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ABSTRACT OF THE DISSERTATION

Caveolin-3 Overexpression Increases the Responsivity
of Beta Adrenergic Receptors in Cardiac Myocytes

by

Anna R. Busija
Doctor of Philosophy in Biomedical Sciences
University of California, San Diego 2017

Professor Paul Insel, Chair
Professor Hemal Patel, Co-Chair

Heart failure is a leading cause of human morbidity and mortality and has been
linked to neurohormonal dysregulation of B-adrenergic receptor (BAR) expression and
responsivity that occurs with advancing age. No overarching mechanism for this age-
dependent loss in BAR response has been identified. However, BARs localize to
caveolae, membrane lipid raft microdomains formed by caveolin (Cav) proteins and
expression of caveolin-3 (Cav3), the main Cav in caveolae of cardiac myocytes (CMs)

decreases in an age-dependent manner. Therefore, aging-related reduction of Cav3 and
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caveolae may influence the loss of BAR response, and increased Cav3 expression may
alter the BAR responsivity of CMs and preserve BAR function into old age.

The studies presented in this dissertation were designed to understand the
influence of Cav3 on the BAR signaling pathway. In chapter 1, we reviewed current
knowledge of the biogenesis and degradation of Cavs and caveolae, described their
composition and roles in compartmentalization of lipid and protein factors of cellular
physiology, and identified unanswered questions informed by the state-of-the-art and
human disease.

In chapter 2, we tested the hypothesis that CM-specific Cav3 overexpression
(Cav3 OE) would modify BAR responsivity in young and aged hearts. We measured
the physiological sequelae of activation of BARs in young and aged hearts with the
synthetic catecholamine isoproterenol (Iso). We found significant amplification of Iso
dose-induced increases in physiological contractility and relaxation of young Cav3 OE
hearts, which also exhibited increased responses into old age.

In chapter 3, we tested the hypothesis that Cav3 OE increases caveolar
compartmentation of BARs and/or downstream effectors of the BAR response and that
the enhanced Cav3 OE response to Iso is mediated by B;ARs or B,ARs. Cav3 OE
hearts did not demonstrate enhancement in targeted adenylyl cyclase- or BAR isoform-
specific responses. However, we discovered that BAR-dependent cAMP production
with Iso is subject to increased regulation by phosphodiesterase activity in Cav3 OE
CMs, implicating Cav3 in differential regulation of BAR signals without significant

changes in protein distribution.
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Our findings from the studies in this dissertation support the hypothesis that
Cav3 OE amplifies BAR function in young hearts and preserves responsivity in aged
animals. These results are the first to demonstrate that Cav3 OE is protective against

loss of BAR responsivity in aging hearts.
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CHAPTER 1: CAVEOLINS AND CAVINS IN THE TRAFFICKING,
MATURATION, AND DEGRADATION OF CAVEOLAE: IMPLICATIONS
FOR CELL PHYSIOLOGY AND B-ADRENERGIC SIGNALING

Abstract

Caveolins (Cavs) are ~20 kDa scaffolding proteins that assemble as oligomeric
complexes in lipid raft domains to form caveolae, flask-shaped plasma membrane
(PM) invaginations. Caveolae (“little caves”) require lipid-lipid, protein-lipid, and
protein-protein interactions that can modulate the localization, conformational
stability, ligand affinity, effector specificity, and other functions of Cav partner
proteins. Cavs are assembled into small oligomers in the endoplasmic reticulum (ER),
transported to the Golgi for assembly with cholesterol and other oligomers, and then
exported to the PM as an intact coat complex. At the PM, cavins, ~50 kDa adapter
proteins, oligomerize into an outer coat complex that remodels the membrane into
caveolae. The structure of caveolae protects their contents (i.e., lipids and proteins)
from degradation. Cellular changes, including signal transduction effects, can
destabilize caveolae and produce cavin dissociation, restructuring of Cav oligomers,
ubiquitination, internalization, and degradation. In this review, we provide a
perspective of the life cycle (biogenesis to degradation), composition, and physiologic
roles of Cavs and caveolae and identify unanswered questions regarding the roles of
Cavs and cavins in caveolae and in regulating cell physiology. Additionally, we give
an overview of how B-adrenergic receptors may interact with the caveolar

environment to alter signaling pathways in health and disease.



Introduction:

Caveolins (Cavs) are ~20kDa oligomeric proteins required for the formation of
caveolae, which are lipid raft plasma membrane (PM) domains enriched in proteins
and lipids, including cholesterol and sphingolipids (1). Caveolae are flask-shaped
membrane invaginations, formed by cis/medial-Golgi-PM transport of oligomeric
Cavs embedded in cholesterol-rich membranes. Upon arrival at the cell surface, these
complexes interact with cavins, adapter proteins that form oligomers and assist in
membrane curvature (reviewed in (2, 3)). Based, at least in part, on the ability of Cavs
to scaffold protein partners, caveolae play key roles in a variety of cellular responses,
including: signal transduction (Table 1.1); transport of nutrients into and out of cells
(e.g., insulin receptor activation stimulates translocation of the GLUT4 glucose
transporter to caveolae in adipocytes (4)); and cellular entry of certain pathogens,
toxins, and endocytic cargo (e.g., simian virus 40 (5), cholera toxin (6), albumin (7)).
Caveolae and the functions they regulate have been recently reviewed: e.g., caveolae
as membrane sensors and organizers (2, 8), in cytoskeletal interactions (9),
endo/exocytosis (10), and signal transduction (11). Moreover, mutations in Cavs and
Cavins are associated with a variety of diseases (Table 1.2).

There are three Cav isoforms: Cavl, Cav2, and Cav3. Cavl and Cav3 are
necessary and sufficient for caveolae formation in most tissues and striated muscle,
respectively. Cav2 associates with Cavl in hetero-oligomers and does not
independently form caveolae (12, 13). The four Cav domains (Figure 1.1) are: 1) an

N-terminal domain, which includes a Cav1 phosphorylation site (Cav1*'"),



ubiquitination sites in Cavl, and SUMOylation sites in Cav3; 2) an a-helical caveolin
scaffolding domain (CSD) (implicated in protein-protein interactions, oligomerization,
and inhibition of signaling proteins) with a cholesterol recognition/interaction
consensus sequence (CRAC) and ubiquitination or SUMOylation sites; 3) a membrane
domain that interacts with PM lipids through an atypical helix-turn-helix motif that
exposes both the N- and C-termini of Cav to the cytoplasm; and 4) a C-terminal
domain with three palmitoylated cysteines involved in oligomerization, protein
binding, and Cav stability.

Cavin proteins aid oligomerized Cavs to form flask-shaped caveolae. Four
cavin isoforms have been identified: Cavinl (aka polymerase I and transcript release
factor [PTRF]), Cavin2 (aka serum deprivation response protein [SDPR]), Cavin3 (aka
serum deprivation response factor-related gene product that binds to C-kinase
[SRBC]), and Cavin4 (aka muscle-restricted coiled-coil [MURC]). Cavins homo- and
hetero-trimerize with two Cavinl proteins and one Cavinl, Cavin2, or Cavin3 via an
a-helical domain, bind to caveolae membranes by basic regions on the helical
domains, and assist Cavs in the membrane curvature that forms caveolae (Figure 1.2).

Interactions of Cavs with binding partners during trafficking, at the PM, and as
part of signal transduction events modulate the behavior of caveolae as structural and

functional microdomains. This review follows the life cycle of Cavs from the ER to
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Figure 1.1: Structure and post-translational modifications of Caveolin-1 (Cavl) and
Caveolin-3 (Cav3). Cavl and Cav3 have four primary domains: 1) N-terminal domains

(orange) with multiple ubiquitination/SUMOylation sites on both Cavs, as well as a splice site

and phosphorylation site on Cavl; 2) scaffolding domains (blue) that form o-helices and are
inserted into the membrane, with a cholesterol recognition/interaction amino acid consensus
(CRAC) composed of the eight residues proximal to the membrane domain; 3) helix-turn-

helix membrane domains (fuchsia) that exit the membrane at a palmitoylation site; and 4) C-

terminal domains (green) with two more palmitoylated cysteines and two SUMOylation sites
on Cav3.
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Figure 1.2: Structure of Cavins

(A) Cavins are cytosolic proteins with three disordered regions (DR1, DR2, DR3) alternating
with two helical regions (HR1 and HR2). Two Cavinl’s homo- and hetero-trimerize with a
Cavinl, Cavin2, or Cavin3 monomer via an extended coiled-coil structure in HR1, which
drives HR2 to generate an a-helical structure. Cavinl has membrane binding sites, including a
phosphatidylinositol (4,5)-bisphosphate (PI(4,5)P2)-binding site composed of four basic
regions in close proximity on HR1 and a phosphatidylserine (PS)-binding basic site on HR2.
(B) Cavins detected on cellular membranes with electron microscopy form rod-like structures
that are 5.5 nm wide and 23.4 nm long and associate laterally in 7 nM intervals. One idea, as
described in the text and shown here, proposes that electrostatic interactions between
alternating acidic DRs (orange) and basic HRs (purple) may facilitate these lateral associations
while permitting flexibility in the cavin coat complex.



the lysosome and explores the roles of lipid and protein interactions within caveolae

that contribute to aspects of cell physiology.

Trafficking of Cavs and Cavins for the formation of caveolae

Studies of caveolae formation have used primary cultures of epithelial cells
(e.g., human lung microvascular endothelial cells) or fibroblasts (e.g., human skin
fibroblasts, primary mouse embryonic fibroblasts), various epitheloid (e.g., Chinese
hamster ovary, MDCK, Fischer rat thyroid), fibroblast-like (e.g., CV-1 and COS-7
from African green monkey kidney, NIH mouse 3T3), adipocyte (e.g., 3T3-L1),
cancer (e.g., MCF-7 and MDA-MB-231 breast cancer, PC3 prostate cancer, A431
epidermoid carcinoma) cells, and/or other commonly used systems (e.g., HeLa,
HEK?293, E. coli cells). Cav3, Cavinl, and Cavin4 studies have also been performed in
primary skeletal or cardiac muscle isolates or in the immortalized cardiac myoblastic
cell lines HOC2 (rat) or HL-1 (mouse). Some of these cells provide null (or near-null)
backgrounds for Cav expression; for example, MCF-7 cells have very low Cavl
expression, do not express cavins and do not form caveolae, and PC3 cells express
Cav1 at high levels but do not express cavins (14-16). MDCK, A431, and MEF cells
all express Cavl, Cavins 1-3, and form caveolae at the PM (15-18). The diversity of
cellular backgrounds in research on caveolae can contribute to differences in results;
for example, in studies of polarized epithelial cells, apical and basolateral membranes
perform distinct roles in endo/exocytosis, signal transduction, mechanosensation,

adherence, junction formation, and/or migration compared with studies of caveolae in



a sessile adipocyte, contractile primary skeletal muscle cell, or HEK293 cell (9). Cavl
and Cav3 may differ in their biogenesis of caveolae. However, most data on caveolae
formation are based on studies of Cav1-expressing systems, in which the basic
components and pathway of caveolae formation appear to be similar among different

cell types and thus are the focus of this review.

Early steps in caveolae assembly: Membrane insertion, 8S-Cav oligomerization, and
endoplasmic reticulum (ER) to Golgi transition

Caveolae are constructed in a complex, stepwise assembly process that
involves ER membrane insertion, oligomerization, and export of Cav; Golgi Cav-
cholesterol association, oligomerization, and export to the PM; palmitoylation near the
PM; and addition of cavins at the PM to form invaginated structures (reviewed in (2,
19)) (Figure 1.3). The timeline from Cayv translation to cavin addition at the PM in
CV1 cells includes ER exit site (ERES) localization and initial oligomer (8S-Cav)
formation within 5 min; Golgi localization within 15 min; secondary oligomer (70S-
Cav) formation, cholesterol addition, and PM translocation by ~60 min; and
accumulation of cavin at PM 70S-Cav oligomers that occurs over >25 min (20). Cavs
are the primary protein components of caveolae, influencing membrane composition
and protein content from translation to degradation. Thus, the translation and early
oligomerization of Cavs begin the caveolae biogenesis pathway.

Formation of caveolae is initiated by the co-translational ER membrane
insertion of monomeric Cavl in a signal recognition particle-dependent manner (20,

21). As quickly as 5 min after synthesis in the ER, Cav1l forms 8S; oligomers (8S-
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Figure 1.3: Maturation of Caveolae

Cavl and Cav2 monomers are co-translationally inserted into the endoplasmic reticulum (ER)
membrane and swiftly oligomerized into 8S-Cav oligomers containing 7-14 Cavs. These
oligomers are transported to ER exit sites (ERES) within 5 min of synthesis for COPII-
dependent transport to the Golgi apparatus 15 min post-synthesis. In the Golgi, cholesterol
crystalizes in the membrane and assists in the formation of 70S-Cav complexes composed of
18-25 8S-Cav subunits by ~60 min after synthesis, whereupon 70S-Cayv is transported to the
PM by a four phosphate-adapter protein (FAPP-1, -2)-dependent secretory vesicles. Near or on
the PM, palmitoyl acyltransferases palmitoylate 70S-Cav oligomers. Also on the PM, cavin
proteins that trimerize in the cytosol gradually aggregate on the 70S-Cav membrane over the
course of more than 25 min and assist in membrane curvature. Mature caveolae consist of
three layers: a cholesterol and anionic lipid-rich membrane embedded with a palmitoylated
70S-Cav coat, which is surrounded by a striated oligomerized 60S-Cavin coat.



Cav, (150-200 kDa with a minor species around 443-669 kDa) that is estimated to
contain 7-14 Cavs in a Cav1:Cav?2 ratio of 2-4:1 (20-25). The formation of 8S-Cav
oligomers depends upon aa residues Cav1°7°, Cav1®'% (i.e., the CSD), and Cav1"*
178 (i.e., the C-terminus) (23, 26, 27). No molecular chaperone has been identified for
the formation of 8S-Cav.

8S-Cav complexes translocate to the ERES, where recognition of a N-terminal
diacidic sequence motif, Asp-X-Glu (Cav1°"°"*%%), results in COPII vesicle-dependent
export to the Golgi by ~15 min after synthesis (20, 28, 29). Disruption of this signal

1%7%) delays ER export and leads to accumulation in tubular-reticular ER

(e.g., Cav
structures and lipid droplets (20, 29). Experimental overexpression of Cavl exhibits
similar trafficking errors, implying that this export pathway may be a potentially
saturable step in Cav maturation (30, 31). 8S oligomer formation is a prerequisite for

caveolae formation (28) but Cavl monomers and small oligomers reach the ER and

may be subject to the same COP II-dependent export pathway as 8S complexes (20).

Intermediary steps in caveolae assembly: 70S-Cav oligomerization, cholesterol
incorporation, and PM insertion

Golgi-localized 8S-Cav oligomerizes by ~60 min after synthesis into 70S,
complexes (70S-Cav) of ~3.3 MDa, predicted to comprise ~160 Cavl and Cav2
molecules in 15-25 8S-Cav subunits (20, 32). Recent work suggests that the mature
caveolae coat has a single 70S-Cav unit; thus, 70S-Cav formation is the penultimate

step of Cav maturation (20, 25, 32-34). 70S-Cav oligomerization is restricted to the
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Golgi: treatment with brefeldin A (which inhibits protein transport from the ER to the
Golgi) prevents 70S-Cav oligomerization (20).

During the oligomerization step, 70S-Cav-associated membranes attain a high
content of cholesterol, which is thought to involve a cholesterol
recognition/interaction amino acid consensus of Cavs (CRAC: -Leu/Val-X;.s-Tyr-X;.
s-Arg/Lys- where X5 represents one to five residues of any aa). The CRAC of Cavl
C*VIKYWFYR'") induces cholesterol crystallization in the membrane and results in
deeper Cavl peptide insertion (35). Cholesterol depletion reduces 70S-Cav complex
formation, implying that oligomerization depends on membrane integration of
cholesterol (20). Cavs that lack the CRAC allow 8S-Cav oligomerization but can
prevent Cav association with lipid rafts in the Golgi and 70S-Cav formation,
suggesting that 8S-Cav oligomers are not sufficient to establish the cholesterol-rich
environment of caveolae (26, 36). The properties of the Golgi that allow 70S-Cav
formation and cholesterol aggregation are not well-defined, nor are the chaperones or
cofactors involved in assembly of 70S-Cav oligomers.

After oligomerization, 70S-Cav is exported to the PM from the cis/medial-
Golgi network in carrier-dependent, dynamin-2-independent secretory vesicles within
60 min of synthesis (20). Transport is directed by four phosphate adapter protein 1 and
2 (FAPP-1, -2) that interact with phosphatidylinositol-4-phosphate (PI4P), the primary
phosphoinositide (PI) species in the Golgi, to generate post-Golgi vesicles for
transport (20, 37, 38). These small, uniform 70S-Cav-cholesterol vesicles can

transport cargo, including glycosylphosphatidyl inositol (GPI)-linked proteins that
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associate with lipid rafts (20, 39). Vesicle fusion with the PM allows GPI-linked
proteins to diffuse laterally while the Cav coat remains at the point of integration (20).
70S-Cav complexes encounter palmitoyl acyltransferases near the PM, which
palmitoylate Cavs on 3 cysteines in the late membrane/early C-terminal domains
(Cay]©13% C193- €136 | 0qy3¢106. CHI6. CI24y (Rjgyre 1.1) (40-43). Palmitoylation in many
proteins is dynamic but Cav1 palmitoyl modifications are stable for at least 24 h in
endothelial cells (42). Palmitoylation is not essential for membrane localization of
Cavs. Although palmitoylation-deficient Cavl mutants (Cav1“**) form high molecular
weight oligomers in detergent-resistant membranes (DRMs, i.e., lipid raft domains) at
the PM, they exhibit reduced stability (44, 45). The lipid affinities of Cav domains and
palmitoylation sites can influence the oligomerization and stability of Cavs at the PM.

The composition of the lipids in caveolae stabilizes proteins and influences protein

function, as we will discuss subsequently.

Terminal steps in caveolae assembly: cavin association, invagination, and
stabilization

Once 70S-Cav oligomers and their cholesterol-rich membranes reach the PM,
~60-80 cavin proteins accumulate in caveolae over >25 min and create a striated coat
(detected by electron microscopy (20, 46-48)). Cavins can assemble into cytoplasmic
complexes in the absence of Cavl but cavins are gradually added to 70S-Cav at the
PM (20, 49). Cavins are not primarily bound to Cavs at the membrane: Cavin3 is the
only isoform known to directly interact with Cav1 (in the CSD and middle domains of

Cavl1 and Cavin3, respectively) (Figure 1.2) (50). However, cavins have binding sites
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for the anionic phospholipids phosphatidylserine (PS) and phosphatidylinositol (4,5)-
bisphosphate (P14,5P) that are locally concentrated in caveolae membranes (15, 25,
49, 51-53). All four cavin proteins have a C-terminal basic domain putatively involved
in membrane association (54). Cavinl also has an N-terminal leucine zipper domain
(aa 53-75) that enables membrane association, while Cavin4 uses its N-terminal
coiled-coil domain (aa 44-77) to localize to the PM (55, 56).

The basic oligomeric unit of cavin proteins is a trimer composed of two Cavinl
units with a monomer of Cavinl, Cavin2 or Cavin3 (Cavin4 has not been studied),
interacting through helical region 1 (HR1); after HR1 trimerization, helical region 2
(HR2) undergoes conformational changes and forms an a-helical secondary structure,
enabling further oligomerization (25, 49) (Figure 1.2). A 9 cavin complex forms from
identical cavin trimers: Cavinl/Cavin2 and Cavinl/Cavin3 are mutually excluded
from such trimeric-trimer-cavin complexes and segregate separately on the caveolae
surface, implying that Cavinl/Cavin2 or Cavinl/Cavin3 oligomers may have distinct
roles (49). Cavin-cavin interactions yield 60S;,, complexes (60S-Cavin, predicted
~2.5 MDa) which, with addition of 70S-Cav, forms an 80S complex (3, 20).

Membrane invagination in a nascent caveola depends upon localized
biophysical properties of the lipid bilayer and the intrinsic membrane-remodeling
capacity of Cavs, cavins, and lipids (33, 48, 54) (Figure 1.3). Cavl or Cavinl
expressed alone can independently influence membrane curvature and in mammalian
cells can form tubular membrane structures (54, 57). Cavs interact with phospholipid
headgroups of the membrane through a helix-turn-helix membrane domain that enters

and exits from the cytosol (Figure 1.1) (58). Additionally, the three palmitoylated
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cysteines of Cavs stabilize Cav oligomers in the caveolae membrane (44, 45) and may
participate in membrane curvature (58). Membrane lipids, such as PI4P in Golgi
export vesicles, may also contribute to membrane curvature and caveolae invagination
(59, 60).

A proposed mechanism of cavin-driven membrane remodeling is that
alternation between basic HR1 and HR2 domains interspersed with acidic disordered
regions 1, 2, and 3 (DR1-3) (Figure 1.2) allows DRs of one cavin trimer to recognize
HRs of a trimer in the adjacent parallel striation and vice versa, thereby creating a
flexible lattice of lateral cavin-cavin interactions around caveolae that exert curve-
inducing forces on the membrane (3). Supporting this idea are observations of a zigzag
appearance of cavin striations around the caveolae coat, with cavin subunits
alternating in proximity to adjacent striations (47). Details of membrane invagination
are not well defined, for example, the roles of other binding partners of Cavs and
cavins and of cytoskeletal components.

70S-Cav and 60S-Cavin together form mature, stable caveolae that have three
layers: a cholesterol- and negatively-charged phospholipid-enriched membrane, 8S-
Cav subunits organized into a palmitoylated 70S-Cav coat, and a 60S-Cavin complex
that spirals around the outside of the 70S-Cav coat. These mature caveolae (Figures
1.3 and 1.4) stabilize and protect Cavs from degradation by preventing lateral
movement and exchange of Cavs and cavins (20, 61, 62). Cavs and caveolae proteins
are also protected from ubiquitination and depalmitoylation. An example of this is G,
protein (GTP-binding proteins in afyy heterotrimers): palmitoyl turnover of G, proteins

is increased by receptor activation and G, dissociation from Gg, and caveolae,



14

implying that caveolae may exclude acyl thioesterases (63-66). Cavins are also
protected from degradation within caveolae: a PI binding site on HR1 of Cavinl is a
major ubiquitination site that is obscured by membrane association (16).

Cavl1 has a reported half-life (t;2) of > 24 h (42, 67, 68), although some studies
report other values (69-71). Cavinl knockdown destabilizes caveolae and reduces the
ti» of Cavl to 7 h (15). Similarly, truncation constructs of Cavl1 that cannot
oligomerize have a decreased half-life and do not form stable caveolae (26). Cav3
appears to have a shorter t;; than Cavl (5.5-7 h) and mutant forms of Cav3 can have
an even shorter t;» (45-60 min) because of ubiquitination and proteosomal degradation
(72-74). Cavinl has a t;/, that ranges between 5-8 h; however, in the absence of Cavl,
the t;,» decreases by almost half (16).

Thus, in the process of caveolae biogenesis, unstructured 18-21 kDa Cav
monomers assemble in a tightly controlled fashion to form 8S-Cav, 70S-Cav-
cholesterol, and finally, 80S-Cav-Cholesterol-Cavin complexes that are protected from

degradation.

Processes of caveolae disassembly

Stability of caveolae at the PM requires that Cav and cavin oligomers remain
tightly associated. Disruption of that structural stability by mechanical stress,
endocytic activity, or signal transduction pathways dissociates cavins from caveolae
and leads to endocytosis of Cavs (Figure 1.4). In contrast to the maturation and

stability of 70S-Cav, which requires constitutive, stable palmitoylation, caveolae
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disassembly and 70S-Cav dissociation involve dynamic PTMs of Cavs that include
phosphorylation, S-nitrosylation, and ubiquitination.

Cayvs are subject to multiple endocytic pathways, two of which are depicted in
Figure 1.4: Caveolae, including the 70S-Cav complex, can be endocytosed as a result
of Src-dependent phosphorylation (75-78) or the PM can undergo mechanical stresses
that flatten caveolae and dissociate 60S-Cavin complexes, after which Cav is
ubiquitinated (UbCavl) and endocytosed (79, 80). The pathways are likely more
complex than described below and in Figure 1.4. Key to both pathways are Cavin
dissociation, endocytosis, Cav ubiquitination, and endosomal processing of UbCavl,
in which mono- and poly-UbCavl is directed to intraluminal vesicles for lysosomal

degradation (20, 80) and poly-UbCav1 undergoes proteosomal processing (79).

Cavin dissociation occurs in both pathways portrayed in Figure 1.4. If caveolae lose
structural integrity in response to mechanical stress or vesiculation, 60S-Cavin
dissociates into the cytosol and separates into trimeric-trimer-cavin units (3, 49, 81,
82). Because cavin associates with the lipids of caveolae, its departure does not
directly affect 70S-Cav localization to the PM (15, 52, 53, 68). For example, although
Cav3, Cavinl, and Cavin4 co-localize at the PM of myocytes, during hypo-osmotic
stress Cav3, but not Cavinl or Cavin4, is present in membrane blebs, suggesting that
membrane stress leads to dissociation of the Cavins but not Cav3 (82). Cholesterol
depletion with U18666A (which inhibits cholesterol trafficking in cells) also results in

60S-Cavin dissociation from the PM (68).
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Figure 1.4: Disassembly and Degradation of Caveolae

Caveolae disassembly begins at the plasma membrane. Examples shown here are Src-
dependent phosphorylation of Cavl and membrane stretch. Cav1 phosphorylation initiates
dynamin-dependent vesiculation that distorts caveolae, dislodging cavin trimers, and leads to
ubiquitination of Cavs (UbCav) during vesicular transport to the early endosome. Mechanical
stress displaces cavin from the membrane, followed by ubiquitination and subsequent
endocytosis of Cavl1 to the early endosome. Endosomal UbCav and cholesterol associate with
valosin-containing protein (VCP) and are packaged in multivesicular bodies by endosomal
sorting complexes required for transport (ESCRT) complex proteins for transport to and
degradation in the late endosome/lysosome. Some polyUbCayv is degraded by the proteasome.
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Cytosolic Cavinl is susceptible to ubiquitination on Lys residues within PI
binding sites (i.e., groupings of surface-exposed basic residues) in the HR1 region that
are occluded by membrane contact (Figure 1.5) (16). Mutation of the five Lys and
Arg residues in this region reduces Cavinl ubiquitination and turnover by the
proteasome (16) without substantially influencing Cavl co-localization or caveolae
formation (48). Such data imply that the co-localization of the PI
binding/ubiquitination site selectively protects Cavinl from ubiquitination while
bound to caveolae and leads to the ubiquitination of cytosolic Cavinl (16).

Src-dependent phosphorylation of Cavl1 is implicated as a control point of
clathrin-independent membrane protein internalization and macromolecular cargo
endocytosis (7, 83-85). Phosphorylation of Cav1l by Src kinases on an N-terminal

Y14
1

tyrosine (p-Cavl’ ") is an interaction that requires C-terminal palmitoylation of

1Y% also adds a

Cav1“"®and the myristoyl plus basic motif of Src (7, 86-92). p-Cav
binding site on Cav1 to the SH2 domain of Src, thereby scaffolding this kinase more
closely to Cav1 after Src activation (93).

Cav1 phosphorylation and sustained Src signaling initiates endocytosis by
phosphorylating dynamin-2 to close off and detach caveolae from the membrane,
recruiting actin and the actin regulator cortactin, and cross-linking p-Cav1*'* to
filamin A (76-78, 94-97). p-Cav1"" regulates the duration of Src activity by binding

Y14
1

kinases and phosphatases: p-Cav recruits c-Src tyrosine kinase (Csk) to inhibit Src

Y527

via Src””*' phosphorylation, while recruitment of Src homology 2 domain-containing

protein tyrosine phosphatase 2 (SHP-2) interferes with Csk-p-Cav1*'* complex
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Figure 1.5: Caveolae membrane composition and caveolae targeting signals

Caveolae membranes are enriched in phospholipids, sphingolipids, and cholesterol. This
diagram depicts the distribution of membrane lipid species within a caveolae bilayer.
Cholesterol is concentrated within caveolae, representing a third of all lipids, and is present in
both leaflets of the bilayer. Sphingomyelin is slightly more prevalent than PC in the exofacial
leaflet of caveolae, while PE composes more than half of the cytoplasmic leaflet. Also in the
cytoplasmic leaflet, the anionic phospholipids PI, PS, and PA compose the minor fraction of
lipid content with PI roughly twice as prevalent as PS and PA at half the concentration of PS.
Proteins can be targeted to caveolae through transmembrane domains (e.g., GPCRs, Cavs),
fatty acylations (e.g., Src myristoylation) and membrane binding domains (e.g., Cavinl PI and
PS binding domains).
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formation and preserves Src activity (Figure 1.6) (98, 99). The balance between Csk
and SHP-2 action on p-Cav"'* thus may control Src-mediated caveolae endocytosis.

Cav1""* phosphorylation also destabilizes 70S-Cav oligomers by altering the
relationships between oligomerized Cavl: pCavl™'* or phosphomimetic Cav1™'*P
increases the intermolecular distance between Cavs in caveolae vesicles, resulting in
dissociation of higher-order Cavl oligomers (100). Phosphorylation-induced loss of
70S-Cav integrity may be a mechanism by which the previously stable structure is
made accessible to ubiquitination enzymes, acyl-protein thioesterases, and other
degradative influences. Addition of a cell-permeable CSD peptide, which directly
blocks Src-dependent Cav1Y'* phosphorylation, stabilizes large oligomers (100).

Mechanical effects on the PM that flatten caveolae initiate another type of
caveolae disassembly. Flattening can result from cholesterol depletion (101, 102),
hypo-osmotic stress (82), and substrate stretch (16, 81). The flattening of caveolae
after mechanical stress may be a protective mechanism that provides a reservoir of PM
to prevent membrane tension and injury by increasing PM surface area (82). Caveolae
in skeletal muscle cluster in PM surface-connected rosettes; under hypo-osmotic
stress, caveolae density decreases and reduces the ratio of rosettes to independent
caveolae (82). Treatment of mouse lung endothelial cells with methyl-B-cyclodextrin,
which depletes the PM of cholesterol, increases membrane tension during hypotonic
stress (81).

The flattening of caveolae is ATP- and actin-independent. During recovery
from nonlethal hypotonic stress, caveolae re-form by integrating the PM-localized

pool of Cavl with Cavinl within 10 min to form an equal number of caveolae; this
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Y530

Figure 1.6: Cavl phosphorylation influences Src signaling

(A) Cav1Y!4 phosphorylation creates a Src Homology 2 (SH2) binding site that regulates Src
activity through binding of Src and recruitment of two cytosolic Src-regulating enzymes: C-
terminal Src Kinase (CSK) and SH2 domain-containing non-transmembrane protein tyrosine
phosphatase (SHP-2). (B) When recruited to caveolae by pCav1Y!'4, CSK deactivates Src by
phosphorylating SrcY33%; however, pCav1Y!4 binding to SHP-2 blocks CSK recruitment and
prevents SrcY33? phosphorylation, increasing the duration of Src activity. Thus, Cav1
phosphorylation permits a rheostat-like control of Src signaling.
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requires ATP but not actin remodeling (81). Chronic and repetitive shear stress, such
as at the luminal PM of endothelial cells exposed to laminar flow, can increase PM
caveolae number without increasing mRNA, suggesting that signaling induced by
shear stress increases Golgi processing and export of Cavl (103, 104). The number of
caveolae increases only at the shear-exposed membrane, where they may play roles in
translocating proteins to caveolae and activation of signaling cascades (103-105).
Caveolae flattening thus protects the PM from rupture by reducing PM tension during
transient stress.

Absence of cavins from caveolae through mechanical detachment, cholesterol
depletion, or knock-down disrupts 70S-Cav oligomers into their 8S-Cav subunits and
induces Cav1 ubiquitination, caveolae-independent packaging, and endocytosis of
UbCavl to the early endosome (68). The cholesterol-rich membranes surrounding 8S-
Cav units are transported to the endosome and lysosome, indicating that Cavs can
maintain their membrane localization even with loss of the 70S-Cav structure (106).

Cav1 separated from mature caveolae can be monoubiquitinated on six N-
terminal lysines (Cav1<® K26 K30- K39, K47. K57y 83y ' holyubiquitinated on Cav1**® (79),
and may have other states of ubiquitination. The most prevalent ubiquitination is
monoUbCavl. PolyUbCavl is divided into two groups: 64% Lys-63-linked and 28%
Lys-48-linked (68, 107, 108). p-Cav1”'* undergoes Cav1** polyubiquitination and
proteosomal degradation (79). Additionally, Cavl and DRMs are implicated in the
inhibition of lysosomal function, which may influence Cav1l degradation (17). Cav3
ubiquitination of specific lysines has not been shown; however, a small ubiquitin-like

modifier (SUMO) can be added by the E3 ligase PIASy to lysines on Cav3 that are



22

homologous to the ubiquitin sites on Cavl, suggesting that such sites may be loci for
ubiquitination (109).

After ubiquitination and translocation of Cav to endosomes, it is degraded by
proteosomal and lysosomal pathways (68, 79). Mono- and polyUbCavl are packaged
within multivesicular bodies (MVB) by endosomal sorting complexes required for
transport (ESCRT) and an AAA+-type ATPase, valosin-containing protein (VCP; aka
p97, Cdc48) (68, 80, 107, 108). VCP uses conformational changes from ATP
hydrolysis to extract polypeptides from larger assemblies of oligomers or membranes,
regulates endosome size and sorting, and with the cofactor UBXD1 enables MVB
formation (107, 110-115). UBXD1 and Ankrd13, two mutually exclusive VCP
cofactors, regulate VCP interaction with monoUbCav1 and mono/polyUbCavl,
respectively and can drive Cav segregation to intraluminal vesicles (80, 107, 108,
111). VCP preferentially interacts with higher-order Cav oligomers (8S-Cav, ~150-
200 kDa major species and 443-669 kDa minor species (20)) but it is unknown
whether VCP also interacts with 70S-Cav (24, 107, 108). 8S-Cav and VCP interaction
is disrupted by the depletion of membrane cholesterol, suggesting that VCP-dependent
regulation of Cav oligomers occurs after cholesterol membrane integration in the
Golgi and that cholesterol remains in the local membrane environment of Cavs during
endocytosis and endosomal sorting (107).

PolyUb chains on residue Cav1**® direct it to proteasomes for degradation.
The proteasomal inhibitor MG132 reduces Cavl degradation but also prevents
acidification of Cavl-containing endosomes; thus, Cavl may be packaged in MVB

before proteasomal and endosomal processing (Figure 1.4) (68). Because VCP is



23

typically involved in membrane protein extraction and proteasomal transport (111)
and UbCavl interacts with VCP, VCP complexes may also be involved in the
proteasomal pathway of UbCav1 degradation; however, the process by which
polyUbCavl is trafficked to the proteasome is not known.

Importantly, tagged, overexpressed, and/or mutant Cav constructs are subject
to defective 8S-Cav and 70S-Cav oligomerization, lipid raft exclusion, intracellular
accumulation/aggregation, and increased turnover (30, 31, 68, 80, 107, 108).
However, many studies use tagged Cavs to assess turnover, intracellular Cavs, or
interaction of Cavs with partners. Cavl oligomerization is also influenced by
experimental tagging: overexpression of GFP-, mCherry- or C-myc-tagged Cavl
yields aberrant Cav1 oligomers that do not interact with endogenous Cavl or Cav2
(31). Tags and overexpression can also affect localization to lipid rafts: tagged mutant
Cav1""**" (a mutation in multiple diseases) is more sensitive to oligomer and lipid raft
disruption than is Cav1™" (31). Differences in the reported t;» of Cavl can at least
partially be attributed to the use of tagged proteins: in one study, endogenous Cavl
and Cav1-HA had t;»’s of >24 h and 13.6 h, respectively (68). Because of the role of
VCP in ER-associated degradation (ERAD, in which misfolded or incomplete protein
assemblies are dislocated from the ER and degraded by the ubiquitin-proteasome
system (114, 116)), tagged/overexpressed Cavl in the biogenesis pathway may be a
target of VCP and yield non-physiologic results. Thus, careful attention must be paid
in Cav trafficking and signaling studies to identify possible artifacts created by

expression constructs with abnormal trafficking characteristics.
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Composition and roles of the caveolae lipid microenvironment

The protein complex of caveolae comprises 80S-Cav multimers: ~160
membrane-bound, palmitoylated Cavs bound in close proximity to cholesterol-rich
membranes and complexed with ~50 cavin oligomers. Interactions between Cavs,
cavins, lipids, and other proteins create an unique protein, lipid, and lipoprotein
microenvironment. Cavs shape this environment not only through cholesterol binding
and palmitoylation but also by interaction with the inner leaflet of membrane lipids by

. . . . . . . . T91, K96, Y9
a hairpin helix-turn-helix membrane domain. This domain includes Cav1™" ¥ Y7

RIOL YIS ' \which preferentially interact with phospholipid headgroups of the cytosolic
PM leaflet, and Cav1%'® which interacts with the exofacial leaflet (34, 58, 117).
Cavins are dependent upon the lipid composition of caveolae because they have
affinities for negatively charged phospholipids (PS, PI(4,5)P,) and cholesterol in
caveolae membranes and their lipid binding may occlude ubiquitination sites, thereby
protecting them from degradation (15, 25, 49, 52, 53). Other proteins localize to
caveolae by association with Cavs, the caveolae membrane, and/or scaffolding
proteins that associate with caveolae. Major factors that influence these interactions
are caveolae lipid composition, PTMs, and activation state changes that exchange
proteins between caveolae and cytosolic or PM domains.

The lipidome of caveolae appears to depend on the cell type studied, the
method used to isolate caveolae, and the physiological “state” (e.g., mechanical stress

or signal transduction events). Cavs are inserted and exit through the cytoplasmic

leaflet of the PM, which is enriched in PS, phosphatidylethanolamine (PE),
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phosphatidylinositol (PI), and phosphatidylcholine (PC), while the outer leaflet is
enriched in sphingolipids (including glycolipids) and phosphatidylcholine (PC) (118,
119). Caveolae isolated without detergents have more than twice the molar
concentration of lipid per mg of protein than do PM membranes (120, 121). These
isolates are highly enriched in phospholipids, cholesterol, and sphingomyelin (SM)
when compared with non-caveolae membranes: caveolae contain 3-5 times more PS,
2-5 times more cholesterol and SM, 2-4 times more phosphatidic acid (PA), and ~2-
fold more PE (which composes around 40% of all membrane phospholipids) (Figure
1.5) (120, 121). However, studies disagree about PC and PI concentrations: a
concanavalin-A affinity chromatography method of caveolae isolation in murine L-
cell fibroblasts identified a 15-fold increase in PC and 3-fold increase in PI within
caveolae, whereas an Optiprep density gradient centrifugation method in KB human
epidermal cancer cells expressing exogenous Cavl found a minimal increase in PC or
PI species (120, 121). Caveolae membranes contain higher concentrations of
unsaturated, saturated, and mono-unsaturated fatty acid species (121). Caveolae
isolated with 1% Triton X-100 are enriched in cholesterol and SM without the
glycerophospholipid enrichment seen in non-detergent-isolated lipid rafts (120). Thus,
detergent treatment of PMs may preferentially extract exoplasmic leaflet lipids but not
anionic inner leaflet glycerophospholipids (122). However, when Cavl is not present
in cells, non-detergent lipid rafts contain similar proportions of lipids as do those
isolated from Cavl-expressing cells except that cholesterol is reduced (120). Thus,
caveolae are distinct from other PM lipid rafts primarily due to caveolin and its

interaction with cholesterol.
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Cholesterol has a large role in the formation and structure of caveolae. Because
the integration of cholesterol is necessary for 70S-Cav assembly from 8S-Cav
subunits, cholesterol is essential for caveolae formation; however, it is also necessary
for the stability, structure, and function of caveolae at the PM. Cholesterol increases
the ordering and packing of lipid membranes and has numerous effects, for example,
increasing resistance to disruption by mechanical stress (123, 124), membrane
thickness (125), and depth of Cav CSD peptide insertion into membranes (35).
Cholesterol depletion distorts caveolae, implying that PMs do not maintain an
invaginated morphology without cholesterol (46, 126). Substitution of cholesterol with
its precursor, desmosterol, reduces Cav affinity for sterol and results in enlarged

caveolae with increased Cav1’'

phosphorylation (127).

Proteins associate with PM lipids through transmembrane domains, membrane-
interacting sites, and/or fatty acid PTMs; however, conformational changes, binding
site obstruction, and de-lipidation can alter lipid affinities, which may influence
movement of proteins into and out of caveolae. Protein-protein, protein-lipid, and
lipid-lipid associations can reciprocally stabilize and concentrate binding partners
(128). For instance, membrane cholesterol and other lipids within caveolae influence
conformational plasticity of the B,AR, receptor ligand affinity, activation/inhibition,
and G-protein affinity and activation; importantly, lipids that stabilize the f2AR
concentrate in its local membrane (129-132). Certain lipids can also be allosteric
modifiers of B,AR activity (132). Membrane lipid composition thus influences the

stability and behavior of the receptor, which can influence the lipid composition in its

local environment. In conjunction with evidence that agonist-stimulated ,AR
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dissociates laterally from lipid rafts to undergo B-arrestin-mediated clathrin
endocytosis and degradation (132-134), localization within or outside caveolaec may
influence receptor behavior independent of protein scaffolds, activators, and
downstream effectors. Therefore, by aggregating certain lipid species within caveolae,
Cavs may stabilize proteins in conformations that can regulate ligand affinity, protein-
protein interactions and signal transduction; in addition, conformational changes
and/or PTMs that change lipid affinities may alter protein localization in caveolae (63,
64, 129-131, 135). In light of the data I will discuss in Chapters 2 and 3, these factors
may play subtle but profound roles in the signaling characteristics of BARs within
caveolae.

Stable membrane-bound homeostasis and stimulus-dependent dynamic
behavior or modification occur with other caveolae-resident proteins. For example,
nitric oxide (NO) production in endothelial cells is a key regulator of vascular smooth
muscle relaxation. Within caveolae, eNOS is constitutively bound and inhibited by
Cavl (136, 137). Src activity enabled by Cav1 binding can lead to eNOS dissociation

Y14
1

from Cavl and eNOS activation: Src phosphorylates Cavl" ", which causes

dissociation of eNOS; Src phosphorylates PI3K, which phosphorylates Akt, which

phosphorylates uninhibited cytosolic eNOS at the activating Ser''”’

site; and p-
eNOS*""" produces more NO to stimulate smooth muscle relaxation (Figure 1.7)
(138). Each component of this pathway has membrane and/or protein affinities that

change upon activation or modification. Proteins can cycle out of caveolae and be

activated; others may cycle into them upon stimulation.
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Figure 1.7: Caveolae-cytosol exchange of eNOS increases NO production
(A) Within caveolae, Src phosphorylates Cavl, leading to the release of eNOS from Cavl
inhibition (blue arrows). Src also phosphorylates and activates PI3K, which phosphorylates

and activates Akt. (B) In the cytosol, free eNOS is phosphorylated by Akt, which increases
NO production.
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Fatty acylations (e.g., palmitoylation, myristoylation, GPI-link formation)
influence caveolae localization and protein association in caveolae. Palmitoylation
does not influence Cavl stabilization in cholesterol-enriched membranes but interacts
with other lipid components of the membrane and perturbs conformational dynamics
(139). Cavs are palmitoylated near the PM after oligomerization, implying that
palmitoylation has a limited role in lipid species selection or Golgi-localized
oligomerization (40-42). However, the caveolae lipid environment can aggregate
proteins (e.g., GPCRs, G,’s, Ras, c-Src), with fatty modifications (135, 140, 141). In
some cases, acylation is required for protein-protein associations: c-Src is localized to
caveolae as a consequence of its myristoylation and binds to Cav1 through Cav®'">®
palmitoylation (39, 92, 140). Cav“">® can be S-nitrosylated secondary to eNOS
activation, acting as potent negative regulator of Cav palmitoylation and thus
palmitoylation-dependent binding activity.

Much is unknown regarding the facilitation by fatty acylation of membrane,
Cav1 binding, and caveolae localization. The complexity of these interactions is
illustrated by the behavior of G, isoforms. G, isoforms are CSD-associated and
subject to dynamic palmitoylation but Gg/, possess an additional myristoylation site
that localizes them to caveolae (140-142). Palmitoylation of G, and all three Cav1
cysteines is required for binding (141). Palmitoylation-deficient, but not
myristoylation-deficient, G; is trafficked to caveolae but binding to Cavl is
abrogated, implying that caveolae localization requires myristoylation but Cav1
binding requires palmitoylation and thus suggesting a two-step mechanism for G;

localization and association with Cavl (141). By contrast, G4s has no myristoylation
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site and thus its PM localization and subsequent palmitoylation depend on its
association with isoprenylated Gg, subunits (142). Localization of G, is also dependent
upon its activation state: GPCR-mediated activation of G, subunits induces Gp,
dissociation, separation from Cavl, and accelerates G, depalmitoylation, thus delaying
re-association of G, and Cavl (63, 64). Cavl expression also modifies the

143+C156 -
| C1A3HCL56 4o

palmitoylation state of certain proteins (143), and palmitoylation of Cav
required for the efficient transport of GPI-anchored proteins to the cell surface (39).
Taken together, these data demonstrate that fatty acylations may induce differential
localization and Cav binding behavior between protein isoforms, thus altering the
stoichiometry or function of signal transduction proteins.

In summary, the microenvironment of caveolae represents a multifaceted,
interrelated, and dynamic collaboration between Cavs, cholesterol, cavins, membrane
lipids, and other membrane-interacting proteins. Forces within and outside caveolae

can influence signal transduction paradigms in a variety of ways. Prior research has

only begun to address this complexity.

Caveolae biogenesis, degradation, and lipid composition: discussion and

unanswered questions

This review focuses on the biogenesis and degradation of caveolae
microdomains and the roles of the lipid and protein components in those
microdomains and in aspects of cell physiology. Much is known regarding caveolae

biogenesis and degradation but many questions remain.
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Caveolae biogenesis is sensitive to changes in protein structure,
oligomerization, cholesterol, and PTMs. For example, numerous mutations in Cavl,
Cav3, Cavinl, and Cavin4 have been associated with human diseases (Table 2). Most
of these mutations cause defects in Cav localization and loss of morphological
caveolae and result in diseases in adipose tissue (Cavl, Cavinl) (144, 145), pulmonary
endothelium and smooth muscle (Cavl) (146), skeletal muscle (Cav3) (147, 148), and
cardiac muscle (Cav3, Cavinl, Cavin4) (144, 149, 150). Some Cav1 mutations occur
in certain cancers (151-153). Cav biogenesis can be disrupted by epitope tags, Cav
constructs, and Cav overexpression that recapitulate some disease-related defects (26,
27,30, 31, 154-157). The disease-related mutations in these proteins reinforce the idea
that the caveolae biogenesis system is physiologically relevant in numerous tissues.
Normal Cav function may be tightly controlled by factors and/or chaperones that
require unaltered Cav subunits to properly oligomerize, traffic to and function in the
PM, and be degraded.

8S-Cav must be formed before COP II-dependent ER export to generate 70S-
Cav in the Golgi. As Cav proteins localize to ERES within 5 min of synthesis and
reach the Golgi by 15 min, 8S-Cav oligomerization is a relatively rapid process (20).
The lack of substantial secondary or tertiary structural stability in Cav may make this
initial oligomerization step slower if Cav is modified or mutated. Indeed, if given
more time, conditions that facilitate protein folding (e.g., incubation at 30°C or 10%
glycerol supplementation), or inhibition of proteasomal degradation (e.g., with MG-

132), some trafficking-deficient Cav3 is competent to reach the PM, accrue in lipid
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rafts, and be protected from premature degradation (74). Even so, chaperones and
information regarding the requirements for 8S-Cav oligomerization remain unknown.

Tagged, mutant, and/or overexpressed Cavs can form aggregates larger than
8S-Cav (30, 31, 73) and raise the question: how do 8S-Cav oligomers assemble into
immobile and protected 70S-Cav structures with cholesterol in the Golgi? A mixture
of incomplete Cav oligomers and monomers can be transported to the Golgi, but 8S-
Cav does not form outside of the ER (20). Might unknown factors facilitate 70S-Cav
assembly from 8S-Cav subunits (31, 35)? Perhaps long-lived caveolae structures
require strict steric precision to prevent degradation, such that sequence changes lead
to premature loss of oligomers, e.g., when Src-dependent Cav1™'* phosphorylation
wedges apart 8S-Cav clusters at the PM (100). Without 70S-Cav-cholesterol and 60S-
Cavin complexed at the PM, “exposed” ubiquitination, palmitoylation, and/or
phosphorylation sites may direct Cavs to degradation (74).

Another poorly understood aspect is the recognition pathway for 70S-Cav
export from the Golgi. 8S-Cav is partially competent to reach the PM, but aggregates
substantially larger than 8S-Cav are unable to reach the PM and may accumulate
insufficient cholesterol to become buoyant lipid rafts (36). Are 70S-Cav-driven
changes in Golgi lipid membrane composition a prerequisite for efficient export?
Although FAPP-1 and -2 are components of the secretory pathway, their binding
target PI4P is the most prevalent Golgi phospholipid and not unique to 70S-Cav (37,
38). Is there a cofactor that recognizes cholesterol, another enriched lipid, or Cav

oligomers and drives the 70S-Cav Golgi export pathway?
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Alternating acidic/basic domains in neighboring striations of the outer cavin
coat have been proposed to exert forces for membrane curvature, but more information
is needed regarding cavin recruitment, the role of cavins in caveolae curvature,
determinants of cavin stability, and detachment of the cavin complex (20, 81, 82).
Tomographic reconstruction of caveolae complexes has yielded promising data on the
ultrastructure of the complete caveolae coat (25, 47) and the crystal structure of cavin
(48) has helped advance understanding of cavins. By contrast, the lack of a crystal
structure for Cavs has hampered the collection of more precise information of their
structure and function.

The degradation pathways of caveolae and their resident proteins are less well-
defined than those of biogenesis. In view of the trafficking and aggregation problems
of tagged Cav constructs, their use may reveal information that identifies the sequelae
of structural instability. Such “artifacts” can be useful, e.g., HA-Cav1 has a shorter t;
than wild-type Cavl, thus facilitating cell culture experiments (108). However, most
studies of Cav degradation cited in this review used tagged Cav1 to draw conclusions
about the endocytic, endosomal, lysosomal, and/or proteasomal degradation pathway
of Cavs (68, 80, 107, 108). The lack of data on the degradation of endogenous Cavs
and cavins (3) is thus an important gap in terms of normal cell physiology.

In summary, sixty years after their discovery (158), caveolae remain enigmatic
dark caves. Our understanding of Cavs, cavins, their maturation and degradation
processes, and the dynamic complexity of their lipid and protein components remains

a work in progress.
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BAR function and caveolae in the heart

Heart failure is the leading cause of morbidity and mortality for the aging
population in the United States (159, 160). Age-related cardiac dysfunction is heralded
by a loss of B-adrenergic receptor (BAR) responsivity to adrenaline and noradrenaline,
and so the leading therapies against heart disease, B-blockers, focus on improving the
capability of the sympathetic nervous system to activate BARs when they are needed
(161-165). However, druggable regulatory interventions to enhance cardiac health and
BAR responsivity remain elusive and the mechanism for this age-dependent loss in
BAR response is not known. However, expression of Cav-3 decreases in the aged heart
and aging is associated with loss of Cav-3 from membrane caveolae (166, 167).
Therefore, the loss of Cav-3 and caveolae with aging, and as a consequence, a loss of
scaffolding and co-localization of BARs and downstream signaling components in
caveolae may provide such a mechanism.

BARs are seven-transmembrane domain G-protein coupled receptors that
activate the stimulatory (Ggs) and inhibitory (Gg) G-proteins to influence adenylyl
cyclase (AC) production of cAMP (168). Their actions have been extensively studied
in terms of their influence on cardiovascular function and health. In early heart failure,
decreased cardiac output promotes an activation of the sympathetic nervous system
that increases circulating catecholamines, which activate cardiac BARs to increase
heart rate, the speed and force of contractility, and the rate of relaxation (163).
However, as heart failure progresses, the chronic neurohormonal activation of BARs

drives negative feedback processes within cardiac myocytes (CMs) which lead to



35

~50% reduction of BAR density and BAR-dependent contractility (169, 170). Chronic
activation of the BPARs can also cause cardiac myocyte (CM) apoptosis (171, 172).
The administration of B-blockers preserves the PAR signaling system from driving the
heart into further failure and improves cardiac function but does not repair the damage
inflicted by persistent catecholaminergic toxicity and apoptosis (159, 161, 162, 173,
174).

B1ARs and B,ARs are the two principal BARs expressed in cardiac myocytes
(CMs). The predominant BAR isoform, 3;ARs, are major contributors toward global
cAMP elevation that activates PKA to produce increased contractility, and, when
overstimulated, myocardial apoptotic signals (171, 172). The B,ARs stimulate
transient, compartmentalized cAMP production that induces PKA-dependent positive
inotropic responses through G, followed by negative responses attributed to AR
phosphorylation and coupling to G, protecting CMs from apoptosis via a Gg;-
phosphatidylinositol 3-kinase (PI3K)-Akt pathway (168, 170, 175). Interestingly,
these different behaviors may depend on caveolar localization: the f,ARs and some
B1ARs localize to sarcolemmal caveolae where their activation is characterized by
tightly regulated and locally limited cAMP signaling (168, 171, 172).

The effects of differential regulation of the two BAR sub-types are complex.
For example, ;ARs are thought to be less susceptible to rapid downregulation by
activation-induced feedback than are ,ARs, but B;ARs are implicated as the major
isoform that is lost in advancing age and heart failure (171). B2ARs, on the other hand,
are subject to activation-promoted downregulation, but they are also linked to survival

signaling (176). Additionally, when B,ARs are displaced from caveolar domains, the
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disinhibited cAMP signal strongly resembles that of the B;ARs (177). Therefore, the
distinct signaling paradigms of these two isoforms of BAR may depend upon their
proximity to other components of the cAMP signaling pathway or regulatory
influences rather than intrinsic differences in activation.

In adult CMs, caveolae compartmentalize and regulate BAR signaling pathway
components that exhibit changes in function and expression as the heart ages,
including B>AR, Gy and Ggi, ACs, G protein coupled receptor kinases (GRKs), PKA
catalytic subunits, and LTCCs (178). Interventions to increase BAR function in failing
hearts have targeted the ACs with some success: increasing AC isoform VI in the
heart increases contractile function in human patients with heart failure (179, 180).
This work has not linked these changes to alterations in the membrane domain in
which cAMP pathway proteins reside (178, 181-184), however, the differential
regulation of BARs may provide an opportunity to develop interventions that increase
the beneficial effects of comparmentalized BAR signaling without risking the negative
sequelae of global increases in cAMP (172, 175, 185, 186). T-tubular localization of
Cav-3 and B,ARs places them in close apposition with the sarcoplasmic reticulum
(SR), increasing the interaction of cAMP production and LTCC activation with
ryanodine receptors in the SR, also enhancing cAMP degradation by localized
phosphodiesterases (PDEs) and AC inhibition through G,; signaling (187, 188).
Redistribution of f,ARs from Cav-3-rich domains results in a greater stimulatory
effect on cAMP, generation of a diffuse cAMP pool, and loss of the protective aspects
of B2AR signaling (177, 186, 189). In summary, the compartments inhabited by f,ARs

and some ;ARs tightly regulate the local concentraton of cAMP via multiple
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components, including the following: ACs and cAMP-dependent signaling cascades
they activate, the PDEs that hydrolyse cAMP, the protein phosphatases that reverse
kinase-dependent activation of downstream signaling proteins, and the intrinsic
residents and architects of these domains, caveolins, that scaffold and inhibit signal
transduction molecules and create structures in the sarcolemmal membrane that bring
all of these participants of signal transduction activity together (167, 185, 186).
Therefore, the altered Cav-3 localization noted in aged animals and the potential
changes in caveolar regulation of AR pathway components may be important
contributors to the decrease in BAR responses observed in the aged heart.

Cav3 is necessary and sufficient for the formation of caveolae in CMs (13,
190). Caveolins and caveolae have been extensively studied since their discovery by
electron microscopy (158). In CMs, Cav3 forms caveolae at the sarcolemma and is
prevalent within the t-tubules that are closely tied to domains of sarcoplasmic
reticulum, an association that implicates Cav3 in the regulation of ion channels, nitric
oxide synthases, and other regulators of cardiovascular function (191-193). Our
laboratory and others have investigated the role of Cav3 in the heart. Our findings
indicate that Cav3 expression is a control point of cardiovascular health and thus a
target for therapeutic intervention (194-199). Therefore, our laboratory generated a
CM-specific Cav3 overexpressing (Cav3 OE) mouse to investigate the impact of Cav3
on cardiovascular health and signaling of the heart.

As the heart ages, Cav3 expression is reduced and caveolae are less common at
the sarcolemmal membrane. These changes have effects on AR responses in the

heart, since ,ARs outside of caveolar/t-tubule domains increase cAMP levels and are
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no longer controlled by caveolar regulatory processes, generating a 3; AR-like signal
that loses protective aspects of B,AR signaling (177, 186, 189). The possible
relationship between aging-induced loss of Cavs and BAR dysregulation led us to ask
whether increased Cav3 expression might prevent such effects in the heart by
increased compartmentation of BAR signaling proteins (Figure 1.8). Therefore, in the
studies presented in this dissertation, I hypothesized that Cav3 overexpression (Cav3
OE) modifies BAR activity in CMs and sought to accomplish two major aims:

1. Determine whether Cav3 OE alters the BAR responsivity of the murine
heart and if those changes alter the age-related loss of BAR responses in the
heart.

2. Determine which mediators of the BAR signaling pathway are regulated by
Cav3 OE and whether they depend upon increased localization or
regulation by caveolar domains.

To accomplish these aims, I worked with the physiological responses to BAR
stimulation that are lost in aging-related cardiac dysfunction. Thus, I investigated the
role of Cav3 OE using pharmacological agents in the Langendorff isolated heart
perfusion model, which enables observation and analysis of the contractile, relaxation,
pressure development, and heart rate responses to stimulation. I also investigated the
sequelae of BAR signaling in isolated adult myocytes, which provided findings
regarding BAR-activated cAMP activity in Cav3 OE CMs and the mitochondrial
respiration responses to BAR activation. My findings revealed a role for Cav3 OE in

the regulation of the BAR response system in young and aged murine hearts (Chapter
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2) and provided insight into the complex interactions between BARs, ACs, and Cav3
(Chapter 3).

Chapter 1, is, in part, a reprint of the material as it appears in American Journal
of Physiology, Cell Physiology, in press, Busija, AR; Patel, HH; Insel, PA. The

dissertation/thesis author was the primary author of this paper.
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Figure 1.8: Schematic representation of (top) TGneg and (bottom) Cav3 OE sarcolemmal
membranes. Due to the role of Cav3 in localization of PAR isoforms, Ga proteins, AC
isoforms, PKA proteins, and PDE subtypes, I hypothesized that Cav3 OE hearts may
demonstrate altered distribution of these key cAMP pathway proteins. Studies in this
dissertation will address signaling through PARs, ACs, and PDE:s to activate downstream
physiological responses and cAMP signals.
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Table 1.1: Examples of caveolae-associated signal transduction proteins. Adapted from (200).

Signal transduction protein

Mechanism(s) of
association

References

Receptors

G Protein-Coupled Receptors (GPCRs, e.g., adrenergic,

Transmembrane (TM),

(109, 185, 201-203)

adenosine, angiotensin-1, opioid, serotonin) fatty acylation (FA),

Cav association (Cav)
Steroid hormone acceptors (e.g., estrogen receptor o) TM, FA, Cav (204-2006)
Transforming growth factor-p receptors (e.g., Bone ™, Cav (207)
Morphogenic Receptor II)
Tyrosine kinase (e.g., insulin, EGFR, NGF, IGF, TM, FA, Cav (208-210)
PDGF)
inositol 1,4,5-triphosphate receptor (IP3R) ™, FA, Cav (211, 212)
Ion channels, reporters, and exchangers
Ca’"-ATPase TM, Cav (211)
Ca®" pumps (e.g. Na(+)-Ca(2+) exchanger type 1) TM, Cav (213)
L-type Ca>" TM, Cav (213, 214)
Large-conductance Ca* -activated K TM, Cav (215)
Transient Receptor Potential Cation (TRPC) ™, Cav (216-219)
Na/K-ATPase ™, Cav (220, 221)
Voltage-gated K ™, Cav (193, 222, 223)
Kare ™, Cav (224)
Kinases
Src-family FA, Cav (91, 92, 225-232)
Protein Kinase A Cav (224, 233-236)
Protein Kinase Ca, Cav (237-239)
p42/p44 Mitogen Activated Protein Kinase Cav (240-242)
p38 Mitogen Activated Protein Kinase Cav (242)
Phosphatidylinositol-4,5-bisphosphate 3-kinase PI(4,5)P, binding (243, 244)
Protein kinase B PI(3,4,5)P; binding  |(243-251)

Other post-receptor components

Heterotrimeric GTP binding (G) protein o subunits FA, Cav (64,202, 203, 222,
226, 252-255)

Heterotrimeric GTP binding (G) protein By subunits FA (253)

Ras FA, Cav (135, 256, 257)

Adenylyl Cyclases (AC, e.g., AC3, 5, 6) T™, Cav (185, 202, 258-260)

Cyeclic nucleotide phosphodiesterase (PDE3B) Cav (261)

Endothelial nitric oxide synthase (eNOS/NOS3) Cav (136, 235, 262-269)

Neuronal nitric oxide synthase (nNOS/NOS1) Cav (136, 263, 269-272)
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Disease Clinical Features Mutated protein References
Bernardinelli- Lack of adipose tissue, Cavl, Cavinl (144, 145)
Seip Congenital hypertriglyceridemia, insulin
Generalized resistance, diabetes mellitus,
Lipodystrophy hypertrophic cardiomyopathy, hepatic
types 3 (Cavl) steatosis
and 4 (Cavinl)
Pulmonary Pulmonary vascular remodeling and Cavl (146)
arterial proliferation, high pulmonary arterial
hypertension blood pressure, right ventricular

failure
Limb-Girdle Symmetric, progressive, proximal Cav3 (148)
Muscular weakness of the limb girdle muscles,
Dystrophy type myoglobinuria, myotonia, elevated
1C serum creatine kinase
Rippling Muscle | Mechanically-triggered contractions Cav3 (147)
Disease of skeletal muscle; subsequent

electrically silent muscle contraction

cascades
Long QT Extended Q-T interval on Cav3, Cavinl (144)
Syndrome electrocardiogram, arrhythmias,

ventricular fibrillation
Sudden Infant Sudden death of an infant unexplained | Cav3 (150)
Death Syndrome | by medical history or autopsy
Hypertrophic or Thickened myocardium, non-ischemic | Cav3, Cavinl, (144, 149)
Dilated cardiomyopathy, reduced cardiac Cavin4 (150)
Cardiomyopathy | function
Cancer Breast, prostate, ovarian, and Cavl (151-153)

(implicated)

pancreatic
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CHAPTER 2: CARDIAC MYOCYTE-SPECIFIC CAVEOLIN-3
OVEREXPRESSION INCREASES B-ADRENERGIC RESPONSIVITY OF

HEARTS FROM YOUNG AND AGED MICE

Abstract

Previous studies have demonstrated that Cav3 can compartmentalize BAR
signaling and that Cav3 may help regulate cardiovascular health. However, the
relationship between Cav3, BAR signaling, and the age-dependent changes in BAR
responsivity have not been defined. In this study, I tested the hypothesis that CM-
specific Cav3 overexpression (OE) in mice amplifies AR response in young animals
and preserves BAR responsivity into old age. Adult male Cav3 OE mice demonstrated
increased Isoproterenol (Iso)-induced contractility and relaxation, cAMP generation,
and mitochondrial respiration without major changes in phospholamban or troponin I
phosphorylation or Iso-induced BAR response desensitization. Aged (20-24-month-
old) Cav3 OE mice exhibited preserved ex vivo cardiac responsivity to Iso while
TGneg sibling controls had severely blunted Iso responses. These data implicate Cav3
OE as a potent mediator of cardiovascular health, in particular throughout the lifespan,

through preservation of the AR system of the heart.
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Experimental procedures

Animals

Laboratory Animals and protocols were approved by the VA San Diego
Healthcare System IACUC and surgical procedures were carried out in accordance
with the NIH Guide for the Care and Use of Laboratory Animals. Animals were
maintained with ad /ib access to food and water in a 12 h light-dark cycle in a
temperature-controlled room. Heterozygous Cav3 OE mice were produced in a
C57BL/6 background as previously described (1). Transgene negative siblings of
Cav3 OE mice served as controls. Young mice were studied at age 2-4 months, and

aged mice were between 20-24 months.

Langendorffisolated perfused heart model and Iso administrations

Mice were anesthetized with an intraperitoneal injection of sodium
pentobarbital (50 mg kg™), followed by thoracotomy, heart excision, and immersion in
ice-cold perfusion buffer to halt contraction and preserve myocyte viability during
aortic dissection. The aorta was cannulated within 2 min of thoracotomy on a 21g stub
needle attached to the Langendorff isolated heart apparatus for perfusion with
oxygenated buffer at a constant pressure of 80 mmHg and constant temperature of
37°C. A modified Krebs-Henseleit perfusion buffer was used in all experiments:
NaCl, 119 mM; d-glucose, 11 mM; NaHCOs3, 22 mM; KCl, 4.7 mM; MgCl,, 1.2 mM,;

KH,POs, 1.2 mM; CaCl,, 2.5 mM; EDTA, 0.5 mM; and pyruvate, 2 mM. The buffer
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was oxygenated with 95% O, and 5% CO, at 37°C to yield pH 7.4 and was filtered
through an in-line 0.45 um filter (Sterivex-HV, Millipore).

A polyethylene drain was inserted through the apex of the heart to vent fluid
and a fluid-filled balloon was introduced into the left ventricle (LV) through an
incision in the left atria. The balloon was connected via fluid-filled tubing to a
pressure transducer and inflated to yield a LV end-diastolic pressure of 5 mmHg.
Hearts were then immersed in a water-jacketed organ bath maintained at 37°C and
acclimated to perfusion for 20 min. Coronary flow was measured using an in-line
Doppler flow probe (Transonic Systems Inc). Flow and LV pressure signals were
processed on a four-channel PowerLab data acquisition system (ADInstruments) and
recorded by LabChart software. LV pressure recordings were analyzed to yield
systolic, end-diastolic, and developed pressures (LVDP), heart rate, and the peak
differentials of pressure change with time (+dP/dt, contractility and —dP/dt,
relaxation).

Dose-response curves of Iso (Isuprel: Hospira Inc.) were administered after 20
min of cardiac acclimatization by bolus injection of 250 pl of the lowest concentration
of Iso (1 nM) into the perfusion system proximal to the cardiac cannula (total volume
after injection port = 500 pl). After a 10-min wash-out period, the serial doses of Iso
were delivered and the wash-out was repeated. Peak LVDP, +dP/dt, and heart rate
were measured after each dose.

Infusions of Iso were performed by constant delivery of 10 uM Iso at 0.01x
flow rate (effective dose: 100 nM) by a syringe driver (Harvard Apparatus) into a

perfusion buffer proximal to the heart (total volume after injection port = 500 pl).
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Hearts were frozen on the cannula with liquid nitrogen after 5 min of infusion for
assessment of phospholamban (PLB) and troponin I phosphorylation. Measurements
were taken every 5 min after the start of infusion for assessment of Iso-induced

desensitization of BAR responses.

Adult mouse cardiac myocyte isolation

Materials for CM isolation were acquired from Sigma unless otherwise
indicated. Adult mouse CM isolation was performed in pairs of Cav3 OE and TGneg
sibling controls. Adult male C57BL/6 mice were anesthetized with pentobarbital,
thoracotomy was performed, and hearts were excised and placed in ice-cold media for
aortic dissection. Hearts were cannulated on a 21g stub needle and perfused at a rate of
3 ml/min with MEM Joklik’s modified supplemented with: 10 mM HEPES pH 7.4
(Life Tech), 30 mM taurine, 2 mM =carnitine HCI, 20 mM creatine, and 2 mM sodium
pyruvate containing no Ca’" (referred to as Joklik in following procedures) with 10
mM 2,3-Butanedione monoxime (BDM) for 4 min, followed by Joklik containing 10
mM BDM with: 20 uM CacCl, and 1.8 mg/ml collagenase Il (Worthington:
mitochondrial respiration) or 12.5 uM CaCl, with 0.25 mg/ml liberase TH (Roche:
cAMP production) for 15 or 7 min, respectively. After perfusion, hearts were
dissected, triturated with transfer pipettes, and washed to purify CMs. In brief, after
perfusion CMs were allowed to precipitate (at gravity) for 6 min, followed by removal
of supernatant and addition of 4:1 proportions of Joklik containing 10 mM BDM, 20
uM CacCl,, and 1% BSA. This wash step was repeated twice, followed by introduction

of CaCl, in four iterations of 250 uM with 4 min resting periods to achieve a slow
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increase to a final Ca®" concentration of 1.2 mM. Two more gravity precipitation wash
steps were performed with Joklik without BDM supplemented with 1.2 mM CaCl,,

and cells were resuspended for plating in Joklik without BDM with 1.2 mM CaCl,.

Seahorse Extracellular Flux Analyzer measurements

Isolated CMs were counted using an addition of 10 ul of cells to a
hemocytometer and plated at 4,000 cells/well in a 96-well plate pre-coated with 10
pg/mL laminin (Life Tech.) for Seahorse XF Flux Analyzer procedures (mitochondrial
respiration). After one hour, media was changed to XF Basal Media (Seahorse
Bioscience, now Agilent Technologies) supplemented with 1 mM sodium pyruvate, 3
mM L-glutamine, and 5 mM HEPES (XF Assay media). A Seahorse Bioscience
injection cassette was prepared with XF Assay media with added glucose (55 mM)
and sodium pyruvate (30 mM) for 1:10 dilution upon automatic injection in port A and
1 uM Iso (Isuprel: Hospira Inc.) for 1:10 dilution in port B. The XF Analyzer was
programmed to measure three 2-min periods at baseline, after glucose+pyruvate
injection, and after Iso injection. Measurements included: 1.5 min mixing, 20 secs
wait, and 2 min measurement. Data for oxygen consumption rate was exported to

Microsoft Excel for analysis.

Measurement of cAMP production in adult mouse CMs
Adult CMs were plated on laminin-coated 24-well cell culture-treated plates
for 1 h, after which media was exchanged for Joklik without BDM supplemented with

1.2 mM CaCl,. Cells were prepared for cAMP accumulation by incubation with media
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or 200 uM 3-isobutyl-1-methylxanthine (IBMX: Sigma) for 10 min. Agonists were
introduced after cells were incubated with IBMX for 10 min: Iso (Isuprel: Hospira
Inc.) was administered at 0.001, 0.01, 0.1, and 1 uM; Assay medium was aspirated and
cells were washed once with ice-cold PBS, then ice-cold 7.5% w/v trichloroacetic acid
(TCA) (Ricca Chemical Co.) was immediately added to each well.

TCA extracts were assayed for cAMP content using a competitive
radioimmunoassay. TCA samples and a standard curve of cAMP (V6421: Promega) in
a log, distribution in concentration from 78.125 to 40,000 fM were diluted into 50 mM
Sodium Acetate (NaAc) pH 4.75 and acetylated by addition of triethylamine (Alfa
Aesar) and acetic anhydride (Fisher Sci.) at a 2:1 ratio, followed immediately by
vortexing. Diluted acetylated samples and standards were incubated in a DuraPore
membrane plate (EMD Millipore) overnight with anti-cAMP antibody (07-1497: EMD

Millipore Corp) and adenosine 3',5'-cyclic phosphoric acid, 2"-O-succinyl [1251]-

125 125_

iodotyrosine methyl ester (I “°-cAMP: PerkinElmer); both primary antibody and I
cAMP were diluted in 50 mM NaAc pH 4.75 with 0.1% human y-globulin (G4386:
Sigma). Anti-rabbit BioMag secondary antibody (Qiagen) was added and incubated
with samples for one h, followed by vacuum aspiration of unbound I'**-~cAMP and
three washes with superlative volumes of 12% polyethylene glycol (Sigma) in 10 mM
NaAc pH 6.2. Wells were dried by vacuum and then punched out for quantification.
Bound I'>-cAMP was quantified by a 2470 Wizard® gamma counter (PerkinElmer)
and I'* counts per minute were compared against the standard curve. cAMP levels

outside the linear portion of the standard curve were excluded; such samples were

diluted and re-analyzed.
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Immunoblots

Hearts were stimulated with vehicle or 100 nM Iso on the Langendorff
apparatus for 5 min and frozen on the cannula, then pulverized on dry ice and lysed
with 150 mM Na,COs; pH 11, 1 mM EDTA, and 1x Halt protease and phosphatase
inhibitor cocktail (Thermo Scientific) with 15 strokes in a glass-glass Dounce
homogenizer, followed by sonication three times for 10 sec at 40% amplitude on ice
(Sonics VibraCell). Protein levels were determined using the Bradford assay (Bio-
Rad) and normalized, then mixed 1:2 with 4x LDS Laemmli loading buffer containing
a final concentration of 100 mM dithiothreitol and subjected to sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) with 10% acrylamide using an SDS-
MOPS buffer (ThermoFisher) followed by Western electrophoretic transfer to
polyvinylidene fluoride membranes (PVDF pore size 0.2 pm). Blots were blocked
with 3% BSA in Tris-buffered saline with 0.1% Tween 20 (TBST) for 1 h at room
temperature and incubated with primary antibodies in 3% w/v bovine serum albumin
(BSA) in TBST for 12-16 h at 4°C. Antibodies to Tropl (1:1000 #4002S, Cell
Signaling Tech., 28 kDa detected band), p-Tropl (1:1000 #4004S, Cell Signaling
Tech., 28 kDa detected band), PLB (1:1000 ab2865, Abcam, 25 kDa pentameric
detected band, 5 kDa monomeric detected band), p-PLB (1:1000 ab15000, Abcam, 5
kDa monomeric detected band), and B-actin (1:500 sc-1616, Santa Cruz
Biotechnology, 45 kDa detected band) were used. Blots were washed thrice for 10 min
in TBST at room temperature, then incubated at room temperature with 3% BSA-
TBST containing horseradish peroxide-conjugated (HRP) secondary antibodies raised

in mice against rabbit (Santa Cruz Biotechnology sc-2357: Tropl, p-Tropl, p-PLB), in
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donkey against goat (Santa Cruz Biotechnology sc-2020), and in goat against mouse
(Santa Cruz Biotechnology sc-2004: PLB) at 1:1000 dilutions. After three more
washes with TBST, HRP activity was detected using SuperSignal West Dura
chemiluminescence reagent (Thermo Scientific) and recorded using a UVP exposure
box and CCD camera (UVP, LLC). Intensity values were measured with Image Studio
Lite and signal normalized to B-actin for each blot, then phospho-protein over same-
blot B-actin to yield a ratio over total protein over same-blot -actin.
Statistical analysis

All data analysis and statistics were performed with GraphPad Prism 7
software (GraphPad Software Inc., La Jolla, CA). All data are expressed as mean =+
S.E.M. Significant differences were accepted for a when p < 0.05 for all statistical
tests.
2-way ANOVA of repeated measures

Peak responses after bolus for each Iso dose from Langendorff studies were
analyzed by 2-way repeated measures analysis of variance (ANOVA: genotype x dose
Iso) with subject matching, followed by the indicated multiple comparisons post-hoc
tests on individual doses. The same analysis was performed on data from Iso
perfusions, with time replacing Iso dose as the repeated measures variable (genotype x
time).
EC50s and 2-way ANOVA

Due to a slight depression in LVDP, contractility, and relaxation at the smallest
dose of Iso and in light of the similarities in baseline measurements in both genotypes,

dose-response curve fitting was performed with the unstimulated values excluded to
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provide accurate EC50 values. Dose-response data from all experiments were
normalized to 0%-100% of response and fitted to a four-parameter dose-response
curve with variable slope, from which LogEC50 values were calculated. LogEC50
values from the Iso-only young or aged groups were compared by unpaired t test.
LogEC50 values were then compared between Iso+Aged groups by ordinary 2-way
ANOVA (genotype x age) with the indicated post-hoc multiple comparisons tests.
LogEC50 values were transformed to EC50 for graphical presentation and are
presented as mean +S.E.M.
2-way ANOVA of cAMP accumulation and PKA substrate phosphorylation
Dose-responses for Iso-promoted cAMP were evaluated by ordinary two-way
ANOVA (genotype x dose) and post-hoc multiple comparisons. Total and ratio of
phosphorylated to total PLB or Trop I was analyzed by ordinary two-way ANOVA
(genotype x Iso) for evaluation of PKA-mediated phosphorylation.
2-way repeated measures ANOVA of mitochondrial metabolism
Oxygen consumption rates (OCR) were compared after substrate addition and

after addition of Iso using 2-way ANOVAs.

Results

Cav3 OF hearts exhibit enhanced dose-dependent increases in contractile and
relaxation responses to Iso compared with TGneg hearts
Hearts from Cav3 OE and TGneg mice (N = 7 per group) were exposed to 1

nM — 1 uM Iso on the Langendorff apparatus and physiological responses were
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measured. Cav3 OE mice showed enhanced Iso-induced responses in contractility and
relaxation. Measurement of Iso-induced changes in contractility (Figure 2.1A)
revealed a significant effect of Iso dose (F (6, 72) = 72.35, p < 0.001), with both
strains responding to Iso. Subject matching was effective in controlling for variability
between subjects (F (12, 72) = 13.72, p < 0.001), and responses between the genotypes
were significantly different (F (1, 12) = 7.36, p = 0.019). There was a significant
interaction between dose and genotype (F (6, 72) = 6.26, p < 0.001), indicating that
genotypes responded differently to Iso and that post hoc tests should be performed.
Sidak’s multiple comparisons post-hoc test revealed that Cav3 OE hearts have
increases in Iso-induced contractility of 4200 mmHg*s™ at 100 nM (p = 0.015), 5348
mmHg*s™" at 300 nM (p = 0.001), and 4955 mmHg*s™ at 1 pM (p = 0.002).
Measurement of Iso-induced changes in relaxation (Figure 2.1B) revealed a
significant effect of dose (F (6, 72) = 74.06, p < 0.001), subject matching (F (12, 72) =
10.38, p <0.001), and genotype (F (1, 12) =9.53, p =0.009). There was a significant
interaction between dose and genotype (F (6, 72) = 4.24, p = 0.001). Sidak’s multiple
comparisons post-hoc test revealed that hearts from Cav3 OE had significantly
amplified Iso-induced relaxation by 1632 mmHg*s™" at 100 nM (p = 0.017), 2292
mmHg*s™" at 300 nM (p < 0.001), and 1786 mmHg*s™ at 1 pM (p = 0.007).
Measurement of Iso-induced changes in left ventricular developed pressure
(LVDP) (Figure 2.1C) indicated a significant effect of dose (F (6, 72) =37.56, p <
0.001), subject matching (F (12, 72) = 10.16, p < 0.001), but neither for genotype (F

(1, 12) =2.26, p = 0.159) nor a significant interaction between dose and genotype (F
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more cAMP in response to Iso stimulation in the presence of 200 uM IBMX at 100 nM and 1

uM (N = 2 isolations, 3 measurements per isolation). (F) Pyruvate+Glucose and subsequent

Iso stimulus induces more mitochondrial respiration in Cav3 OE CMs (N = 2 isolations, 3

measurements per isolation). *p<0.05, **p<0.01, ***p<0.001 compared to TGneg at same

dose Iso (A-E) or same treatment (F). Data are represented as mean £ SEM.
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(6, 72) = 0.828, p = 0.552). Sidak’s multiple comparisons post-hoc test revealed no
significant differences between TGneg and Cav3 OE at any dose of Iso.

For the measurement of Iso-induced changes in heart rate (Figure 2.1D), we
found a significant effect of dose (F (6, 72) = 122.9, p < 0.001) and subject matching
(F (12,72) =15.71, p < 0.001), but not for genotype (F (1, 12) =0.131, p = 0.72).
There was no significant interaction between dose and genotype (F (6, 72) = 1.001, p
= 0.43). Sidak’s multiple comparisons post-hoc test revealed no significant differences
between TGneg and Cav3 OE at any dose of Iso.

Data for each physiological parameter was adjusted to represent the results as
percent of maximal response and was then analyzed using a best-fit curve to calculate
the EC50 values of the responses. Using this approach, we found no significant effect
of genotype in the EC50 values for contractility (p = 0.87), relaxation (p = 0.56),
LVDP (p =0.52), or heart rate (p = 0.91).

Taken together, these data show that, when compared with results for TGneg
mice, Cav3 OE in CMs increases the amplitude of Iso dose-dependent contractile and
relaxation responses but not LVDP or heart rate responses. Additionally, the potency
of Iso is not different between the two genotypes in contractility, relaxation, LVDP, or

heart rate.

Cav3 OE CMs produce more cAMP in response to Iso than TGneg CMs
The contractile response to AR stimulation is modulated through the second
messenger cCAMP, so I tested whether Cav3 OE alters physiological responses by

modulating cAMP production by treating CMs isolated from Cav3 OE and TGneg
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mice to 1 nM — 10 uM Iso and evaluated cAMP accumulation in the presence of the
phosphodiesterase inhibitor IBMX (N = 2 isolations with 3 measurements each). Cav3
OE myocytes produced more cAMP in response to Iso than did TGneg myocytes
(Figure 2.1E). I found a significant effect of dose (F (5, 69) = 165.2, p < 0.001) and
genotype (F (1, 69) = 11.95, p <0.001) on Iso-promoted cAMP accumulation. There
was a significant interaction between dose and genotype, indicating that Cav3 OE and
TGneg CMs responded differently to increasing Iso doses (F (5, 69) =2.483,p =
0.040); therefore, I performed Sidak’s multiple comparisons post-hoc test, which
revealed that Cav3 OE CMs have increases in Iso-induced cAMP of 4.51 pmoles
cAMP/pg protein at 100 nM (p = 0.015) and 4.02 pmoles cAMP/pg protein at 300 nM
(p=10.001).

Adjustment of the dose-response data to percent of maximal response and then
applying a best-fit curve to calculate EC50 of response revealed no significant
difference between the genotypes in the EC50 values for Iso- stimulated cAMP

production (p = 0.556).

Cav3 OFE CMs demonstrate increased mitochondrial respiration in response to
pyruvate + glucose and pyruvate + glucose + Iso than TGneg

To ascertain the effects of Iso stimulation on mitochondrial respiration, CMs
from Cav3 OE and TGneg hearts (N = 2 isolations with 7 replicates each) were
incubated with the substrates glucose + pyruvate, then treated with 100 nM Iso and the
oxygen consumption rate (OCR) was recorded (Seahorse XF Analyzer). Analysis was

performed for a mean of three measurements after glucose + pyruvate addition
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(baseline) and after Iso (Figure 2.1F). I found a significant effect of Iso treatment (F
(1,26) =74.15, p <0.001), subject matching (F (26, 26) = 6.55, p <0.001), and
genotype (F (1, 26) = 11.5, p=0.002), but did not find a significant interaction
between Iso and genotype (F (1, 26) = 2.467, p = 0.13). Use of Sidak’s multiple
comparisons post-hoc test revealed that Cav3 OE CMs have elevated respiration
compared with TGneg CMs at baseline of 23.56 pmol O,/min (p = 0.025) and 33.98
pmol O,/min after addition of 100 nM Iso (p < 0.001). These data demonstrate CMs
from Cav3 OE myocytes have elevated mitochondrial respiration at baseline and after

addition of Iso.

Prolonged Iso stimulus does not differentially desensitize the fAR response in TGneg
or Cav3 OF hearts

As Iso stimulation can desensitize the response of BARs, I determined whether,
compared with TGneg hearts, Cav3 OE hearts desensitized at different rates or to a
different extent in terms of functional responses to infusion of Iso. I observed no
differences in response of the genotypes to a 30 min infusion of Iso (Figure 2.2) (N =
5 TGneg, 3 Cav3 OE). Although there were significant effects of time (F (6, 36) > 4.7,
p <0.001 for contractility, relaxation, and heart rate; p = 0.001 for LVDP) and subject
matching (F (6, 36) > 11.99, p < 0.001 for contractility, relaxation, LVDP and heart
rate), I found no significant effect of genotype (F (1, 6) <1.247, p > 0.31 for all
parameters) or interaction between genotype and time (F (6, 36) < 0.7855, p > 0.59 for
all parameters). In summary, TGneg and Cav3 OE hearts respond similarly over a 30

min period of stimulation with Iso, implying that increased expression of Cav3 in CMs
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Figure 2.2: Cav3 OE and TGneg hearts do not exhibit differential desensitization in
response to Iso. Cav3 OE and TGneg hearts administered with a 30 min infusion of 100 nM
Iso do not demonstrate differential responses or desensitization rates in (A) contractility, (B)
relaxation, (C) LVDP, or (D) heart rate. N =5 TGneg, 3 Cav3 OE. Data are represented as
mean + SEM.
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does not alter changes in functional responses that might undergo rapid desensitization

to BAR activation.

Cav3 OFE does not alter phosphorylation of phospholamban or troponin I in response
to Iso

To ascertain whether the differences in cAMP production between Cav3 OE
and TGneg result in differences in phosphorylation of the cAMP-activated protein
kinase A (PKA) substrates phospholamban (PLB) and troponin I (Tropl), I exposed
hearts on the Langendorff apparatus to 20 min of acclimatization followed by a 5-min
infusion of 100 nM Iso (N = 3/group). Both Cav3 OE and TGneg hearts exhibited
enhanced Iso-stimulated Tropl and PLB phosphorylation, but there were no
differences between the genotypes (Figure 2.3A). Total PLB (relative to the B-actin
loading control) had a significant effect of Iso (F (1, 8) =34.36, p <0.001) but not
genotype (F (1, 8) =0.4708, p = 0.51) and no significant interaction between Iso and
genotype (F (1, 8) = 1.956, p = 0.200). Tukey’s multiple comparisons post hoc
analysis revealed that Iso decreased total PLB in TGneg by about 36% (p = 0.0039)
but the 24% decrease in total PLB in Cav3 OE was not significantly different from
baseline (p = 0.053). The decrease in total PLB is likely due to Iso/cAMP/PKA-
induced phosphorylation-dependent degradation of monomeric PLB.

For the measurement of Iso-induced changes in phospho-PLB (p-PLB) over
total PLB (Figure 2.3A), we found a significant effect of Iso (F (1, 8) =43, p <0.001)
but not for genotype (F (1, 8) = 0.3252, p = 0.58), or for interaction between Iso and

genotype (F (1, 8) 0.1155, p = 0.74). Tukey’s multiple comparisons post hoc analysis



90

revealed that Iso significantly increased p-PLB / total PLB by 11-fold in TGneg (p =
0.010) and by about 9-fold in Cav3 OE (p = 0.005) hearts, but that there was no
significant difference between the genotypes in unstimulated or Iso-stimulated p-
PLB/total PLB.

Assessment of Iso-induced changes in total Tropl (Figure 2.3B) revealed a
significant effect of genotype (F (1, 8) =8.215, p =0.021) but not Iso (F (1, 8) =
0.6140, p = 0.61) nor for interaction between Iso and genotype (F (1, 8) =0.1659, p =
0.70). Tukey’s multiple comparisons post hoc analysis revealed no differences
between genotypes or Iso exposure in total Tropl. The effect of genotype, therefore,
was only apparent when TGneg and Cav3 OE hearts were compared without
considering Iso treatment, indicating that Cav3 OE hearts have a slight increase in
their amount of total Tropl.

Assessment of Iso-induced changes in phospho-Tropl (p-Tropl)/total Tropl
(Figure 2.3B) revealed a significant effect of Iso (F (1, 8) = 103.8, p < 0.001) but not
genotype (F (1, 8) = 1.687, p = 0.23) nor for the interaction between Iso and genotype
(F (1, 8) =3.679, p=0.091). Tukey’s multiple comparisons post hoc analysis revealed
that Iso significantly increased p-Tropl/r total Tropl by 2.4-fold in TGneg (p = 0.0017)
and by 3.3-fold in Cav3 OE (p < 0.001), but that there were no significant differences
between TGneg and Cav3 OE hearts with respect to p-Tropl in stimulated or

unstimulated conditions.
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Figure 2.3: Cav3 OE does not alter phosphorylation of PLB and Tropl after Iso
stimulation. (A) TGneg and Cav3 OE hearts exhibit similar reductions in total PLB and
increases in p-PLB/total PLB after 5 min Iso stimulation. Qualitative analysis of PLB and p-
PLB normalized to loading control and p-PLB normalized to total PLB. (B) TGneg and Cav3
OE hearts exhibit similar p-Tropl/total Tropl after 5 min Iso stimulation. Qualitative analysis
of total Tropl (top band) and p-Tropl normalized to loading control followed by p-Tropl
normalization to total Tropl. N = 3/group **p<0.01 compared with TGneg -Iso, ##p<0.01
compared with Cav3 OE -Iso. Data are represented as mean = SEM.
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Aged Cav3 OE hearts exhibit Iso responsivity that is absent in aged TGneg hearts
Because aging can alter Cav3 expression levels and BAR expression levels, |
assessed the dose-response to Iso of 20-24 month-old Cav3 OE and TGneg mouse
hearts (N = 2 TGneg, 5 Cav3 OE) (Figure 2.4). We found that aged TGneg hearts
have severely blunted contractile and relaxation responses to Iso. Importantly, aged
Cav3 OE mice have contractile and relaxation responses that are similar to young
TGneg even though aged Cav3 OE hearts exhibited reduction in contractile and
relaxation responses when compared with young Cav3 OE hearts. Aged TGneg hearts
exhibited significant reductions in relaxation and LVDP responses to Iso and showed a
trend for reductions in contractile responses when compared with young TGneg
hearts. Aged Cav3 OE hearts exhibited significant increases in relaxation compared
with aged TGneg hearts. Detailed analyses of the results are presented below and are

organized by physiological parameter.

Contractility

Assessment of Iso-induced changes in contractility in young and aged TGneg
and Cav3 OE hearts (Figure 2.4A) revealed significant overall effects in dose (F (6,
102) =40.76, p < 0.001), subject matching (F (17, 102) = 13.79, < 0.001), and group
(genotype x age) (F (3, 17) = 6.081, p = 0.005). There was a significant interaction
between dose and group (F (18, 102) = 5.147, p < 0.001); therefore, we performed
Tukey’s multiple comparisons post-hoc tests, which revealed that between young
TGneg and young Cav3 OE hearts, there is a significant effect in Iso-induced

contractility at 30 nM (p = 0.033), 100 nM (p = 0.009), 300 nM (p < 0.001), and 1 uM
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(p =0.0014). The difference in p values between this comparison and those presented
for Figure 2.1A are a result of the increased multiplicity of comparisons when
analyzed in conjunction with the aging Iso dose response data. Post-hoc tests also
revealed that between young Cav3 OE hearts and aged Cav3 OE hearts, there is a
significant decrease of 5317 mmHg*s™' in Iso-induced contractility at 30 nM (p =
0.002), 5865 mmHg*s™ at 100 nM (p < 0.001), 6429 mmHg*s™' 300 nM (p < 0.001),
and 5906 mmHg*s" 1 pM (p < 0.001). Additionally, between young TGneg and aged
TGneg hearts, there was a trend indicating a decrease in contractility of 4691 mmHg*
s'at 1 uM Iso (p = 0.085). Tukey’s multiple comparisons post-hoc test revealed that
between young TGneg x aged Cav3 OE hearts, and aged Cav3 OE hearts and aged

TGneg hearts there was not a significant effect in Iso-induced contractility at any dose.

Relaxation

Analysis of Iso-induced changes in relaxation in young and aged TGneg and
Cav3 OE hearts (Figure 2.4B) indicated significant overall effects in dose (F (6, 102)
=47.99, p <0.001), subject matching (F (17, 102) = 10.41, p <0.001), and group
(genotype x age) (F (3, 17) = 6.279, p = 0.005) and significant interaction between
dose and group (F (18, 102) =4.371, p <0.001). Therefore, Tukey’s multiple
comparisons post hoc tests were performed and revealed a significant effect in Iso-
induced relaxation at 100 nM (p = 0.010), 300 nM (p < 0.001), and 1 uM (p = 0.004)
between young TGneg and young Cav3 OE hearts. The difference in p values between
this comparison and those presented for Figure 2.1B are a result of the increased

multiplicity of comparisons and increased standard error of the difference when
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analyzed in conjunction with the aging Iso dose-response data. Post-hoc tests also
revealed significant effects in multiple groups: in aged Cav3 OE hearts compared with
young Cav3 OE, there was a decrease in magnitude of relaxation of 1794 mmHg*s™" at
30 nM (p = 0.010), 1638 mmHg*s™ at 100 nM (p = 0.002), 1742 mmHg*s™" at 300 nM
(p=0.013), and 1509 mmHg*s™ at I uM (p = 0.041); aged TGneg hearts had a 2080
mmHg*s™ reduction in magnitude versus young TGneg at 1 uM (p = 0.040); and aged
TGneg had a 2279 mmHg*s™' reduction in magnitude of relaxation versus aged Cav3
OE at 300 nM (p = 0.027) and 2356 mmHg*s ™' reduction at 1 pM (0.021). Of note,
there were no significant differences between young TGneg and aged Cav3 OE hearts

at any dose.

LVDP

Assessment of Iso-induced changes in LVDP in young and aged TGneg and Cav3 OE
hearts (Figure 2.4C) revealed significant overall effects in dose (F (6, 102) = 17.03, p
<0.001), subject matching (F (17, 102) = 8.84, p < 0.001), but not group (genotype x
age) (p = 0.066). There was a significant interaction between dose and group (F (3, 17)
=2.888, p <0.001). Therefore, Tukey’s multiple comparisons post-hoc tests were
performed and revealed no significant effect between young TGneg and young Cav3
OE hearts, with respect to Iso-induced LVDP. Post-hoc tests revealed significant
reduction in aged TGneg hearts from young TGneg hearts of 58.6 mmHg at 100 nM (p
=0.032), 59.0 mmHg at 300 nM (p = 0.031), and 65.6 mmHg at 1 uM (p = 0.013).
Also, there were significant decreases in aged TGneg compared with aged Cav3 OE of

60.1 mmHg at 300 nM (p = 0.037) and 66.3 mmHg at 1uM (0.017). As with the
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relaxation response to Iso, there were no significant differences between young TGneg

x aged Cav3 OE hearts at any dose of Iso.

Heart Rate

Analysis of the Iso-induced changes in heart rate in young and aged TGneg
and Cav3 OE hearts (Figure 2.4D) revealed significant overall effects in dose (F (6,
102) = 181.4, p < 0.001) and subject matching (F (17, 102) = 13.02, p < 0.001), but
not group (genotype x age) (F (3, 17) = 1.072, p = 0.39). There was a significant
interaction between dose and group (F (18, 102) =2.477, p <0.001) and thus, Tukey’s
multiple comparisons post-hoc tests were performed. Post-hoc tests revealed
significant reduction between young TGneg and aged TGneg hearts of 89.0 bpm at 3
nM (p = 0.047) and 99.4 at 10 nM (p = 0.021), but no differences between any other

groups.

EC50 values of Iso responses

We adjusted the results to percent of maximal response, then applied a best-fit
curve to calculate the EC50 values of each physiological response. For the
measurement of age-dependent changes in Iso dose-response EC50 values, we found a
significant effect of genotype on contractility (Figure 2.4E) (F (1, 17) =6.312,p =
0.022), no significant effects of age (F (1, 17) = 0.2377, p = 0.632), but did see a
significant interaction between age and genotype (F (1, 17) = 6.977, p = 0.017), which
Tukey’s post-hoc tests revealed to be a 28.5 nM decrease in the EC50 of aged TGneg

mice compared with aged Cav3 OE mice (p = 0.033).
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Figure 2.4: Aged Cav3 OE hearts exhibit preserved responsivity to Iso. 20-24 month-old
TGneg and Cav3 OE hearts have differential responses to Iso than young hearts, but Cav3 OE
hearts demonstrate responses similar to young TGneg hearts in (A) contractility, (B)
relaxation, (C) LVDP, and (D) heart rate. Aged TGneg hearts have severely blunted responses
in (B) relaxation, (C) LVDP, and at low doses of Iso in (D) heart rate. *p<0.05, **p<0.01,
**%p<0.001 versus Young TGneg; #p<0.05, ##p<0.01, ###p<0.001 versus Young Cav3 OE;
$p<0.05 versus aged TGneg. N = 7/group young, 2 Aged TGneg, 5 Aged Cav3 OE. Data are

represented as mean = SEM.
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Analysis of age-dependent changes in Iso dose response relaxation EC50
values (Figure 2.4F) indicated no significant effect of genotype (F (1, 17) =0.2194, p
=0.65), age (F (1, 17) = 1.262, p = 0.28), or interaction between age and genotype (F
(1,17) =0.9829, p = 0.34).

Similarly, there were no significant effects of genotype (F (1, 17) =3.461, p =
0.080), age (F (1, 17) = 0.05287, p = 0.82), or interaction between age and genotype
(F (1, 17) = 1.759, p = 0.20) with respect to age-dependent changes in EC50 values for
LVDP EC50 values (Figure 2.4G). The EC50 values for heart rate (Figure 2.4H) also
showed no significant effect of genotype (F (1, 17) = 0.5748, p = 0.46), age (F (1, 17)
=2.363, p =0.14), or interaction between age and genotype (F (1, 17) =0.4184, p =

0.53).

Discussion

Activation of the sympathetic nervous system in cardiac myocytes (CMs) is
predominantly mediated through the BARs, which activate downstream mediators to
increase contractility, relaxation, and heart rate. f;ARs and f,ARs, the two principal
BARs expressed in CMs, differentially localize to sarcolemmal caveolae and Cav3 and
cholesterol-rich t-tubules: B2ARs are primarily present in caveolae, whereas $;ARs are
distributed to caveolar and non-caveolar membranes (2). The importance of the BAR
caveolar distribution is shown by the disparate signaling profiles of f;ARs and f,ARs.
B1AR activation promotes positive inotropic and chronotropic responses via the

stimulatory heterotrimeric G protein (Gs) that activates adenylyl cyclases (ACs,
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predominantly AC5 and AC6), generating cAMP that activates protein kinase A
(PKA). PKA phosphorylates a number of substrates that increase cardiomyocyte
inotropy, including phospholamban (PLB), troponin I (Tropl), and the L-type calcium
channel (LTCC) (3-5). B2ARs transiently stimulate compartmentalized cAMP
production, primarily within cardiac T-tubules, which are enriched in Cav3 and
contain LTCCs that help mediate PKA-dependent positive inotropic responses through
Gs, followed by a negative chronotropic response that has been attributed to f,AR
phosphorylation by PKA followed by coupling to Gy (2, 6, 7). The B,AR response
produces smaller inotropic and relaxation responses than the 3;AR, an observation that
has been attributed to regulation by PDEs that hydrolyze cAMP and protein
phosphatases that halt PKA activity and PKA substrate activity (8, 9).

The deleterious cardiac effects of persistent BAR activation by increased
circulating and neuronally-released catecholamines are thought to result primarily
from ;AR activation, whereas activation of B,ARs may produce beneficial effects
that ameliorate heart failure (reviewed in (10))(11). The differential localization of
BARs also has implications for cell death responses and loss of CMs that occur with
advancing age: ;AR stimulation can induce myocyte apoptosis while fAR activation
protects CMs from apoptosis via a Gi-phosphatidylinositol 3-kinase (PI3K)-Akt
pathway (11, 12). However, in the failing heart, the system that regulates and
compartmentalizes BAR activity in the young heart is dysfunctional, redistributing
B.ARs from t-tubules to the cell crest, resulting in B,AR-mediated diffuse cAMP
production and phsophorylation of PLB, Tropl, and C-protein, as well as increased

contractile force (13, 14). Interestingly, disruption of caveolar domains by cholesterol
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removal, Cav3 downregulation with siRNA, and cytoskeletal disruption can result in
similar B,AR redistribution and changes in cAMP compartmentation (3). Therefore,
the distribution and activity of BARs in the sarcolemma are intrinsically linked to
caveolae and cardiac health.

Cav3 expression and caveolae are also critical for cardiac health. Studies from
our laboratory have described how ischemic, volatile anesthetic, and opioid-induced
preconditioning, a protective phenomenon that improves recovery from subsequent
lethal stress, is dependent upon Cav3 expression (15-17). The CM-specific Cav3
overexpressing (Cav3 OE) mouse model used in this study has also been used to probe
the consequences of an increased number of caveolar compartments. The protective
effects of cardiac-specific Cav3 OE have been assessed in several settings and show
improved functional recovery in ex vivo hearts subjected to ischemia/reperfusion,
attenuate pressure-overload hypertrophic remodeling in vivo, and interaction with
regulators of autophagy, decrease cell death, and preservation of mitochondrial
function in models of simulated ischemia and ischemia/reperfusion (1, 18, 19). Other
studies have revealed increased lifespan and preserved caveolar numbers in aged mice
that overexpress Cav3. No information is available regarding the connection between
Cav3 OE and the BAR system (20). In this chapter, I have investigated the impact of
Cav3 OE on cardiac physiological and biochemical responses to BAR stimulation with
the agonist Iso.

Sympathetic responsivity plays a major role in cardiovascular homeostasis.
Left ventricular contractility (aka inotropy, dP/dtmax) is the measure of the steepest

upward slope of the left ventricular (LV) pressure-time curve, indicating the maximal
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increase of pressure as the LV contracts. Likewise, LV relaxation (aka lusitropy,
dP/dtnin) is the steepest downward slope of the LV pressure-time curve as the LV
relaxes. Contractility is a major determinant of cardiac output and is a commonly-used
parameter for assessing disease- or drug-induced changes in cardiac response (21).
Relaxation regulates ventricular filling function and also affects cardiac output (22).
Both of these parameters are related to heart rate and can reveal changes in cardiac
function in different experimental environments (23).
Cav3 OF hearts produce more contractility and relaxation in response to fAR
stimulation

The results here reveal that Cav3 OE amplifies BAR responsivity in hearts and
isolated CMs. In Figure 2.1A-D, I evaluated functional responses of TGneg and Cav3
OE hearts to varying doses of Iso, which has similar affinities for activation of 3;ARs
and B,ARs. Cav3 OE CMs increased the amplitude of Iso-promoted contractility and
relaxation without altering LVDP or heart rate. The lack of difference in EC50 values
between the genotypes implies that Iso is acting with similar potency on BARs in Cav3
OE and TGneg hearts. The amplification of contractility and relaxation responses in
Cav3 OE mice does not appear to depend on increases in heart rate or LVDP. Taken
together, the data in Figure 2.1 strongly suggest that the greater BAR responses of
Cav3 OE mice is likely mediated by events that are distal to ligand-receptor
interactions.

BARs activate ACs to produce cAMP, which drives subsequent PKA-mediated
phosphorylation and activation of Ca®" handling and sarcomeric proteins to increase

contractility and relaxation. The results shown in Figure 2.1E demonstrate that the
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increase in cAMP production with 100 nM and 1 uM Iso is greater in Cav3 OE CMs,
perhaps because BARs activate AC more strongly. The potency of Iso in increasing
cAMP production in isolated CMs is less than in the physiological responses (cf.
Figure 2.1E and Figure 2.1A-D). That both the physiological responses and cAMP
production are elevated in Cav3 OE in response to Iso implicates cAMP production as
a mechanism for the increase in physiological response. However, the cAMP
accumulation assays were performed in the presence of the PDE inhibitor IBMX (to
increase the dynamic range of cAMP production) and isolated CMs are deloaded and
contract freely in culture, therefore the two experimental systems are not identical.
Cav3 OFE CMs have increased mitochondrial respiration in response to fAR
stimulation

The heart predominantly produces ATP via oxidative phosphorylation, a
process modulated by BAR signaling (24), which also stimulates myocardial glucose
uptake through translocation of the glucose transporter GLUT4 from intracellular
vesicles to the plasma membrane (25-27). B2ARs appear to mediate this process by
activating PI3K through G,; and Gg,, which activates Akt to perform inhibitory
phosphorylation of the GLUT4 translocation inhibitor TBC1D4 (28-30). ;ARs are
involved in cardiac metabolism. The ;AR antagonist metoprolol improves
myocardial efficiency of failing hearts, prevents hypermetabolic lipolysis and fatty
acid oxidation induced by norepinephrine stimulation and increases carbohydrate
utilization (31-33). To support the enhanced physiological response to BAR activation,

the heart consumes oxygen for mitochondrial respiration.
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To test the hypothesis that Cav3 OE alters mitochondrial respiration in CMs, I
used the Seahorse Extracellular Flux Analyzer to measure mitochondrial respiration at
baseline (after glu + pyr addition) and after addition of 100 nM Iso (Figure 2.1F). I
found that mitochondrial respiration at baseline is elevated in CMs from Cav3 OE
hearts compared with CMs from TGneg hearts. Iso increased respiration in CMs of
both genotypes; however, Cav3 OE CMs showed a larger increase in OCR. Thus,
Cav3 OE CMs have a greater increase in mitochondrial respiration in response to Iso
than do TGneg CMs. Research from our laboratory has found that delayed anesthetic
preconditioning increases Cav3 expression, caveolae formation, and GLUT4/Cav3 co-
localization, which indicates that increased Cav3 increases glucose uptake in the
myocardium (17). However, since isolated CMs are not load-bearing, the respiration
data may not accurately reflect the metabolism of an intact heart. Accordingly, we
have acquired equipment to measure the oxygen content of the Langendorff system
before and after the heart; these experiments will be performed to evaluate the
physiological importance of Iso-stimulated changes in respiration in intact hearts.
Cav3 OF hearts do not demonstrate increased desensitization in response to constant
Iso stimulation

Cardiac BARs are subject to activation-dependent desensitization through
various mechanisms. Phosphorylation of f2ARs, in particular by GRK2 (aka -ARK1)
but perhaps also by PKA, or other associated kinases near the Type-1 PDZ binding
sequence on the C-terminus of B>ARs lead to B-Arrestin 2 (B-AAR2) association, G
protein uncoupling, and caveolae-independent, clathrin-coated pit-mediated receptor

sequestration and endocytosis (34, 35), which results in a rapid loss of hydrophobic
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ligand binding to receptors (36-39). The B;AR is less sensitive to desensitization,
possibly due to enhanced binding to PDZ domain proteins such as SAP97 that attenuate
B-ARR2 binding (40). To evaluate a role for Cav3 in desensitization, I exposed Cav3OE
and TGneg hearts to a 30 min infusion of Iso and evaluated the loss of contractility over
time (Figure 2.2). The results show that neither genotype demonstrates substantial
desensitization over that period. Thus, the amplified responses (Figure 2.1A-D) do not
result from less desensitization in Cav3 OE hearts.
Cav3 OF hearts do not demonstrate increased PKA substrate phosphorylation in
response to PAR stimulation

The stimulatory effect of cAMP on cardiac contraction involves PKA
activation and the phosphorylation of a number of substrates, including PLB, the
inhibitor of sarcoplasmic endoplasmic reticulum Ca**-ATPase (SERCA) and the
myofilament regulatory protein Tropl (41). I tested whether exposure to 5 min of
100nM Iso in the Langendorff preparation changes the extent of phosphorylation of
these substrates in Cav3 OE and TGneg hearts (Figure 2.3A-B). Although I detected
Iso-dependent phosphorylation of PLB and Tropl in both genotypes, the amplitude of
each phosphorylation response was similar in TGneg and Cav3 OE hearts. Thus,
although hearts and CMs of Cav3 OE mice show increased contractility and cAMP
production, respectively, cAMP-mediated phosphorylation responses are not generally
increased in these mice. Of note, prior data indicate that B,AR-promoted increase in
cAMP can be dissociated from PLB phosphorylation, Ca®* current, and contractility

(42).
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Cav3 OF hearts are resistant to age-related loss of PAR responsivity

The deleterious cardiac effects of persistent BAR activation by increased
catecholamines in disease and advanced age are thought to result primarily from ;AR
activation (10). The sequelae of chronic hyper adrenergic signaling include: ;AR
downregulation, uncoupling of f,ARs mediated via G,; and GRK2 upregulation, and
downregulation of ACs (43-47). These losses blunt BAR responses in patients with
heart failure and have led to the use of BAR (especially B;AR blockers, such as
metoprolol) to blunt maladaptive BAR responses (48-53). Accordingly, BAR blocker
therapy is a standard-of-care treatment for patients with heart failure as it improves
mortality, morbidity, and LV ejection fraction (54-58).

Because of this dysregulation of BARs, the differential responses to BAR
stimulation in Cav3 OE hearts (Figure 2.1A-D) have implications for aging-related
cardiac dysfunction. Expression of Cav3 and caveolar number decrease in the aged
heart (59, 60). Studies of caveolae-resident receptors, G-proteins, kinases, and
channels have identified aging-related changes in many components of this pathway,
including Gs, ACs, and LTCCs; but previous work has not linked these changes to
alterations in the membrane domain that localizes such components (61-65). In CMs
from young animals, redistribution of B,ARs from Cav3-rich domains prevents
coupling to G, and PDE activity, resulting in an elevated diffuse cAMP pool similar
to B1AR signaling (8, 14, 66). Therefore, altered Cav3 expression in aged animals and
changes in expression and caveolar localization of BAR pathway components may
contribute to the loss of function in aged and failing hearts. Since hearts from young

Cav3OE mice have elevated contractile response (Figure 2.1A-B), one might expect
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that age-dependent changes in BAR response would be more detrimental in these mice
than in TGneg mice. However, aged Cav3 OE hearts show greater increases in Iso-
induced contractility than aged TGneg hearts, which exhibit a blunted ability to
increase contractility or relaxation (Figure 2.4A-B). Since cardiac $; AR expression is
predictive of the maximal exercise response of heart failure, these data suggest that
Cav3OE “protects” the heart from aging-induced changes, such as decreased
expression of ;ARs (50).
Conclusions

The roles of the two major cardiac BAR isoforms and their differences in
localization and regulatory pathways are of interest as targets for therapeutic
intervention, currently directly with B-blockers. Our findings are the first to implicate
Cav3 OE as an amplifier of BAR responsivity in young and aged hearts, however, the
detailed mechanisms and effects of Cav3 OE on BARs and their signaling remain
unclear; although young Cav3 OE hearts produce greater contractility and relaxation,
aged Cav3 OE hearts also show resistance to certain aging-related losses in cardiac
function. Importantly, the activation of major mediators of contractility and relaxation
is not different between genotypes and we found no differential BAR desensitization in
rate or level of response in Cav3 OE hearts. Taken together, the results in this study
demonstrate that the increase in caveolae and Cav3 expression in Cav3 OE hearts
enable enhanced BAR-dependent contractility into old age, marking Cav3 as a target
for modulation of this vital cardiac signaling pathway which may contribute to the

improved lifespan of Cav3 OE mice (unpublished Patel lab data).
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Chapter 2 is being prepared for submission for publication; authors include
Busija, Anna R; Schilling, Jan M.; Roth, David M.; Insel, Paul A.; and Patel, Hemal

H. The dissertation author was the primary investigator of these studies.
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CHAPTER 3: ALTERED ISOPROTERENOL RESPONSE OF CARDIAC
MYOCYTE-SPECIFIC CAVEOLIN-3 OVEREXPRESSION IS NOT
MEDIATED INDEPENDENTLY VIA ADENYLYL CYCLASES, ;-

ADRENERGIC RECEPTORS, OR B,-ADRENERGIC RECEPTORS

Abstract

The differential localization of AR isoforms within and outside caveolae has
been implicated in the compartmentation of B,AR-mediated signaling whereas ;ARs
contribute to global upregulation of cAMP. However, the influence of altered
expression of Cav3 on compartmentation of BARs has not been defined. In this study,
I tested the hypotheses that 1) the increased expression of Cav3 and number of
caveolae in the sarcolemmal membrane of Cav3 OE cardiac myocytes (CMs) would
alter the distribution of BARs and effectors of cAMP signals, and 2) Cav3 OE BAR
responses would be biased toward B>AR activation. I found that neither 3;ARs nor
B2ARs, nor phosphodiesterase 4 (PDE4) isoforms are disparately aggregated within
Cav3 OE caveolae. Additionally, although expression of major adenylyl cyclase
isoforms is increased in Cav3 OE caveolar fractions, stimulation of adenylyl cyclase,
or selective activation of B;ARs or B2ARs did not induce greater physiological or
cAMP response in Cav3 OE hearts or CMs, respectively. In Cav3 OE CMs, inhibition
of PDEs had a disparate effect on cAMP production by Iso but not forskolin, results
that implicate PDE compartmentation of caveolar cAMP signal in the regulation of

PDE activity and cAMP concentrations in CMs and the intact heart.
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Experimental procedures

Animals

Laboratory Animals were maintained as described in Chapter 2.

Langendorffisolated perfused heart model and Iso administrations

Hearts were isolated and perfused on the Langendorff apparatus as described in
Chapter 2. BAR antagonists (for f,ARs, 100 nM ICI18, 551: Tocris; for ;ARs, 30 nM
CGP20712a: Tocris) were introduced after 10 min of cardiac acclimatization at 100
times the applicable dose at 0.01x flow rate via a syringe driver (Harvard Apparatus)
into perfusion buffer proximal to the heart and continued throughout the Iso bolus
administration protocol (total volume after injection port = 500 ul). Dose-response
curves of Iso (Isuprel: Hospira, Inc.) were performed after 10 min of antagonist
treatment by bolus injection of 250 ul of the lowest concentration of Iso (1 nM) into
the perfusion system proximal to the cardiac cannula. After a 10 min wash-out period,
the serial doses of Iso were delivered. Peak LVDP, +dP/dt, and heart rate were
measured after each dose. Norepinephrine (NE) and zinterol dose-responses were

administered similarly to Iso. Forskolin (10 uM) was also used to activate AC.

Adult mouse cardiac myocyte isolation

Adult mouse CM isolation was performed as described in Chapter 2.
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Measurement of cAMP production in adult mouse CMs

Adult CMs were plated on 24-well laminin-coated cell culture plates for 1 h,
then media was exchanged for Joklik without BDM supplemented with 1.2 mM
CaCl,. Cells were prepared for cAMP accumulation by incubation with media or 200
uM IBMX: Sigma for 10 min with antagonists 100 nM ICI118,551 or 3 nM
CGP20712. Media, DMSO, or agonists were introduced after 10 min incubation +
IBMX and antagonists: Forskolin (1 and 10 uM, Tocris) was administered + IBMX
and in conjunction with 1 pM Iso + IBMX. 1 uM Iso was administered to IBMX +
ICI- and CGP-incubated wells. Dobutamine and zinterol (both at 10 uM, Tocris) were
used as B;AR- and B,AR-selective agonists, respectively. Assay medium was aspirated
after 10 min of stimulation. Cells were washed once with ice-cold PBS; 50 pl of ice-
cold 7.5% w/v trichloroacetic acid (TCA: Ricca Chemical Co.) was then immediately
added to each well.

TCA extracts were assayed for cAMP content via competitive

radioimmunoassay as described in Chapter 2.

Caveolar fractionation

Hearts from 2-4 month-old Cav3 OE and TGneg mice were excised by
thoracotomy and flash-frozen in liquid nitrogen, then pulverized on dry ice before
lysis in high-pH lysis buffer (500 mM Na,COs; pH 11, 5 mM EDTA, Halt protease
inhibitor cocktail (Thermo Scientific), PMSF, pepstatin, and leupeptin (Sigma)) in a
Dounce glass-glass homogenizer, then drawn through a 23g needle 10 times. Samples

were sonicated five times for 10 sec each at 40% amplitude (Sonics VibraCell) on ice,
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then centrifuged for 10 min at 1000xg and 4°C. Bradford assay was performed and
protein content normalized between samples to 15 pg protein/ml, then mixed with
90% sucrose at the bottom of a Beckman 12 mL ultraclear ultracentrifuge tube and
layered with 35% and 5% sucrose concentrations. Discontinuous sucrose gradients
were centrifuged in a Beckman Ultracentrifuge SW41 swinging bucket rotor at
175,000xg for 18 h at 4°C, then the gradients were separated into 12 1-mL fractions,
mixed well, and aliquoted into a 50:50 mix of LDS loading buffer (Bio-Rad) and 20%
SDS loading buffer in the presence of 100 mM dithiothreitol. The whole heart lysates

used to make the fractions were also aliquoted and stored at -80°C.

De-glycosylated buoyant fractions

Pooled caveolar fractions (CFs) from caveolar fractionation were incubated at equal
volumes with a PNGase F deglycosylation kit (P0704S: New England Biolabs) for 2 h
at 37°C to remove carbohydrate modifications prior to immunoblot analysis of BAR

expression.

Immunoblots

Whole lysates and buoyant fractions (pooled from the 4-6 mL fractions of the
discontinuous sucrose gradient) were subjected to sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) as in Chapter 2. Antibodies used
were against ACV/VI (1:50 sc-590, Santa Cruz Biotech), B;AR (1:1000 ab3442,
Abcam, 40-50 kDa glycosylated, ~30 kDa de-glycosylated), f,AR (1:100 sc-570 Santa

Cruz Biotech, 40-50 kDa glycosylated, ~30 kDa de-glycosylated), B2AR (1:1000
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NBP2-15564 Novus Biologicals, 40-50 kDa glycosylated, ~30 kDa de-glycosylated),
Cavl (1:200 sc-894 Santa Cruz Biotech, 20 kDa), PDE4 (1:500 PD4-101AP
FabGennix, predominant isoform PDE4D4 at 120 kDa), GAPDH-HRP (1:500 sc-
25778, Santa Cruz Biotech, 37 kDa), Cav3 (1:1000 BD610421, BD Bioscience, 13
kDa major, 18 kDa minor, ~40 kDa dimer bands), Gy (1:200 sc-823 Santa Cruz
Biotech, 43 kDa detected band), PKAc-a (1:1000 #4782S Cell Signaling, ~40 kDa
detected band), and Ryr (1:1000 ab2868 Abcam, detected >300 kDa). Blots were
washed thrice for 10 min in TBST at room temperature, then incubated at room
temperature with 3% BSA-TBST containing horseradish peroxide-conjugated (HRP)
secondary antibodies raised in mouse against rabbit (Santa Cruz Biotechnology sc-
2357), in donkey against goat (Santa Cruz Biotechnology sc-2020), and in goat against
mouse (Santa Cruz Biotechnology sc-2004) at 1:1000 dilutions. After three more
washes with TBST, HRP activity was detected using SuperSignal West Dura
chemiluminescence reagent (Thermo Scientific) or Lumigen Ultra TMA-6 (Lumigen)
and recorded using a UVP exposure box and CCD camera (UVP, LLC). Intensity
values were measured with Image Studio Lite and signal measured in whole cell
lysates (WCL) normalized to GAPDH signal. Caveolar fractions were added to SDS-
PAGE gels by volume and were not normalized.
Statistical analysis

All data analysis and statistics were performed with GraphPad Prism 7
software (GraphPad Software Inc., La Jolla, CA). All data are expressed as means +
S.E.M. Significant differences were accepted for a when p < 0.05 for all statistical

tests.
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2-way ANOVA of repeated measures

Peak responses after bolus for each agonist dose from Langendorff studies
were analyzed by 2-way repeated measures analysis of variance (ANOVA: genotype x
dose Iso) with subject matching, followed by the indicated multiple comparisons post-
hoc tests on individual doses.
Ordinary 2-way ANOVA of isolated responses

Peak responses after bolus for 1 uM Iso + antagonist groups or single agonists
for functional responses and cAMP accumulation were analyzed by 2-way ANOVA.
Assessment of EC50 values and 2-way ANOVA

Due to a slight depression in LVDP, contractility, and relaxation at the smallest
dose of Iso and because the similarities in baseline measurements in both genotypes,
dose-response curve fitting was performed with the unstimulated values excluded to
provide accurate EC50 values. Dose-response data from all experiments were
normalized to 0%-100% of response and fitted to a four-parameter dose-response
curve with variable slope, from which LogEC50 values were calculated. LogEC50
values from Iso + inhibitors were compared by 2-way ANOVA (genotype x inhibitor)
with the indicated post-hoc multiple comparisons tests. LogEC50 values were
transformed to EC50 for graphical presentation and are presented as = S.E.M.
3-way ANOVA of 1 uM or 10 uM Iso + IBMX or 1 uM or 10 uM forskolin + IBMX

Responses across two Iso or two forskolin doses in the presence and absence of
IBMX were analyzed by 3-way ANOVA to characterize the relationship between the

interactions of genotype and IBMX across different doses of agonist.
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Results

Cav3 OF hearts do not express different amounts or caveolar localization of AR
pathway proteins with the exception of ACV/VI, which is increased within caveolae

To test the hypothesis that Cav3 OE alters distribution of AR pathway
proteins to caveolae, I compared TGneg and Cav3 OE hearts (n=6/group) for the
expression of proteins in the BAR signal transduction pathway in WCL (Figure 3.1A).
Cav3 was increased by 3.1 fold in Cav3 OE (p < 0.001) but I detected no significant
differences in expression of ACV/VI, Cavl, B;AR, PDE4, or B,AR (Figure 3.1A).

A sucrose gradient fractionation technique was used to isolate caveolar
fractions (CFs), fractions 4-6, from WCL (Figure 3.1B) to evaluate CFs for
differences in BAR signal transduction pathway protein localization in TGneg and
Cav3 OE hearts (N = 3/group) (Figure 3.1C). CFs from Cav3OE hearts had a 3.5-fold
increase in Cav3 protein (p = 0.002) and a 1.4-fold increase in expression of ACV/VI
compared with CFs from TGneg hearts (p = 0.030).

CFs were de-glycosylated with PNGase F to reduce the molecular mass of
glycosylated BAR isoform proteins in CFs. $;ARs and B,ARs were reduced to ~30
kDa after deglycosylation. Neither ;AR nor B,AR expression was increased in Cav3

OE CFs.
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Figure 3.1: Cav3 OE does not alter expression or distribution of AR pathway proteins
except for increased compartmentation of ACV/VL. (A) Qualitative analysis of ACV/VI,
B1AR, B2AR, PDE4D4, Cavl, and Cav3 expression in whole cell lysates of TGneg and Cav3
OE hearts. (B) Distribution of caveolar fractions in the 12 fractions from a discontinuous
sucrose gradient. (C) Qualitative analysis of ACV/VI, Gas, Ryr, PKAc-0, and PDE4D4
localization to caveolar fractions. (D) Qualitative analysis of de-glycosylated B1AR and B2AR
protein in caveolar fractions. *p<0.05, *p<0.01, *p<0.001 versus TGneg. N = 6/group whole
heart lysate, 3/group cav fractions. Data are represented as mean + SEM.
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AC activation with forskolin does not yield different responses in Cav3 OE hearts or
CMs compared with TGneg hearts and CMs

As shown in Chapter 2, functional and cAMP responses to Iso-stimulated BAR
activation were greater in Cav3 OE than in TGneg hearts and CMs. To test if direct
activation of AC would yield similar results, we evaluated the effects of 10 pM
forskolin (a non-selective stimulant of ACs) on hearts from Cav3 OE and TGneg mice
(Figure 3.2) (N = 6). Both genotypes had increased contractility, relaxation, LVDP,
and heart rate in response to forskolin, but the genotypes yielded similar responses.
Forskolin increased contractility (Figure 3.2A) (F (1, 12) = 111.4, p <0.001) but no
significant difference was found between genotype (F (1, 12) = 0.2836, p = 0.60), with
subject matching (F (12, 12) = 0.6562, p = 0.76) or interaction between dose and
genotype (F (1, 12) <0.001, p = 0.99). Sidak’s multiple comparisons post-hoc tests
revealed significant forskolin-induced increases of 4015 mmHg*s™"' and 4016
mmHg*s™" in TGneg hearts and Cav3 OE mice (both p < 0.001), respectively.

Forskolin increased relaxation (Figure 3.2B) (F (1, 12) = 136.2, p < 0.001) but
without significant effect between the genotypes (F (1, 12) 0.3084, p = 0.59), with
subject matching (F (12, 12) = 1.016, p = 0.49 or significant interaction between dose
and genotype (F (1, 12) 0.01052, p = 0.92). Sidak’s multiple comparisons post hoc
tests yielded forskolin-induced decreases of 2097 mmHg*s™' and 2060 mmHg*s'in
TGneg and Cav3 OE hearts (both p <0.001), respectively.

Forskolin increased LVDP (Figure 3.2C) (F (1, 12) = 46.04, p < 0.001) but
without significant effect of genotype (F (1, 12) = 0.1562, p = 0.70) or subject

matching (F (12, 12) =2.386, p = 0.07) and no significant interaction between dose
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Figure 3.2: Forskolin does not differentially activate physiological responses or cAMP
production in Cav3 OE hearts and CMs in the absence of Iso. Forskolin induces similar
increase in physiological responses of Cav3 OE and TGneg hearts in (A) contractility, (B)
relaxation, (C) LVDP, and (D) heart rate. (E) cAMP responses to forskolin in the presence of
IBMX are similar between genotypes. (F) In the presence of Iso and IBMX, forskolin
amplifies Cav3 OE cAMP production over TGneg. **p<0.01, ***p<0.001 versus TGneg in
DMSO (E) or with Iso only (F); ###p<0.001 versus Cav3 OE in DMSO (E) or with Iso only
(F); $$$p<0.001 versus TGneg at bracketed dosage. N = 6/group (A-D), 2 isolations with 3
measurements/isolation (E-F). Data are represented as mean = SEM.
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and genotype (F (1, 12) = 0.3489, p = 0.57). Sidak’s multiple comparisons post hoc
test revealed forskolin-induced increases of 24.7 mmHg and 20.8 mmHg in TGneg <
0.001) and Cav3 OE hearts (p = 0.001), respectively.

Forskolin increased heart rate (Figure 3.2D) (F (1, 12) = 116.9, p <0.001) but
without significant effect of genotype (F (1, 12) = 1.414, p = 0.26) or subject matching
(F (12, 12) = 1.657, p = 0.20) and no significant interaction between genotype and
dose (F (1, 12) = 0.2269, p = 0.65). Sidak’s multiple comparisons post-hoc tests
revealed that forskolin increased heart rate 147 bpm in TGneg and 135 bpm in Cav3

OE mice (both p <0.001).

Cav3 OFE and TGneg CMs produce similar amounts of cAMP in response to forskolin
Two doses (1 and 10 pM) of forskolin were used to stimulate CMs isolated
from Cav3 OE and TGneg mouse hearts (N = 2 isolations, 3 measurements each). 10
uM Forskolin increased cAMP generation in CMs from TGneg and Cav3 OE (Figure
3.2E) (F (2, 30) = 228.2, p < 0.001) with similar responses in the two genotypes (F (1,
30) = 0.6024, p = 0.44). There was no significant interaction between dose and
genotype (F (2, 30) =0.2122, p = 0.81). Sidak’s multiple comparisons post-hoc test
revealed significant 10 pM forskolin-induced increases of 28.6 pmoles cAMP/ug
protein in CMs from TGneg hearts (p < 0.001) and 28.7 pmoles cAMP/ug protein in
CMs from Cav3 OE hearts (p = 0.001). No significant differences between cAMP

responses of the genotypes occurred with DMSO, 1 uM forskolin, or 10 uM forskolin.
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Treatment with both forskolin and Iso unmasks increased cAMP production in Cav3
OE CMs

Addition of forskolin together with a GPCR agonist engenders a synergistic
effect on cAMP accumulation (1). Treating CMs from Cav3 OE and TGneg hearts
with forskolin and Iso (Figure 3.2F) (N = 2 isolations, 3 measurements per isolation)
significantly increased cAMP levels (F (2, 30) =298.9, p < 0.001) with a significant
effect of genotype (F (1, 30) =94.24, p < 0.001). There was significant interaction
between dose and genotype (F (2, 30) =33.3, p <0.001). Tukey’s multiple
comparisons post-hoc test revealed significant differences within genotypes in
multiple treatment groups: a 420 pmol cAMP/ug protein increase in TGneg CMs
between 1 uM Iso and 1 uM Iso+1 puM forskolin (p = 0.005); a 961 pmol cAMP/ug
protein increase between Cav3 OE CMs by 1 uM Iso and 1 pM Iso+1 puM forskolin (p
=0.005); a 1190 pmol cAMP/pg protein increase in TGneg CMs between 1 uM Iso
and 1 puM Iso+10 uM forskolin (p < 0.001); and a 2394 pmol cAMP/pg protein
increase in Cav3 OE CMs between 1 uM Iso and 1 uM Iso+10 pM forskolin (p <
0.001). Between genotypes, there was a significant effect in two comparisons: a 545
pmol cAMP/ug protein increase in Cav3d OE CMs compared with TGneg CMs by 1
uM Iso+1 puM forskolin (p < 0.001) and a 1209 pmol cAMP/pug protein increase in
Cav3 OE CMs compared with TGneg by 1 uM Iso + 10 uM forskolin (p < 0.001).

In summary, Cav3 OE and TGneg hearts respond similarly to forskolin with
respect to contractility, relaxation, LVDP, and heart rate. Additionally, CMs from
TGneg and Cav3 OE hearts produce similar amounts of cAMP in response to

forskolin. However, when Iso is added with either 1 pM or 10 uM forskolin, cAMP
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production is enhanced in both genotypes, but Cav3 OE CMs produce more cAMP

than TGneg CMs.

Cav3 OF hearts treated with the p2AR antagonist ICI118,551 show no enhancement in
Iso dose-dependent contractility or relaxation

Iso activates both $;ARs and B,ARs; therefore, to discern the potential roles of
the B1AR in increased Cav3 OE contractility and relaxation, we exposed Cav3 OE and
TGneg hearts (N = 7/group) to ICI118,51 (ICI), a B,AR-selective antagonist, and then
performed the dose response of Iso. Cav3 OE and TGneg hearts responded similarly in
amplitude and in the EC50’s of Iso response in the presence of ICI. Iso-induced
changes in contractility with ICI (Figure 3.3A) showed a significant effect of dose (F
(6, 72) =59.57, p <0.001) and subject matching (F (12, 72) =22.26, p < 0.001) but
not genotype (F (1, 12) =0.096, p = 0.76). There was not a significant interaction
between dose and genotype (F (6, 72) = 0.569, p = 0.75); therefore, post-hoc tests
were not performed.

Measurement of Iso-induced changes in relaxation with ICI (Figure 3.3B)
revealed a significant effect of dose (F (6, 72) = 44.84, p < 0.001) and subject
matching (F (12, 72) = 22.26, p < 0.001), but not genotype (F (1, 12) =0.123,p =
0.73). There was not a significant interaction between dose and genotype (F (6, 72) =
0.320, p = 0.93); therefore, post-hoc tests were not performed.

Iso + ICI induced dose-dependent increases in LVDP (Figure 3.3C) with a
significant effect of dose (F (6, 72) = 15.99, p <0.001) and subject matching (F (12,

72) =8.037, p < 0.001) but not genotype (F (1, 12) = 0.203, p = 0.66). Because there
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Figure 3.3: Cav3 OE and TGneg hearts demonstrate similar physiological responses to
Iso with the f2AR antagonist ICI118,551. Cav3 OE and TGneg hearts show no differences
between genotypes in [so+ICI responses (A-D) or EC50s of response (E). ICI decreases

potency of Iso (E). N = 7/group. Data are represented as mean + SEM.
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was not a significant interaction between dose and genotype (F (6, 72) = 0.455,p =
0.84), post-hoc tests were not performed.

Measurement of Iso-induced increases in heart rate with ICI (Figure 3.3D)
revealed a significant effect of dose (F (6, 72) = 48.19, p < 0.001) and subject
matching (F (12, 72) = 9.52, p < 0.001) but not genotype (F (1, 12) = 0.163, p = 0.69).
There was not a significant interaction between dose and genotype (F (6, 72) = 0.946,

p = 0.47); therefore, post-hoc tests were not performed.

The [>AR antagonist ICI does not alter EC50 values between genotypes

For each physiological parameter, the data were plotted as percent of maximal
response, then analyzed with a best-fit curve to calculate the EC50 values of the
responses. ICI produced no significant effect on the EC50 values (Figure 3.3E) for
effect of genotype in contractility (p = 0.68), relaxation (p = 0.70), LVDP (p = 0.49),
or heart rate (p = 0.94). Thus, Cav3 OE and TGneg hearts respond similarly to Iso at

all doses when treated with ICI with no change in EC50 between the genotypes.

The potency of Iso is decreased in Cav3 OE and TGneg hearts treated with the AR
antagonist ICI

To evaluate the effects of ICI as a competitive antagonist for the cardiac
B2ARs, I compared EC50 values for Iso alone and Iso+ICI (Figure 3.3E) and found a
significant effect of Iso+ICI vs Iso on contractility (F (1, 24) =20.16, p <0.001),
relaxation (F (1, 24) =43.55, p <0.001), and LVDP (F (1, 24) =9.94, p = 0.004) but

not heart rate (F (1, 24) = 0.56, p = 0.46). Sidak’s multiple comparisons post-hoc tests
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revealed that ICI significantly increased the EC50 for Iso by 36.1 nM, and 37.0 in
TGneg CMs for contractility (p = 0.005) and relaxation (p < 0.001), respectively but
produced no significant change in the EC50 for LVDP (p = 0.089). Post-hoc tests also
revealed that ICI significant increased the EC50 for Iso in Cav3 OE CMs by 28.6 nM
in contractility (p = 0.013) and 46.4 nM in relaxation (p < 0.001) studies but did not
produce a statistically significant change in the LVDP EC50 (p = 0.054). There was no
significant effect of genotype or interaction between genotypes and treatment on
contractility, relaxation, LVDP, or heart rate.

These data show that ICI has a similar effect on the EC50 of Iso dose response
in both Cav3 OE and TGneg hearts, are consistent with the ability of ICI to act as a

competitive BAR antagonist, with no difference between genotypes.

Cav3 OFE, but not TGneg, hearts have a decreased response to 1 uM Iso in the
presence of ICI

As a further comparison, TGneg and Cav3 OE hearts were compared for their
response to Iso or Iso+ICI (N = 7/group) at 1 uM Iso, a maximally effective dose in
both groups (Figure 3.4A). As shown in prior experiments in Chapter 2, Iso increased
contractility and relaxation to a greater extent in Cav3 OE hearts. Moreover, addition
of ICI yielded a significantly greater decrease in the contractility response in Cav3 OE
hearts than in TGneg hearts, but this was not observed for the other responses.

ICI significantly reduced the effect of Iso on contractility (F (1, 24) = 6.264, p
=0.020) in a genotype-selective manner (F (1, 24) = 7.666, p = 0.011) but with no

significant interaction between ICI and genotype (F (1, 45 3.662, p = 0.068). Tukey’s
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Figure 3.4: The B2AR antagonist ICI118,551 decreases response to 1 pM Iso in Cav3 OE
hearts and CMs. (A) Cav3 OE hearts increase contractility and relaxation versus TGneg in
response to 1 uM Iso which is ablated in contractility with ICI. (B) Cav3 OE CMs, but not
TGneg CMs, reduce Iso-induced cAMP accumulation with ICI treatment. *p<0.05 versus
TGneg at 1 pM Iso; #p<0.05 versus Cav3 OE at 1 pM Iso. N =7/group (A), 2 isolations with 3
measurements/isolation (B). Data are represented as mean +£ SEM.
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multiple comparisons post-hoc tests revealed significant effects between multiple
groups: Iso increased Cav3 OE contractility by 4955 mmHg*s "' compared with TGneg
(p =0.015), Iso+ICI decreased the Cav3 OE contractility compared with Iso by 4674
mmHg*s™" (p = 0.024), and Iso + ICI yielded no significant differences in TGneg
hearts compared with Iso alone (p = 0.99) or between TGneg and Cav3 OE hearts (p =
0.99).

ICI reduced Iso-induced changes in relaxation (Figure 3.4A) with an effect of
genotype (F (1, 24) =7.212, p=0.013) but not ICI (F (1, 24) = 0.7162, p = 0.41).
There was no significant interaction between ICI and genotype (F (1, 24) = 3.566, p =
0.071). Tukey’s multiple comparisons post-hoc tests revealed a significant 1786
mmHg*s™ increase in Cav3 OE relaxation in response to Iso compared with that of
TGneg (p = 0.021). No significant differences were found in several comparisons of
relaxation: Iso+ICI compared with Iso alone in TGneg (p = 0.98), effect of ICI on
Cav3 OE Iso-dependent relaxation (p = 0.33), and difference between TGneg and
Cav3 OE hearts when both were exposed to Iso+ICI (p = 0.99).

Assessment of Iso-induced changes in LVDP by Iso only and Iso+ICI (Figure
3.4A) revealed no significant effect of genotype (F (1, 24) = 0.3078, p = 0.091) or ICI
(F (1,24) = 0.4672, p = 0.50) nor significant interaction between ICI and genotype (F
(1,24)=0.2732, p=0.61). Tukey’s multiple comparisons post-hoc tests revealed no
significant effect between several groups: TGneg and Cav3 OE exposed to Iso alone
(p = 0.54), effect of ICI on TGneg response to Iso (p > 0.99) or Cav3 OE response to

Iso (p = 0.95), or differences in Iso+ICI responses between the genotypes (p = 0.95).
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Assessment of Iso-induced changes in heart rate by Iso only and Iso+ICI
(Figure 3.4A) also revealed no significant effect of genotype (F (1, 24) =0.00042, p =
0.98) or ICI (F (1, 24) = 0.01914, p = 0.89) and no significant interaction between ICI
and genotype (F (1, 24) = 0.0439, p = 0.83). Tukey’s multiple comparison post-hoc
test revealed no significant effect between multiple groups: TGneg and Cav3 OE
exposed to Iso alone (p > 0.99), effect of ICI on response to Iso in TGneg hearts (p >

0.99) or Cav3 OE hearts (p > 0.99), or Iso+ICI responses of the genotypes (p > 0.99).

Cav3 OE, but not TGneg, CMs have decreased cAMP production to 1 uM Iso in the
presence of ICI

To define the impact of B;ARs on cAMP accumulation, I treated CMs isolated
from TGneg and Cav3 OE hearts (N = 2 isolations, 3 measurements each) with Iso in
the presence and absence of ICI and assessed cAMP production (Figure 3.4B). The
findings indicated that ICI decreased cAMP production by Cav3 OE, but not the
TGneg CMs. There was no significant effect of genotype (F (1, 20) =0.2045, p =
0.66) or overall of ICI (F (1, 20) = 2.596, p = 0.12), but the results revealed a
significant interaction between ICI and genotype (F (1, 20) = 10.7, p = 0.0038);
therefore, Tukey’s multiple comparisons post-hoc tests were performed. Post-hoc tests
revealed that in Cav3 OE CMs, ICI significantly reduced cAMP production (by 5.27
pmoles cAMP/pg protein compared with treatment with Iso alone, p = 0.012). Cav3
OE CMs produced 4.02 pmoles cAMP/pg protein more than TGneg CMs (p = 0.07).
ICI did not significantly change TGneg cAMP production (p = 0.65) and yielded no

difference between TGneg and Cav3 OE CMs (p = 0.22).
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Cav3 OF hearts have an increased contractile response to the AR agonist
norepinephrine

Norepinephrine (NE), the key catecholamine produced by sympathetic nerves
and which selectively activates B;AR, was tested for its effect on contractility and
relaxation and to compare responses in Cav3 OE and TGneg hearts (N = 4/group).
Cav3 OE hearts treated with 3 nM — 3 uM NE had greater contractility than did
TGneg hearts (Figure 3.5A) but there were no significant differences in relaxation,
LVDP, heart rate (Figure 3.5B-D), or EC50’s were found in any of the responses.

For contractility (Figure 3.5A), there was a significant effect of dose (F (6,
36) =58.36, p < 0.001) and genotype (F (1, 6) = 7.006, p = 0.038) but not subject
matching (F (6, 36), = 1.031, p = 0.42) nor was there a significant interaction between
dose and genotype (F (6, 36) = 1.516, p = 0.20). Sidak’s multiple comparison post-hoc
test revealed no significant difference between Cav3 OE and TGneg at any individual
NE dose.

The NE-induced increase in relaxation (Figure 3.5B) showed a significant
effect of dose (F (6, 36) =42.68, p < 0.001) and subject matching (F (6, 36) = 19.23, p
< 0.001), but not genotype (F (1, 6) = 0.3902, p = 0.56), and a significant interaction
between dose and genotype (F (6, 36) =4.092, p = 0.003). However, Sidak’s multiple
comparison post-hoc test revealed no significant difference between Cav3 OE and
TGneg at any individual NE dose.

The NE increase in LVDP (Figure 3.5C) showed a significant effect of dose

(F (6,36)=19.57, p<0.001) and subject matching (F (6, 36) = 11.54, p <0.001) but
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not genotype (F (1, 6) = 0.6297, p = 0.46). There was not a significant interaction
between dose and genotype (F (6, 36) = 0.6022, p = 0.73).

NE increased heart rate (Figure 3.5D) with a significant effect of dose (F (6,
36) =24.63, p <0.001) and subject matching (F (6, 36) = 6.006, p < 0.001) but not
genotype (F (1, 6) =0.6733, p = 0.44). There was no significant interaction between

dose and genotype (F (6, 36) = 0.8559, p = 0.54).

Cav3OE and TGneg hearts have a similar EC50 of response to NE

For each physiological response, we adjusted the data as percent maximal
response, then applied a best-fit curve to the data to calculate the EC50 values. We
found no significant effect on EC50 for genotype in contractility (p = 0.24), relaxation

(p=0.52), LVDP (p = 0.15), or heart rate (p = 0.20).

Cav3 OFE and TGneg CMs have similar responses to the partial ;AR agonist
dobutamine

Dobutamine, a partial ;AR agonist, was used as a further means to evaluate
B1ARs by testing its effect on CMs isolated from TGneg and Cav3 OE hearts (N = 2
isolations, 3 measurements each). Cav3 OE and TGneg CMs showed similar cAMP
production in response to dobutamine (Figure 3.5E). TGneg and Cav3OE CMs
produced 5.8 and 4.3 pmol cAMP/pg protein more in response to dobutamine than did
the DMSO controls and there were no differences between TGneg and Cav3 OE

responses to DMSO (p > 0.99) or dobutamine (p = 0.097).
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The [1AR antagonist CGP20712a suppresses most of the contractile response to Iso in
TGneg and Cav3 OE hearts

To reveal the potential roles of B>ARs in the increased Iso-induced contractility
and relaxation in Cav3OE hearts, the B;AR-selective antagonist CGP20712a (CGP)
was used to block B;ARs and the effect of Iso was tested in Cav3 OE and TGneg
hearts (N = 7/Iso groups, 4 TGneg, 3 Cav3 OE+CGP). Except for an increase in heart
rate, Cav3 OE and TGneg hearts did not significantly respond to Iso when CGP was
present (Figure 3.6A-D). As a result, the dose-response analyses are not reported in
detail for contractility, relaxation, or LVDP.

The heart rate response with Iso+CGP (Figure 3.6D) showed a significant
effect of dose (F (8, 30) = 12.74, p < 0.001) and subject matching (F (5, 40) = 10.6, p
< 0.001), but not genotype (F (1, 5) = 0.03757, p = 0.84). There was a not a significant
interaction between dose and genotype (F (8, 40) = 1.42, p = 0.22). Fitting the dose-

response curve to obtain EC50 revealed no significant effect of genotype (p = 0.89).

Cav3 OFE and TGneg hearts treated with the AR antagonist CGP show decreased
sensitivity to Iso

To evaluate the effects of CGP as a competitive antagonist for the $;ARs, we
compared EC50 values for the heart rate response to Iso alone and Iso+CGP (Figure
3.6D). As expected for a competitive antagonist, the EC50’s were right-shifted, but we
found no differences between the two genotypes. I found a significant effect of
Iso+CGP compared with Iso (F (1, 17) = 33.46, p < 0.001) but no significant effect of

genotype (F (1, 17) = 0.04632, p = 0.83) or interaction between treatment and
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represented as mean = SEM.
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genotype (F (1, 17)=0.01163, p = 0.92). Tukey’s multiple comparisons post hoc tests
revealed significant differences in two groups: a 137 nM increase in the Iso EC50 for
TGneg hearts exposed to Iso+CGP (p = 0.0021) and a 122 nM increase in Iso EC50
for OE hearts exposed to Iso+CGP (p = 0.0066). There was no significant difference

between genotypes with either treatment (p = 0.99 for Iso and Iso+CGP in both

genotypes).

Cav3 OE and TGneg hearts treated with 1uM CGP have reduced, similar responses
to Iso

Using CGP at 30nM produced variable responses that made it impossible to fit
sigmoidal dose response curves for contractility, relaxation, or LVDP. However, since
experiments with Iso alone or with CGP were performed similarly, a comparison of
Iso and Iso+CGP at a single dose of Iso was possible. The EC50 of the heart rate
response to Iso+CGP was 175 nM for TGneg and 259 nM for Cav3 OE hearts.
Therefore, the 1uM dose of Iso was chosen to compare Iso alone and Iso+CGP in the
contractility, relaxation, and LVDP responses. The results revealed that CGP reduced
the contractility and relaxation responses of both genotypes and that the responses to
Iso+CGP were similar for Cav3 OE and TGneg hearts.

Analysis of the differences in contractility between Iso only and Iso+CGP
(Figure 3.7A) revealed a significant effect of CGP (F (1, 17) =30.67, p <0.001) and
genotype (F (1, 17) = 6.698, p = 0.019) but no significant interaction between CGP
and genotype (F (1, 17) = 2.141, p = 0.17). Tukey’s multiple comparisons post-hoc

tests revealed a significant effect of several groups: In Cav3 OE hearts, Iso increased
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+CGP. Data are represented as mean + SEM.
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Cav3 OE contractility by 4955 mmHg*s "' more than TGneg hearts (p = 0.018);
compared with Iso, Iso+CGP reduced TGneg contractility by 4985 mmHg*s™ (p =
0.044); and the Cav3 OE Iso response by 8564 mmHg*s™' (p = 0.027). No significant
differences were found between genotypes with Iso+CGP (p = 0.99).

For Iso-induced changes in relaxation between Iso only and Iso+CGP (Figure
3.7A) there was a significant effect of CGP (F (1, 17) =32.35, p < 0.001) and
genotype (F (1, 17) = 8.955, p = 0.0082) but no significant interaction between CGP
and genotype (F (1, 17) = 0.7836, p = 0.39). Tukey’s multiple comparisons post-hoc
tests revealed significant effects for several groups: Iso alone increased Cav3 OE
relaxation by 1786 mmHg*s™ (p = 0.021), CGP reduced the TGneg response to Iso by
2212 mmHg*s" (p = 0.014), and Cav3 OE response to Iso by 3027 mmHg*s™" (p =
0.0022). The difference between TGneg and Cav3 OE hearts exposed to CGP was not
significant (p = 0.99).

Analysis of Iso-induced changes in LVDP by Iso alone and Iso+CGP (Figure
3.7A) revealed a significant effect of CGP (F (1, 17) = 12.25, p =0.0027) and
genotype (F (1, 17) =4.601, p = 0.047) but no significant interaction between CGP
and genotype (F (1, 17) = 0.07355, p = 0.79). Tukey’s multiple comparisons post-hoc
tests revealed no significant effect between TGneg and Cav3 OE exposed to Iso alone
(p = 0.54). CGP did not significantly alter the TGneg response to Iso (p = 0.071) or the
Cav3 OE response to Iso (p = 0.23). TGneg and Cav3 OE the [so+CGP responses
were not significantly different (p = 0.65).

The Iso-induced increases in heart rate between Iso only and Iso+CGP (Figure

3.7A) showed a significant effect of CGP (F (1, 17) = 9.623, p = 0.0065) but not
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genotype (F (1, 17) = 0.5448, p = 0.47) and no significant interaction between CGP
and genotype (F (1, 17) = 0.7801, p = 0.39). Tukey’s multiple comparisons post-hoc
tests revealed no significant effect between several groups: TGneg and Cav3 OE
exposed to Iso alone (p > 0.99), CGP did not alter the TGneg response (p = 0.53) or
Cav3 OE response to Iso (p = 0.089), and the Iso+CGP responses were not different

between genotypes (p = 0.92).

CGP reduces 1 uM-stimulated cAMP accumulation in Cav3 OF and TGneg CMs

I compared the role of B,ARs in stimulating AC in isolated CMs from TGneg
and Cav3 OE hearts by assessing cAMP accumulation to Iso in the presence and
absence of CGP. Because 30 nM CGP suppressed most of the contractile responses of
the hearts in Figure 3.7A, 3 nM CGP was used for the cAMP study to prevent the
total suppression of cAMP production (N = 2 isolations with three measurements per
isolation) (Figure 3.7B). The results indicated that Cav3 OE myocytes produce more
cAMP in response to Iso (as in Figure 2.1E) and that CGP reduces cAMP
accumulation of both genotypes to similar levels. There was a significant effect of
CGP (F (1, 20) =221.5, p <0.001) and genotype (F (1, 20 = 6.365), p = 0.020); also a
significant interaction between CGP and genotype (F (1, 20) = 12.08, p = 0.0024).
Therefore, Tukey’s multiple comparisons post-hoc tests were performed. Post-hoc
tests revealed significant effects between multiple groups: Iso increased the Cav3 OE
cAMP production by 4.02 pmol cAMP/pg protein compared with TGneg (p = 0.0021),
CGP reduced TGneg cAMP production by 7.65 pmol cAMP/ug protein compared

with TGneg with Iso (p < 0.001), and CGP reduced Cav3 OE cAMP production by
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12.3 pmol cAMP/pg protein (p < 0.001). There were no significant differences

between TGneg and Cav3 OE CMs treated with CGP (p =0.91).

The S>AR agonist zinterol does not differentially affect Cav3 OE and TGneg hearts

Zinterol increased contractility (NV = 3/group) (Figure 3.8A) with a significant
effect of dose (F (8, 32) = 28.83, p < 0.001) and subject matching (F (4, 32 =8.273, p
< 0.001), but not genotype (F (1, 4) = 0.06031, p = 0.82). No significant interaction
occurred between dose and genotype (F (8, 32) =0.757, p = 0.642). Sidak’s multiple
comparison post-hoc test revealed that Cav3 OE does not significantly change
Zinterol-induced contractility at any dose.

Zinterol also increased relaxation (Figure 3.8B) with a significant effect of
dose (F (8, 32) = 16.35, p < 0.001) and subject matching (F (4, 32) =5.707,p =
0.0014), but not genotype (F (1, 4) =0.7379, p = 0.44). There was no significant
interaction between dose and genotype (F (8, 32) = 0.2095, p = 0.987). Sidak’s
multiple comparison post-hoc test revealed that Cav3 OE does not significantly
change Zinterol-induced relaxation at any dose.

Zinterol increased LVDP (Figure 3.8C), with a significant effect of dose (F (8,
32) =16.82, p < 0.001) and subject matching (F (4, 32) = 11.89, p < 0.001) but not
genotype (F (1, 4) = 0.7883, p = 0.88). No significant interaction occurred between
dose and genotype (F (8, 32) = 1.003, p = 0.398). Sidak’s multiple comparison post-
hoc test revealed that Cav3 OE does not significantly change Zinterol-induced LVDP

at any dose.
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Zinterol increased heart rate (Figure 3.8D) with a significant effect of dose (F
(8,32 =23.94, p <0.001) and subject matching (F (4, 32) 5.604, p < 0.001) but not
genotype (F (1, 4) =0.7883, p = 0.82). There was no significant interaction between
dose and genotype (F (8, 32) = 1.003, p = 0.642). Sidak’s multiple comparison post-
hoc test revealed that Cav3 OE does not significantly change Zinterol-induced
contractility at any dose.

The EC50 for Zinterol was similar between TGneg and Cav3 OE hearts
(Figure 3.8A-D) for contractility (p = 0.37), relaxation (p = 0.30), and LVDP (p =
0.90); but the EC50 for heart rate was 1.6 pM lower in Cav3 OE hearts (p = 0.045).

In summary, Cav3 OE and TGneg hearts respond similarly to Zinterol in terms
of contractility, relaxation, LVDP, and heart rate. Additionally, there were no
significant differences in the EC50 of zinterol between genotypes except for heart rate,

in which Cav3 OE hearts had increased potency of Zinterol.

Cav3 OFE and TGneg CMs respond similarly to 10 uM zinterol

The ability of 10 uM Zinterol to increase cAMP production was compared in
CMs isolated from TGneg and Cav3 OE hearts (N = 2 isolations with 3 measurements
per isolation) (Figure 3.8E). The increase in cAMP was significant (F (1, 20) = 24.43,
p <0.001) but showed no differences as a function of genotype (F (1, 20) = 0.3877, p
= 0.86) and with no significant interaction between genotype and Zinterol (F (1, 20) =
0.2695, p = 0.61). Tukey’s multiple comparison post-hoc test revealed significant
effect between multiple groups: Zinterol increased TGneg and Cav3OE CM cAMP

production by 1.92 pmol and 1.56 pmol cAMP/ug protein, respectively, compared
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with addition of DMSO (p = 0.0049 and 0.025, respectively). No significant effect
was found between TGneg and Cav3 OE CMs treated with DMSO (p = 0.99) or

Zinterol (p = 0.85).

Cav3 OFE and TGneg hearts respond differently to PDE inhibition with IBMX

Due to the high PDE activity in CMs, we used the non-selective PDE inhibitor
IBMX for most of the cAMP accumulation experiments to prevent cAMP degradation
and amplify cAMP levels to have a larger dynamic range of response. However,
certain PDEs are compartmentalized in caveolae and regulate caveolar cAMP pools
(2-4). Therefore, we performed cAMP accumulation studies with Iso and forskolin in
the absence of IBMX (Figure 3.9A-B) (N = 2 isolations with 3 measurements per
isolation) to test whether PDE inhibition by IBMX differentially affects Cav3 OE and
TGneg cAMP accumulation in response to Iso and forskolin. The results indicate that
the response to Iso, but not forskolin, is differentially regulated in Cav3 OE CMs by
PDE inhibition. For each drug, a 3-way ANOVA was used to evaluate the interactions
between genotype, drug dose, and/or IBMX.

Analysis of Iso responses (Figure 3.9A) revealed a significant effect of
genotype (F (1, 1) =5.829, p = 0.020), IBMX (F (1, 1) =755.1, p <0.001), but not
dose of Iso (F (1, 1) = 1.554, p = 0.22) on cAMP production. Two-factor interactions
analysis identified significant interaction between genotype and IBMX (F (1, 1) =
4.856, p = 0.033), genotype and doses of Iso (F (1, 1) =8.05, p = 0.0071), but not
IBMX and doses of Iso (F (1, 1) =2.25, p = 0.14). The three-factor analysis identified

a significant effect between TGneg and Cav3 OE in response to IBMX that differed
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Figure 3.9: Cav3 OE myocytes exhibit BAR, but not AC, regulation by PDEs. (A)
Increased Iso-induced cAMP accumulation in Cav3 OE CMs is unmasked by PDE inhibition,
but (B) PDE inhibition does not alter cAMP accumulation in the presence of Fsk. (C)
Synergistic cAMP production with [so+Fsk is increased in the presence of IBMX, but the ratio
between TGneg and Cav3 OE remains similar in different treatment groups (visualized by
normalizing to TGneg in (D)). ***p<0.001. N = 2 isolations with 3 measurements/isolation.
Data are represented as mean £ SEM.
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for the two Iso doses (F (1, 1) =4.113, p = 0.049). These data show there is a greater
increase of Iso-induced cAMP production in Cav3 OE versus TGneg CMs in the
presence of IBMX than in its absence but that the interaction with IBMX also depends
upon the dose of Iso used. Sidak’s post hoc multiple comparisons revealed significant
effects between cAMP accumulation of Cav3 OE and TGneg CMs at 1 uM Iso
+IBMX (p <0.001), but no significant differences between genotypes in the 1 uM —
IBMX (p =0.98), 10 uM —IBMX (p > 0.99), or 10 pm +IBMX (p > 0.99) groups.

Analysis of forskolin responses (Figure 3.9B) showed a significant effect of
IBMX (F (1, 1) =234.4, p < 0.001) and the forskolin dose (F (1, 1) =214.6, p <0.001)
but not of genotype (F (1, 1) = 0.05444, p = 0.82). Two-factor interactions occurred
between IBMX and forskolin dose (F (1, 1) = 122.4, p <0.001), but not between
genotype and forskolin dose (F (1, 1) =0.003645, p = 0.95) or between genotype and
IBMX (F (1, 1) = 1.496, p = 0.23). The three factor analysis yielded no significant
difference between interactions of genotype and IBMX across forskolin doses. Thus,
forskolin-induced cAMP accumulation did not differ between the genotypes in the
presence or absence of IBMX, and differences between the genotypes were not present
if different doses of forskolin were used with or without IBMX.

Analyses of Iso+Forskolin responses (Figure 3.9C-D) were performed
separately for 1 uM and 10 uM Forskolin due to differing n values, which condition
excludes the possibility of a 3-way ANOVA. For 1 uM Iso + 1 uM Forskolin
responses, we found a significant effect of IBMX (F (1, 20) = 100.6, p < 0.001),
genotype (F (1, 20) = 61.54, p < 0.001), and an interaction between genotype and

IBMX (F (1, 20) = 14.86, p = 0.001). Sidak’s multiple comparisons post-hoc tests
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found significant IBMX-induced increases in cAMP accumulation in TGneg CMs of
287.9 and Cav3 OE CMs of 647.3 pmoles cAMP/ug protein (p = 0.002 and p < 0.001,
respectively). Additionally, post-hoc tests found that in the absence of IBMX, Cav3
OE CMs did not show a significant increase in cAMP accumulation over TGneg CMs
(p = 0.062) but that in the presence of IBMX, Cav3 OE CMs had a 545.4 pmoles
cAMP/pg protein increase versus TGneg CMs (p < 0.001).

For 1 uM Iso + 10 uM Forskolin responses, we found a significant effect of
IBMX (F (1, 18) = 88.25, p < 0.001) and genotype differences (F (1, 18) = 100.5, p <
0.001) but no significant interaction between IBMX and genotype (F (1, 18) =2.359, p
= 0.14). Sidak’s multiple comparisons post-hoc tests found significant IBMX-induced
increases in both TGneg and Cav3 OE cAMP accumulation of 821.5 and 1143 pmoles
cAMP/pg protein, respectively (both p <0.001). Additionally, in the absence of
IBMX, Cav3 OE CMs produced 887.5 pmoles cAMP/ug protein more than TGneg
CMs (p <0.001) and, in the presence of IBMX, Cav3 OE CMs produced 1209 pmoles

cAMP/pg protein more than TGneg CMs (p < 0.001).

Discussion

PAR pathway proteins in caveolae

Studies in various tissue types have reported that caveolae compartmentalize
signaling proteins through interactions with caveolins, membrane lipids, cytoskeletal
components, and scaffolding proteins among other mechanisms (reviewed in (5-11)).

Caveolae protect Cavs (Cavl t;» > 24 hr, Cav3 t;»,=5.5-7 hr) and cavins (t/1/2 5-8 hr)
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from premature degradation by internalization and ubiquitination (12-18). The
relationship between B,ARs and lipids concentrated within cholesterol-rich lipid rafts
and caveolae alters G-protein affinity and activation, changes the conformational
stability and plasticity of the transmembrane domains, and can act as allosteric
modifiers of B,AR activity (19-22). After activation, B>ARs dissociate from caveolar
domains to undergo degradation through B-arrestin and clathrin-mediated endocytosis
(22-24). In addition, binding to Cavs can inhibit AC activity as well as that of other
enzymes, such as eNOS (25-28). Therefore, I hypothesized that Cav3 OE, which
increases sarcolemmal caveolae and has been shown to alter global expression of
voltage-gated ion channels, may alter the distribution of BARs and their effectors (29,
30). However, with one exception (increased AC V/VI), I found no differences in the
expression or distribution of BAR signaling proteins in Cav3 OE hearts (Figure 3.1).
A randomized clinical trial evaluating the therapeutic potential and safety of
adenoviral administration of ACVI to heart failure patients revealed an increase in
cardiac relaxation at baseline, but differences between groups disappeared with
administration of intravenous dobutamine (31). Notably, preliminary reports using
pigs with heart failure have reported a preservation of contractility and relaxation
responses to Iso and increased Iso-stimulated cAMP production with ACVI gene
transfer (32). Thus, dobutamine does not appear to stimulate an ACVI increase-
dependent effect, by contrast with basal neurohormonal activation of cardiac
contractility in patients or Iso administered to pigs. In this study, I hypothesized that

the increased compartmentation of ACV/VI may increase the impact of the B, AR
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response and thus I tested if Iso-induced increases in Cav3 OE responses result from

AC activation and via 3;ARs, B2ARs or both AR subtypes.

ACs are increased in caveolae of Cav3 OFE hearts but do not have increased
physiological response or cAMP production in the absence of activation

ACV and ACVI are the predominant mediators of BAR-dependent cAMP
generation in CMs (25). ACV is primarily localized within Cav3-positive t-tubules in
close approximation with B;/B,ARs and L-type Ca*" channels (LTCCs), where its
influence on Ca”" currents is restricted by PDE activity, while ACVI is primarily
localized outside of T-tubules and associates primarily with ;ARs (25, 33).
Overexpression of ACVI in neonatal cardiomyocytes increases the ACV/VI content of
CFs and increases forskolin-induced cAMP formation (34). Additionally, basal AC
activity and responsivity to Iso or forskolin is increased in Cav3 immunoprecipitates
of ACVI OE CMs, which demonstrates that signaling complexes formed by Cav3 may
enhance cAMP generation by AC with and without G stimulation (34). Enzymatic
activity of the ACs is inhibited by the addition of Cav1 scaffolding domain (CSD)
peptides and Cav3 CSD peptides also modulate ACV activity, unmasking the
stimulatory effect of Iso on LTCCs in a manner similar to the actions of PDE3/4
inhibitors (25, 26). Therefore, differential compartmentation of ACV/VI in Cav3 OE
CMs may be an important regulator of BAR responsivity.

I found that compartmentation of ACV/VI within caveolae is increased in
Cav3 OE CFs but that forskolin does not increase cardiac contraction, relaxation, or

cAMP production between genotypes (Figure 3.2A-E). Forskolin activates ACs
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independently of receptors but can be influenced by basal Gi or Gs tone, which
respectively reduce or increase forskolin responses. Data acquired in Langendorff ex
vivo hearts or isolated adult CMs have little, if any, influence of systemic
neurohormonal adrenergic signaling. The relationship between BARs and ACs can be
considered two components in series, with the catalytic action of ACs distal to the
receptors. Stimulation at the receptors can be amplified by stimulation of AC to
produce a supra-additive or synergistic effects (1, 35). The current results imply that
forskolin does not differentially stimulate cAMP production in Cav3 OE compared
with TGneg hearts so I assessed the synergistic effects of forskolin + Iso and found a
greater increase in cAMP formation in Cav3 OE myocytes with PDE inhibition
(Figure 3.2F). Forskolin has the capacity to potentiate receptor interactions with Iso;
further studies with forskolin and BAR subtype-selective agonists may provide more
information as to whether Cav3 OE CMs have altered receptor-AC interaction (1, 36).
Interestingly, forskolin can help restore desensitized responses to Iso (1). f2ARs in
caveolae are susceptible to agonist-induced, GRK2-dependent desensitization while
B1ARs are not; perhaps differential modulation of GRK2 activity or f2AR recycling
occurs when Iso and forskolin are administered in combination and contributes to
forskolin-Iso synergy in Cav3 OE CMs (34). However, the current data implies that
direct activation of ACs is not significantly altered in Cav3 OE hearts. This result led
to studies to evaluate if increases in response to Iso in Cav3 OE hearts result from

B1AR or B,AR effects.
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PARSs in the heart

A recent study using mRNA gene array analysis of CMs and nonspecific radio-
ligand binding in $;-KO and B,,-KO mouse CMs found that ;AR and B;ARs are
mostly absent in ventricular CMs (37). However, other radioligand binding studies
have found ,ARs in CMs (38-41). Additionally, previous studies have noted that
isolation of adult CMs may lead to proteolysis and truncation of BARs and in turn, to
aberrant detection or signaling (42). If B2ARs are not present in adult mouse
ventricular myocytes, we would expect that the adrenergic agents used in this study
(namely Iso, NE, Iso+CGP, Iso+ICI, and zinterol) would induce positive inotropic
responses only through the $;ARs, and thus that the enhanced responses of Cav3 OE
hearts with Iso would be f;AR-specific. If so, Cav3 OE hearts would be expected to
have increased response irrespective of the drugs used, which was not the case. It is
important to note that non-myocytes in the heart secrete exosomes that contain
microRNAs and even intact GPCRs, which may explain how myocytes could gain
BAR function even if they lack receptor mRNA (43, 44). Therefore, it seems

reasonable that adult mouse ventricular myocytes express both 3;ARs and f,ARs.

S1ARs do not demonstrate differential responses in Cav3 OFE versus TGneg hearts

Studies reporting compartmentation of BARs within caveolae have focused on
B.ARs; however, $;ARs are present in and signal through caveolae. Notably, studies
on AC compartmentation in ventricular myocytes have identified two separate pools
of B1ARs: in t-tubules, signaling primarily through ACV and restricted by PDE

activity; and in the sarcolemma, activating ACVI and less susceptible to PDE
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regulation (25, 34, 45). This idea is in accordance with findings in CFs where ;ARs
are found both within and without caveolae (Figure 3.1D) (33, 34, 46).
Overexpression of ACVI increases Iso response primarily, but not exclusively,
through the ;AR (34).

My results show that Cav3 OE does not alter the Iso response if f,ARs are
inhibited with ICI, which implicates ,ARs as potentially mediating the enhanced Iso
response in Cav3 OE hearts and CMs. Comparison of Iso and Iso+ICI reveals that ICI
reduces the contractility and cAMP production response to Iso in Cav3 OE but not
TGneg hearts, implying that Cav3 OE hearts accomplish enhanced Iso-stimulated
contractility, relaxation, and cAMP production through ;AR activation. ICI can
exhibit inverse agonism against Iso in tissues that express high levels of f2ARs (47) so
an alternative approach, administration of NE, which has a much higher affinity for
B1ARs, was used. NE produced similar relaxation in LVDP and heart rate responses in
TGneg and Cav3 OE hearts but a slightly greater contractility without significant
effects was revealed by post-hoc analysis at each dose point. Studies in CMs with the
partial agonist dobutamine, which has higher selectivity for §;ARs, revealed no

differences between genotypes in cAMP production.

[24Rs do not demonstrate differential responses in Cav3 OFE versus TGneg hearts
Compartmentation of the ;AR has been extensively studied, but cardiac
contractile response to 3,AR activation is not well understood (48, 49). Positive

inotropic effects of f,AR activation can be opposed by G,s/Gqi dual specificity and
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phosphodiesterases and ;AR knockout mice demonstrate a lack of contractile
response to Pr-agonists (3, 4, 50, 51).

The current studies show that f;AR-promoted inotropic responses (1 uM Iso in
the presence of 30 nM CGP) were negligibly different from baseline in both TGneg
and Cav3 OE hearts (Figure 3.6). These findings are similar to what occurs in right
ventricular myocardium with 1 uM CGP in the presence to the B,AR-selective agonist
salbutamol (4). Therefore, $;ARs appear to mediate the majority of the inotropic
response to Iso in both Cav3 OE and TGneg hearts. This concept is consistent with
data showing that B,AR stimulation is uncoupled from contraction in ventricular CMs
(52). The heart rate response from Iso+CGP experiments was slightly (not
significantly) decreased compared with Iso alone and the EC50 was right-shifted.
Thus, B1AR blockade did not have as strong an effect on heart rate as on the
contractile parameters and is consistent with prior data indicating a role for f,ARs in
chronotropy (53-55).

The current data imply that activity of B,AR is not a major contributor to the
enhanced responsivity of Cav3 OE hearts to Iso. ;AR blockade with CGP reduced
Iso-promoted effects on contractility, relaxation, and cAMP production of TGneg and
Cav3OE mice. Due to the enhanced Iso response of Cav3 OE hearts and CMs, the
amplitude of these decreases was greater in the Cav3 OE, a result similar to the
selective decrease in Cav3 OE response by the B>AR antagonist ICI (Figure 3.4). The
lack of a role for B,ARs is supported by findings with Zinterol, a selective B,AR

agonist (K4 =9 nM [B,AR], 1096 nM [B;AR]), that produces strong inotropic and
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relaxation responses in both TGneg and Cav3 OE hearts (Figure 3.8) (56). The EC50s
of our physiological responses to zinterol are in the pM range, indicating that 3;ARs
are also likely activated by the doses used in these experiments. Studies in isolated rat
ventricular myocytes have shown maximal zinterol-induced contraction at 100 pM;
contraction at 100 nM is abolished by B,AR inhibition with ICI but not ;AR
inhibition with CGP (52). In preliminary testing in WT hearts for the current studies, 1
uM ICI completely abrogated the inotropic response to 10 uM zinterol and 100 nM
ICI inhibited the response to about 60% of initial zinterol response. The selectivity of
ICI for the B,AR at doses > 30 nM is not clear, just as for the selectivity of zinterol
(56, 57) Thus, higher doses of zinterol and ICI may also be working on the $;AR.
This potential B; AR activity of zinterol may explain why data from the zinterol
and Iso+CGP dose-response studies are contradictory. If CGP only inhibits the B;AR,
as implied by its selectivity (Kd = 1.55 nM [B;AR]; 776 nM [B.AR]), then B,ARs may
not to be involved in inotropy or relaxation without PDE inhibition or caveolae
disruption, an idea suggested by prior data (3, 4, 52, 58). Conversely, if zinterol only
activates 3,ARs one might conclude that B,ARs can enhance inotropy and relaxation
without PDE inhibitors, as has also been reported (59). These conflicting results are
perhaps one reason why zinterol and CGP+nonselective agonist data are not often
reported together in cardiac studies, although they have been shown to produce similar
effects (42, 60, 61). CGP can show inverse agonist activity, which correlates with
B2AR expression levels in CHO cells (47). Another potential explanation is that
zinterol may activate cardiac 3ARs, which activate Gys and Ggio in CMs and are an

emerging target in cardiac research (62). In light of these discrepancies between ;AR
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stimulation paradigms used here, further work is required to clarify the role of B,ARs
in Cav3 OE hearts. One approach may be to use zinterol along with CGP (58).

The EC50 of zinterol-induced changes in heart rate is significantly lower in
Cav3 OE, and no other dose-response experiments yielded EC50 differences in heart
rate (Figure 3.8D). Previous data indicate that Cav3 OE mice have lower 24-hr in vivo
heart rates than do TGneg mice. In vivo responses to dobutamine do not differ between
genotypes, but Cav3 OE show a faster recovery to baseline and if treated with the non-
selective B-blocker propranolol, Cav3 OE mice heart rates had a longer recovery
period (29). The current ex vivo experiments did not show a significant effect of
genotype on maximal heart rate of TGneg or Cav3 OE mice when exposed to boluses
of the agonists Iso, zinterol, or NE or to the antagonists ICI or CGP with Iso. Further,
analysis of the duration of response to an Iso bolus at 100 nM Iso did not show
differences in the decay of heart rate in TGneg and Cav3 OE hearts (data not shown).
However, dominant-negative mutations in Cav3 can create a longer Q-T interval in
human patients through gain-of-function of voltage-gated sodium channels (Na,) and
the hearts of Cav3 OE mice have shorter QTcB intervals and prolonged PR intervals
along with increased expression of K, 1.4, K,4.3, and Nay1.5 channels and the gap
junction protein connexin 43 (29, 63-65). The heart rate effects of Cav3 OE or mutants
may be linked to the increased ,AR/B;AR ratios in the sinoatrial node of the heart
that unmask effects not apparent in contractile myocytes (66). Although this study was
designed to determine differences in the amplitude of contractile responses between

genotypes, further work is needed to clarify the impact of Cav3 OE on heart rate.
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Differential responses of Cav3 OE hearts may be regulated by increased PDE activity

The role of PDEs in compartmentation of localized cAMP pools in CMs is
regulated by Cav3 (58, 67) and PDE inhibition can unmask positive inotropic effects
of B2AR stimulation (3, 4). Immunoblotting (Figure 3.1) did not detect differences in
PDE4 expression or localization to caveolae of Cav3 OE hearts; however, activity of
PDEs may be modulated without changes in protein expression. In the cAMP
accumulation experiments with Iso, Iso+ICI, Iso+CGP, and forskolin, 200 uM IBMX
was used to prevent degradation of cAMP. If the increased ACV/VI observed in the
CFs of Cav3 OE hearts is restricted by PDE activity or Cav3 binding, addition of a
PDE inhibitor might help unmask AC-dependent increases in cAMP production.
IBMX increases cAMP accumulation in both genotypes so there are no unmasked
differences between genotypes in the forskolin response (Figure 3.9B) (25). In the
absence of IBMX, Iso does not stimulate Cav3 OE CMs to produce more cAMP but in
the presence of IBMX, and only at 1 uM Iso, do Cav3 OE CMs produce more cAMP
(Figure 3.9A). Additionally, Iso+Fsk, in the presence or absence of IBMX, exhibit
differential increases in the amplitude of cAMP production; however, the ratios
between Cav3 OE and TGneg cAMP production remain similar in the presence and
absence of IBMX (Figure 3.9C-D). Together, these data demonstrate that the cAMP
response mediated by direct AC activation is likely not influenced by PDEs, whereas,
when BARs are activated, PDEs have greater impact on cAMP accumulation in Cav3
OE.

In light of the role of PDEs in Iso-only amplification of Cav3 OE cAMP

generation, the similar responses from BAR subtype-selective cAMP experiments may
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not represent the effects of only the individual receptors. The cAMP studies were all
performed in the presence of IBMX, so one cannot compare the actions of PDEs
against the BAR subtype-selective actions. IBMX, CGP+Iso, ICI+Iso, dopamine, and
zinterol stimulated similar cAMP production in the genotypes, but perhaps PDEs have
differential effects on the BAR sub-types. However, our data from whole ex vivo
hearts, which were obtained in the absence of PDE inhibition, show that BAR isoforms

are not independently mediating the enhanced Iso effect in Cav3 OE hearts.

Conclusions

These studies showed that the enhanced Iso responses of Cav3 OE hearts are
associated with increased compartmentation of ACV/VI and greater stimulation with
Iso of cAMP (in the presence of a PDE inhibitor). Testing of individual receptor and
AC components of these responses in isolation, however, decreases the difference
between the genotypes. Increased ACV/VI compartmentation may amplify the
contractility and relaxation responses by increasing caveolar accessibility of AC to
BARs, and PDEs may be compartmentalizing the cAMP response without inhibiting
contractility. Studies of PDE restriction of cAMP signaling isolate the B>AR response
that predominantly localizes to caveolae whereas 3;ARs are not restricted to caveolae.
Collectively, the data show that both BAR subtypes contribute to the Cav3 OE-

mediated increases in contractility and relaxation.
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Chapter 3 is currently being prepared for submission for publication of the
material with authors, Busija, Anna R; Schilling, Jan M.; Roth, David M.; Insel, Paul
A.; Patel, and Hemal H. The dissertation author was the primary investigator and

author of this material.
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CHAPTER 4: CONCLUSIONS

The studies reported in this dissertation were designed to discover how the
localization and signaling of BARSs are altered by Cav3 OE and reveal some surprising
results. Cav3 OE hearts have a greatly amplified contractile and relaxation response to
Iso, although the mechanisms for these increased effects may be multi-factorial.
Importantly, the enhanced BAR functionality of Cav3 OE hearts was preserved in aged
mice. Multiple studies from the Patel laboratory have reported the protective aspects
of Cav3 OE for cardiac health. Together with the increased cardiac BAR response in
young and aged hearts, efforts to increase Cav3 expression should be viewed as a
therapeutic approach for further study. Investigation of subtype selectivity of BARs for
caveolae in the setting of Cav3 OE revealed unexpected findings. Despite the
increased number of caveolae in the membrane and thus increase in Cav3 in caveolar
fractions, the distribution of BAR pathway proteins remained largely the same in Cav3
OE hearts. These results could mean that previously reported, compartmentalized BAR
signaling occurs in t-tubules so that Cav3 OE, despite increasing the number of
caveolae, does not greatly alter t-tubules. This possibility is supported by data linking
LTCCs and ryanodine receptors to BAR signaling in t-tubules, and indeed increased
ryanodine receptor expression was not found in caveolae of Cav3 OE hearts (1-3).

Even though increased localization of B;ARs or B,ARs did not occur in Cav
fractions from Cav3 OE hearts, Cav3 OE hearts have a prominent increase in AR
response and ACV/ACVI was the only protein exhibiting increased expression in the

Cav fractions. Forskolin-stimulated cAMP accumulation was similar in Cav3 OE and
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TGneg hearts or myocytes, and PDE inhibition amplified Cav3 OE and TGneg cAMP
accumulation without altering the relationship between the genotypes. In isolated
CMs, cAMP responses were only elevated in Cav3 OE in three conditions: 1) if BARs
were activated by Iso with PDE inhibition, 2) AC activation by forskolin, or 3)
forskolin plus PDE inhibition. PDE4D4 was detected in cav fractions but in caveolae,
similar to other non-AC components of the BAR compartmentalization pathway, they
were not more concentrated in caveolae of Cav3 OE hearts.

These studies performed in whole hearts and isolated adult CMs have
limitations that require further investigation. The ex vivo dose-response studies
enabled evaluation of pharmacological interventions in the whole heart while the
cAMP experiments were performed in CMs, which have divergent BAR signaling
from CMs in the heart due to proteolytic cleavage and truncation of surface-localized
BARs (4). Additionally, to increase the dynamic range of cAMP production, we used
the PDE inhibitor, IBMX, in the BAR subtype-selective experiments, which
differentially increased cAMP accumulation in Cav3 OE myocytes. There are multiple
caveats to the interpretation of these results: 1) cAMP data from CMs may not directly
relate to ex vivo or in vivo cardiac responses; 2) cAMP differences in CMs exposed to
BAR subtype-selective stimuli may have been masked by inhibition of PDEs; 3)
Global cAMP levels in CMs may be less important for contractility than (unmeasured)
localized pools of cAMP; 4) BAR-selective pharmacological agents may have
influenced B;ARs and B,ARs; and 5) Increased Iso-induced Cav3 OE responsivity

may be influenced by factors not studied here, such as G, localization and activity,
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localization and activity of PDE3 and other PDEs, PKA and protein phosphatase
activity, Ca”" flux, and channel activity.

Crosstalk among G, protein-mediated signals may increase the complexity of
the responses we measured beyond effects on ACs and should be investigated. Protein
phosphatases participate in compartmentation of cAMP signals in CMs and may be
differentially compartmentalized or activated in Cav3 OE (5). Ca®" signals propagated
by activation of T-type and L-type calcium channels, the ryanodine receptor, and
SERCA activation may be differentially compartmentalized and regulated by Cav3
OE CMs at baseline and in response to Iso. Therefore, measurement and modulation
of these responses would provide useful insight into the complex relationships
between BAR activation, Cav3 OE, and contractile responses in the heart.

My findings engender new questions about the role of Cav3 OE in the
regulation of BAR signaling. The data reveal that Cav3 OE increases Iso-promoted
contractile and relaxation responses in the heart, but our approach to the role of Cav3
OE was informed by studies that can define the actions of 3;ARs and B,ARs in the
heart, based on their compartmentation inside/outside caveolae and differential
regulation by a number of factors (e.g., GRK2, PDEs, PPs). However, in the ex vivo
hearts and isolated CMs used here, the role of Cav3 OE in the amplification of
contractile responses appears not to be limited to just one of the BAR subtypes. The
contractile response of BARs was only (maximally) elevated when both receptors were
activated by Iso.

The study of BARs with two pharmacological approaches—using a

nonselective agonist plus selective antagonist or testing a selective agonist—revealed
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that Cav3 OE appears not to increase cardiac contractility or cAMP production
exclusively through just one of the BAR subtypes. If only ICI or CGP had been used to
inhibit BARs with Iso, the conclusions would have been flawed. The ideas were
informed by studies with NE and with a selective B>AR zinterol. Additionally, the use
of pharmacological agents in isolated adult CMs to activate ACs directly and inhibit
PDE activity led to the discovery that although Cav3 OE hearts have more ACV/VI in
caveolae, that compartmentation does not directly result in increased cAMP or
contractility and those ACs may not be differentially regulated by PDEs. The results
lead to the conclusion that when ;ARs and B,ARs are activated together, they
develop an increased response in Cav3 OE compared with TGneg CMs. From a
different perspective, therefore, Cav3 OE unmasks increased efficacy of both BARs in
the heart. Because the physiological agonists for the BARs are not exclusively acting
on one or the other receptor, and not just on BARs, it seems unlikely that CMs reserve
one or the other isoform for specific, strictly delineated functionality.

If BAR subtypes work together to amplify response in Cav3 OE CMs, a
number of possible mechanisms may be involved. B,AR dimerization may be enabled
by cholesterol binding, a feature that may be involved in enhanced conformational
plasticity of BARs in cholesterol-containing membranes (6-8). fiAR-f2AR
heterodimers demonstrate an increase in Iso potency that was not seen in our Cav3 OE
hearts (9). Studies from our laboratories have found the p-opioid receptor in Cav3
immunoprecipitates from CMs and there is recent evidence that f;ARs can
heterodimerize with, and alter the analgesic activity of, u-ORs in neural cells (10). The

oligomeric state of BARs, therefore, remains an interesting possibility.
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Other possibilities of BAR signaling modification exist as well. For instance,
the B2AR has been identified as a factor that activates multiple cardiac kinase
signaling cascades, including PI3K, Akt, ERK1/2, and GSK-3a/f, among others.
Interestingly, PI3K associates with GRK2, which brings it to BARs, after which it
generates PI(3,4,5)P; species that recruit B-arrestin and AP-2, both of which can drive
internalization of BARs (11). Disruption of PI3K localization with agonist-activated
BARs prevents downregulation of the receptor and preserves cardiac function in mice
exposed to chronic catecholamine stress or pressure-overload (12). B,AR activation of
Gi can activate PI3K to increase PDE4 activity, regulating cAMP signal duration and
intensity as well as contractility in isolated CMs (13). From the review of the
formation, degradation, and relative stability of caveolae in Chapter 1, it may be that
having more caveolae in a contractile cell subjected to constant mechanical motion
may make each caveola more protected from degradative stimuli. The 30 min
exposure of hearts to Iso did not demonstrably alter the AR response in either
genotype but these hearts were removed from mice, indicating that the thoracotomy
and loss of blood pressure inundated the heart with catecholamines. I have developed
a pan-PKA phospho substrate blot performed on lysates from hearts that were flash
frozen right after removal, and found that the signal was both strong and diverse
among hearts. Although our interventions were performed in the whole heart and
isolated myocytes it is possible that we induced a downregulation of TGneg BARs that
was not as strong in Cav3 OE, and this contributed to effects seen in these studies.

However, results from caveolar fractionations are reassuring in that respect, as we did
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not detect alterations in either BAR’s localization in caveolae nor in expression levels,
of hearts that removed in the same way.

Thus, it appears that neither AR subtype nor AC are independently
responsible for the Cav3 OE-mediated increases in catecholaminergic cardiac
responsivity and preservation of BARs into old age. Instead, the specific, mechanistic
roles of Cav3 in BAR regulation may involve multiple aspects of the signaling
pathway, for instance: 1) altering activity of PDEs; 2) stoichiometric ratios of
AC:receptor within caveolae, glucose and pyruvate-driven, Iso-potentiated
mitochondrial respiration; and/or 3) by providing a more sheltered, stabilizing
environment for BARs, ACs, PDEs, and other regulatory proteins that localize within
and near caveolae. The data in aged mice emphasize that therapeutic potential of

increasing Cav3 to benefit the hearts of humans.
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