200 uM of primer (Oligo)
i. E.g.28.15x5=140.8 uL =200 uM of Oligo (frozen stock at
—20°C)
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2. Dilute the 200 uM Oligo — 5-10 uM
a. E.g. 5 uL of both primers (200 uM) and add 90 uL. — total 100 uL (10
uM; working stock)

3. Reverse transcription (rt)-PCR and PCR Mix
a. Take 2 pL of primer (10 uM Primer mix) +
5 uwL of mRNA +
25 pL of 2x Mix +
17.5 uL of H,O +
0.5 uL of SS II RT (reverse transcriptase)/Taq (DNA polymerase)
Total 50 uL.

mo oo o

4. PCR Machine
a. 94°C to digest mRAN and inactivate SS II rt
b. 94°C to break cDNA away from mRNA
c. 55°C to allow primer to anneal to cDNA
d. 74°C to initiate Taq to extend primer

5. Run on cDNA on Gel
a. To Cast Gel: 25 mL of TBE pluse 0.25 g of Agarose (1%), heat until melts
(30-60 s), let cool, add 1.5 mL of ethidium bromide
b. Add Blue Juice 1 uL /10 uL of sample
c. 10 uL of Standard of 1 kb
d. Run @ 100V for 25 min
Reverse Primer for Cav-3 (mouse) with EcoR1 Restriction Site

5’-CGGAATTCCGTTAGCCTTCCCTTCGCAGCA-3’

Plasmid Isolation: Mini and Max Prep

1. Take 1.9 mL of bacteria/LB media, leave the remainder at 4°C

e. Spin at 10,000 rpm for 2 min
f. Remove Media and add 250 uL of P1 buffer to re-suspend
g Vortex (last vortex in protocol, invert 4-6x from here on out)

2. Add 250 uL of P2 (lysis buffer), invert 4-6x
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3. Add 350 uL of N3 buffer, invert 4-6x
h. Spin @ 13,000 rpm for 10 min

4. Take Supernatant and add to spin column and spin @ 13,000 rpm for 1 min

5. Discard flow thru and wash column with 750 uL of PE Buffer (wash buffer) and
Centrifuge for 1 min

6. Re-spin for an additional 1 min to remove residual wash buffer

7. Place column into new centrifuge tube (remove caps with scizzors) and add 50 uL.
of Elution Buffer, let stand for 1 min, and centrifuge for 1 min

8. To spec DNA, take 1 uL. and mix with 99 uL of molecular grade water (1:100
dilution) and spec against water alone

9. After spec, take 150 uL of Bacteria/LB and mix with 100 mL of LB with 100 uL
of Amp from 100 mg/ml stock; 1:1000 dilution) to generate large amounts of
Plasmid for Maxi-prep.

Maxi-Prep for Plasmid Isolation

1. Harvest and Lyse bacteria

a. Pellet 150 ml of an overnight culture at 5,000 g for 10 min, discard
supernatant

b. Resuspend cells in 12 mL of resuspension solution, pipet up and down, or
vortex

c. Add 12 mL of Lysis Solution and gently invert 6-8x to mix (Do not
vortex!); allow to clear 3-5 min

d. Remove the plunger from a filter syringe and place the barrel in an upright
position

2. Prepare Cleared Lysate
a. Add 12 mL of Neutralization Solution P to the lysed cells and gently
invert 6-8x
. Add 9 mL of Binding Solution G and gently invert 1-2x
c. Immediately add the mix to the barrel of the filter syringe and let sit for 5
min

3. Prepare Column
a. Place the binding column into a collection tube
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b. Add 12 mL of Column Preparation Solution to the column and spin in a
swinging bucket rotor at 3,000 g for 2 min, discard flow-through

4. Bind Plasmid DNA to column
a. Hold the filter syringe over the column and gently insert plunger to expel
half of the cleared lysate. Pull back slightly on the plunger to stop the flow
from the syringe
Spin in a swinging bucket rotor at 3,000 g for 2 min, discard flow-through
c. Add the remainder of the cleared lysate to the column and repeat the spin,
discard flow-through

5. Wash to remove contaminants
a. Optional (EndA+ strains only): Add 12 mL of Wash Solution O and spin
in a swinging bucket rotor at 3,000 g for 2 min. Discard flow-through
b. Add 12 mL of Wash Solution and spin in a swinging bucket rotor at 3,000
g for 5 min. Discard flow-through

6. Elute Purified Plasmid DNA
a. Transfer the column to a new collection tube.
b. Add 3 ml of Elution Solution and spin in a swinging bucket rotor at 3,000 g
for 5 min.
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