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Abstract

The autonomic nervous system regulates heart function to meet the
metabolic demands of the body. The sympathetic branch of the autonomic
nervous system provides an increase in ventricular force of contraction and rate
of relaxation. These changes in contractility occur through the activation of
cardiac adrenergic receptors (ARs), which can be divided into two types: 8
(BARs) or a (aARs). BARs, the more prominent ARs in the heart, utilize the
diffusible second messenger molecule 3',5'-cyclic adenosine monophosphate
(cAMP) to translate sympathetic stimulation to changes in cardiac functional
properties. a1ARs, which is the only a AR subtype expressed in the heart, also
produce small functional changes and cardioprotective effects in the case of
heart disease. Traditionally, a.1ARs signal through a different modality from BARs.
However, a1AR stimulation has been previously shown to inhibit BAR cardiac
functional changes. The first part of this dissertation presents an investigation
into whether a.1ARs can also regulate cAMP through a non-canonical signaling
pathway. The second portion of this dissertation delves deeper into the
mechanisms of BAR subtype (B1AR or B2AR) regulation of cAMP signaling. |
hypothesized that intracellularly segregated cAMP microdomains allow for the
unique set of functional effects seen from selective stimulation of each BAR
subtype. To answer these questions, | utilized cAMP sensitive fluorescence
resonance energy transfer (FRET)-based biosensors with live cell imaging

techniques. Using the non-targeted cytosolically expressed Epac2-camps FRET



biosensor, | was able to demonstrate that a1ARs can indeed control basal and
BAR induced cAMP levels through a tyrosine kinase mediated pathway that
works at the level of the BAR. Furthermore, | characterized a novel FRET
biosensor, Epac2-aKAP, which is targeted to the non-junctional sarcoplasmic
reticulum. The application of the two biosensors allowed for the confirmation of a
compartmentalized 2AR cAMP signal due in part to the activity of
phosphodiesterase types 2 and 3. The findings documented in this dissertation
provide important advancements in the understanding of the regulation of cardiac
cAMP signaling through receptor and compartmentation mechanics. Leveraging
these discoveries could lead to a better understanding of heart disease and the

possible development of therapeutic treatments.
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Chapter 1

Introduction: cAMP Regulation in Ventricular Myocytes



1.1 Heart Physiology

Hearts are muscular pumps responsible for driving oxygenated and
deoxygenated blood through the circulatory system. They are comprised of three
primary types of cardiac muscle: atrial, ventricular, and excitatory/conductive
muscle’. The atrial and ventricular muscle are responsible for physically
contracting the heart and pushing blood through its various chambers. The
excitatory and conductive muscle are responsible for controlling and propagating
the rhythmic contraction of the heart. Each of these types of muscle are
composed of individual cardiac muscle cells (myocytes), which act as a cohesive
unit to allow for organized contraction.

The sinoatrial (SA) node is a bundle of excitatory muscle located near the
top of the right atrium and is the primary pacemaker of the heart. The electrical
stimuli released from the SA node cause the atrial muscle to contract, forcing
blood into the ventricular chambers. Once the electrical impulse reaches the
atrioventricular (AV) node, a cluster of conductive/excitatory muscle at the bottom
of the right atrium, the signal is briefly delayed before being conducted
throughout the ventricles. The ensuing ventricular contraction provides the
primary pumping force of the heart, propelling blood to the systemic or pulmonary

circulation.

1.2 Excitation-Contraction Coupling
The connection between the electrical stimulus input and contraction

output of a cardiac myocyte is known as excitation-contraction (EC) coupling.



The process of EC coupling begins when an action potential, the transient
reversal of electrical potential across the myocyte membrane, travels through the
cardiac myocytes and cause the cells to depolarize. This triggers a self-
amplifying inward flux of Na* ions into the cardiac myocyte through voltage-gated
sodium channels leading to a further depolarization of the membrane potential.
This allows for the activation of L-type Ca?* channels (LTCC) primarily found in
transverse (T)-tubules to open and allow calcium ions to flow into the cell. T-
tubules are membrane invaginations of the sarcolemma. The spike in intracellular
calcium (Ca?*) ions coming through LTCC activate ryanodine receptors (RyR)
located on the sarcoplasmic reticulum (SR) in cardiac myocytes. Once activated,
the RyR release large stores of Ca?* ions from the SR, which further increase the
cytosolic Ca?* concentration. The Ca?* interacts with troponin associated with the
contractile fibers of the cardiac myocyte allowing for contraction to occur?. To
allow for relaxation, Ca?* ions are transported back into the SR through
sarco/endoplasmic reticulum Ca?*-ATPases (SERCA). Additional Ca?* is also
extruded through sodium-calcium exchangers located in the sarcolemma. This
cycle repeats continuously to allow for the continued contraction and cycling of

blood through the circulatory system.
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Figure 1: Cardiac excitation-contraction (EC) coupling

(1) An action potential (AP) travels across the sarcolemma and depolarizes the
cell membrane in a T-tubule. (2) The depolarization permits extracellular Ca?*
entry through L-Type Ca?* channel (LTCC). (3) The Ca?* influx triggers ryanodine
receptors (RyR) to release Ca?* stores housed in the sarcoplasmic reticulum
(SR). (4) Ca?* binds to troponin associated with myofilament allowing for
contraction. (5) Cytosolic Ca?* is primarily reduced through the sarco-
endoplasmic reticulum Ca?*-ATPase (SERCA) sequestration of Ca?* to the SR.
Additional Ca?* removal occurs through the sodium-calcium-exchanger (NCX),
sarcolemmal Ca?* ATPase, and mitochondria Ca?* uniporter.




1.3  Autonomic Nervous System Regulation of the Heart

The autonomic nervous system (ANS) is the primary means of regulating
cardiac output to meet the metabolic needs of the body. The autonomic nervous
system has two branches that affect the heart: the sympathetic nervous system
and the parasympathetic nervous system. The sympathetic nervous system is
responsible for what is known as the “fight or flight response”. This response was
first described by Walter Cannon in 1916 and encompasses the set of
physiological changes that occur in settings of acute stress?. In the heart, the
sympathetic nervous system is responsible for increasing the rate of pacing of
the sinoatrial node (chronotropy), the speed of conduction of the atrioventricular
node (dromotropy), the force of myocyte contraction (inotropy), and the rate of
myocyte relaxation (lusitropy). Sympathetic stimulation of the heart occurs
through nerves that arise from the sympathetic ganglia and innervate many
regions of the heart. The stimulation can be elevated to increase the amount of
blood pumped by the heart or inhibited to decrease the cardiac output.

The other branch of the ANS in the heart is the parasympathetic nervous
system. It is responsible for a decrease in chronotropy, dromotropy, inotropy, and
lusitropy. Parasympathetic stimulation is conducted to the heart mainly through
the vagus nerve, which innervates primarily the SA and AV nodes with additional
efferent connections to the atria and ventricles. Therefore, vagal stimulation
primarily decreases heart rate compared to the strength of contraction. Increases
in vagal tone will decrease cardiac output while inhibition of vagal tone increases

cardiac output.



1.4 B-Adrenergic Receptor Signaling

The sympathetic nervous system regulates heart activity predominantly
through local post-ganglionic neuronal release of norepinephrine (NE) directly
onto cardiac tissue. Additionally, chromaffin cells in the adrenal medulla secrete
systemic NE and epinephrine (Epi), which play a lesser role in cardiac
sympathetic stimulation*. These catecholamines bind to G protein-coupled
receptors (GPCR) located in the sarcolemma of cardiac myocytes. -adrenergic
receptors (BARs) are a subclass of GPCR and are responsible for the cardiac
“fight or flight” sympathetic responses. BARs are traditional GPCR and therefore
possess seven transmembrane helices and stimulate an intracellular
heterotrimeric G-protein complex when activated®. Three isoforms of BARs have
been characterized in cardiac myocytes: B1ARs, B2ARs, and B3ARs®7. Although
some contractility effects have been associated with B3AR activity, it has been
largely linked to metabolic regulation and therefore will not be discussed in this
introduction’. A fourth subtype of BAR (BsARs) has also been proposed but
remains controversial®.

B1ARs and B2ARs comprise the dominant isoforms of BARs expressed in
cardiac myocytes at a ratio of approximately 80% B1ARs to 20% B2ARs®. When a
catecholamine binds to these receptors (primarily NE binding to $1ARs in normal
physiologically conditions), they undergo conformational changes which in turn
activate and dissociate their G-protein complex (G, and Gg, subunits). There are

four types of G-protein classified by their o subunit: Gs, Gi, G12/13, and G4'°. The



resulting downstream of effects of GPCR activation depend on the type of G-
protein that was activated''. The stimulatory G-protein (Gs) is associated with all

BARs and leads to the canonical BAR signaling pathway®. Activated Gs o

subunits stimulate adenyl cyclase (AC) in the plasma membrane which catalyzes

the production of 3',5'-cyclic adenosine monophosphate (CAMP) from adenosine
triphosphate (ATP). The cAMP then binds to the regulatory subunit of protein
kinase A (PKA) allowing the catalytic domains of PKA to activate. The catalytic
domains of PKA then phosphorylate target proteins. Some of the prominent

proteins include phospholamban, troponin I, LTCC and RyR.

Vo
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Figure 2: Canonical Gs/p-adrenergic receptor (BAR) signaling pathway

(1) A catecholamine binds to a BAR in the sarcolemma of a cardiac myocyte
activating the Gs G-protein complex (o/B/y). (2) The dissociated Gs o subunit
stimulates adenylyl cyclase to produce cAMP from ATP. (3/4) cAMP activates
PKA, which phosphorylates key EC coupling proteins throughout the myocyte
including phospholamban (PLN), troponin I, L-Type Ca?* channel (LTCC), and
ryanodine receptors (RyR).




The phosphorylation of these proteins alters their functional properties
allowing for changes in the overall cellular contractile activity. Phospholamban
(PLN) is a SR transmembrane protein, which associates with and regulates
SERCA. When unphosphorylated, PLN inhibits SERCA Ca?* reuptake activity'2.
Upon PKA-mediated phosphorylation, PLN reduces it’s inhibitory influence on
SERCA allowing for an increased rate of SR Ca?* reuptake. The increased rate
of SERCA Ca?* reuptake leads to an overall positive cellular lusitropic effect
(increase in rate of relaxation). Additionally, PKA phosphorylation of troponin |
reduces its affinity for Ca2* which further increases the positive lusitropic effect
seen with BAR signaling. Amongst these two proteins, PLN phosphorylation is
the primary mechanism for the observed lusitropic effect's. The inotropic effect
due to BAR activation occurs through increased intracellular and SR Ca?* content
from LTCC and PLN phosphorylation. PKA phosphorylated LTCC allow for the
entry of more Ca?* ions into the cell, which is represented by an increase in L-
type calcium current (IcaL). A recent study has shown that the LTCC may not be
directly phosphorylated but require the phosphorylation of Rad, a monomeric G
protein, to allow for the increase in IcaL'. In either case, increased intracellular
Ca?* concentration leads to more contractile fiber activation and stronger overall
contractions. The functional effects of RyR phosphorylation are disputed with
some data showing that phosphorylation increases the RyR open probability'>1°
while other data shows that there is no effect resulting from RyR

phosphorylation'”. In summary, non-specific BAR stimulation activates the Gs-



AC-cAMP pathway leading to positive inotropic and lusitropic responses in

cardiac ventricular myocytes.

1.5 oa-Adrenergic Receptor Signaling

A second class of catecholamine activated GPCR, known as the a-
adrenergic receptors (aARs), have been found to be present at a ratio of 10:1
(B:a) in the human myocardium’®. aARs can be separated into two primary
subtypes, a1ARs and a2ARs. Only a1ARs have been found in cardiac
myocytes'®. a1ARs can be further subdivided into three isoforms: a12ARsS,
a1bARs, and a1¢ARs. Although mRNA for all three subtypes are detected in
cardiac myocytes, only the a1aARs and a.1bARs are expressed. The a.1bAR is the
dominant isoform and is found at a ratio of 1:2-4 (a.1bAR:1aAR)?%22. 0.1ARSs are
primarily coupled to Gg11 G proteins, with a.1bARs also coupling to Gi#*24. Upon
receptor stimulation, the Gg/11 subunits activate phospholipase C31 (PLCB1).
PLCpB1 hydrolyzes phosphatidylinositol 4,5-bisphosphate (PIP2) to inositol
triphosphate (IP3) and diacylglycerol (DAG). IP3 can then bind to intercellular 1P3
receptors causing the release of internal Ca?* stores. More importantly, DAG can
activate protein kinase C (PKC), which phosphorylates select intracellular
targets®. From this point, the Gq11 signaling diverges into many different

branches with a multitude of downstream effectors?®.
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Figure 3: Canonical G4/a1-adrenergic receptor (a1AR) signaling pathway

(1) A catecholamine binds to an a.1AR, which activates the Gq G-protein complex
(a/Bly). (2/3) The dissociated Gq o subunit then activates phospholipase C (PLC),
which hydrolyzes phosphatidylinositol 4,5-bisphosphate (PIP2) to inositol
triphosphate (IP3) and diacyl glycerol (DAG). (4) The second messenger |P3
stimulates cardiac IP3 receptors and DAG induces protein kinase C (PKC) to
phosphorylate various intracellular targets.

Through this signaling pathway, a1ARs are capable of creating minor
PKC-mediated positive inotropic effects?’. Interestingly, a1ARs have also been
found to produce negative inotropic effects®®. The mechanisms for these positive
and negative inotropic effects include activation of Ica, inhibition of BAR-
stimulated Ica, inhibition of K* current, Na*/H* exchanger activation resulting in
cellular acidification and myofilament Ca?* sensitivity regulation?®-33. Recently, it
has been shown that a1ARs can produce cardioprotective functional effects in
cases of prolonged catecholaminergic stimulation. Chronic a1AR activation
results in non-pathological hypertrophy in cardiac myocytes that does not reduce
contractile function34. a1AR stimulation also promotes survival signaling through

activation of ERK, GATA4, and NFAT35-3, Furthermore, a1AR activation induces
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ischemic preconditioning where short periods of ischemia provide protection
against later periods of longer ischemia3®.

The location of a1ARs in cardiac myocytes is controversial. The classic
GPCR signaling view is that the a.1ARs are located in the plasma membrane3®-41.
However, evidence has been presented that a.1ARs are actually primarily located
in the nuclear membrane*243, Either way, the resulting functional effects of a1AR

stimulation in the heart are generally agreed upon.

1.6  Muscarinic Receptor Signaling

While sympathetic nervous system regulation of the heart occurs through
the adrenergic receptors, parasympathetic nervous system regulation occurs
through muscarinic receptors*4. Muscarinic receptors are traditional seven
transmembrane domain GPCRs activated by acetylcholine*®. There are 5
subtypes of muscarinic receptors, M1.s, expressed throughout various
tissues*®47. These muscarinic receptor subtypes exhibit slight pharmacological
and structural differences allowing them to be individually classified. The
traditional means of signaling for the odd-numbered muscarinic receptor
subtypes (M1, M3, and Ms) is believed to be due to Gq11 coupling, which activates
the PLC signaling pathway“. However, evidence has been found that M1 and M3
can also couple to G; G-proteins leading to other cellular effects*®. The even
numbered muscarinic receptor subtypes (M2 and Ms) couple to Gio resulting in

the inhibition of AC cAMP production*®. Additionally, M2 receptors can directly
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couple to the G-protein-gated inwardly rectifying K* (GIRK) channel through the
By subunits of GiC.

In the heart, acetylcholine is released from the parasympathetic nerve
varicosities, which stimulates cardiac muscarinic receptors®'. M; is the primary
muscarinic receptor subtype in mammalian cardiac tissue although evidence has
been presented that M1, M3, and M4 may also be present*¢-°2->4 The presence of
these other muscarinic receptor subtypes appears to be species and cardiac
location specific leading to uncertain physiological roles. In a similar vein, the
functional effects mediated by muscarinic receptors in the heart vary greatly
based on the species, location, agonist concentration, and age of the cardiac
preparation being studied®. In general, ventricular myocyte muscarinic
stimulation leads to a decrease in inotropy, but usually only if there has been a
preceding increase in cAMP®®. Rat ventricular myocytes are one of the
exceptions where muscarinic stimulation can cause a negative inotropic effect
without prior cAMP stimulation due to the presence of ventricular GIRK channels,
which hyperpolarizes the myocyte when activated by muscarinic stimulation®’.

For most mammalian species, parasympathetic regulation of ventricular
myocytes is mainly through acetylcholine stimulation of M2 G; signaling. The
classical view of this muscarinic signaling pathway is that the M2 Gi o subunit
inhibits AC5/6 production of cAMP leading to decreased PKA phosphorylation of
EC coupling associated proteins including L-type Ca?* channels8-%°. More
recently, M2 activation of Gi has also been tied to a cAMP stimulatory response

due to GPy activation of AC4/7 in the presence of Gs'62. Even with this
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stimulatory component, the net cAMP-dependent response of ventricular M2
activation is inhibitory leading to a decrease in ventricular inotropy®3.

An alternate explanation for the positive and negative muscarinic control
of CAMP has been proposed to be through M2 induced nitric oxide (NO)/cGMP
production. The proposed pathway is acetylcholine activates M2, which induces
Ca?*/calmodulin activation of nitric oxide synthase, which results in the
production of NO, which in turn activates soluble guanylyl cyclase®. The soluble
guanylyl cyclase then produces cGMP, which antagonizes cAMP effects by
either stimulating PDE2 activity or activating protein kinase G (PKG)®5, The
stimulatory cAMP effect of muscarinic activation could also be explained by the
cGMP inhibition of PDE3 activity leading to an increase in cellular cAMP®.
Despite the observations that NO/cGMP inhibits cAMP and cAMP mediated
functional effects, the evidence is inconsistent and contradictory in regards to
whether NO/cGMP may be linked to muscarinic activation especially in

ventricular myocytes®-70,

1.7  Other cAMP Regulating Receptors

In addition to adrenergic and muscarinic receptors, a collection of other G-
protein coupled receptors located in the ventricular myocardium have been
shown to directly regulate cAMP. The stimulation of these receptors usually only
occurs under certain physiological conditions or perturbations. Moreover, they
are not considered part of the autonomic control of the heart. However, due to

their ability to affect cCAMP levels, these GPCR will be discussed briefly.
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Histamine receptors are seven transmembrane domain GPCRs activated,
as the name would suggest, by the autacoid histamine”'. Of the four histamine
receptor subtypes, H1 and H: are the primary subtypes found in ventricular
myocytes at varying levels based on cardiac location and species’. H, are Gs
coupled and the predominantly expressed subtype in human ventricular
myocardium’374. In humans, histamine application leads to an increase in
ventricular inotropy and lusitropy due to H2/Gs mediated AC stimulation leading to
increased cAMP levels and the resulting functional effects including increases in
|Ca,L75’76-

Another autacoid, adenosine, has been shown to regulate BAR-stimulated
cAMP levels and functional properties in ventricular cardiac myocytes. The
adenosine receptor subtype A1 is a GPCR associated with Gi and is located in
ventricular myocardium’”-78. Activation of this receptor inhibits AC activity and
cAMP production, especially in the case of previous BAR Gs stimulation.
Functional experiments confirm this signaling pathway as adenosine, in certain
species, has no significant effect on basal contractility or baseline action potential
parameters, unless they were previously stimulated through BAR signaling’®.
However, similarly to M2, A1 can also activate GIRK channels. Therefore, in
species where GIRK channels are present in ventricular myocardium, such as
rat, A1 activation causes functional effects even at baseline conditions.
Nonetheless, adenosine does not inhibit basal cAMP levels, but does antagonize

BAR induced increases in cAMP?®. Due to its anti-BAR signaling, adenosine has

ventricular antiarrhythmic effects’®.
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The hormonal peptide glucagon, normally known for its glycogenolysis
and gluconeogenesis properties, also causes increases in ventricular inotropy
through its interaction with cardiac glucagon receptors®’-82. Glucagon receptors
are GPCR mainly coupled to Gs resulting in AC stimulation and cAMP production
experimentally®3. There is some debate whether the glucagon induced functional
effects in the heart are mediated through cAMP in vivo®*. Glucagon receptors
have also been shown to have promiscuous G-protein binding leading to
coupling with Gj and G¢&°. The variety of G-protein coupling options could explain
the species-dependent differences in glucagon induced functional effects and
increases in lca 8887,

Serotonin (5-HT) has been shown to produce inotropic and lusitropic
increases in human atrial myocardium through a cAMP-dependent pathway®. A
variety of 5-HT GPCR have been found in the heart, but it appears the Gs
coupled 5-HT4 receptor is responsible for mediating these functional changes®.
Despite its effects on the atrium, 5-HT failed to illicit any functional effect in
human ventricular tissue®. 5-HT4 mRNA has been found in human ventricular
myocardium, indicating possible expression. However, only under the special
circumstances of combined congenital heart failure and non-selective PDE
inhibition were 5-HT induced ventricular inotropic and lusitropic changes
observed®'.

Prostaglandin receptors are also known to regulate cAMP in the heart.
The prostaglandin, PGE:, has been associated with a variety of cardiovascular

diseases®. The PGE: receptors, EP receptors, are GPCR and are located in
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cardiac myocytes®®. The cAMP stimulating subtypes are EP2 and EP4, which
couple to Gs**. The EP3 subtype mainly couples to Gi and inhibits cAMP

production®®.

1.7 cAMP Compartmentation

In 1979, it was observed that AR and EP receptor stimulation both
produced cAMP in perfused rat hearts. Notably, BAR activation also caused an
increase in the rate of rise of left ventricular pressure among other functional
changes, whereas prostaglandin E1 (PGE1) activation of EP receptors, did not
cause any functional changes even though it was producing cAMP%. Similar
observations were seen again when the receptors were stimulated and
contractile proteins were analyzed®”. The results from these experiments
indicated that simply increasing intracellular cAMP levels was not responsible for
the functional effects associated with BAR activation. BAR activation had to be
producing a more complex/regulated cAMP signal.

Furthermore, when 1ARs or B2ARs are selectively activated in rat cardiac
myocytes different functional responses are observed. The stimulation of either
receptor leads to a positive inotropic effect through increased Ica and intracellular
Ca?* transient®. However, B1AR selective stimulation also leads to a positive
lusitropic effect that does not occur from B2AR selective stimulation®. These
different sets of responses from the same type of receptor indicate that another

level of physiological cCAMP regulation must exist.
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The theory of compartmentation was proposed to explain these divergent
responses'®. This theory stated that different receptor types are associated with
distinct microdomains of cAMP that control specific cellular functions. Although
further research over the years has confirmed this theory, the cellular
mechanisms leading to compartmentation are still not well understood and many
have been proposed over the years. Some of the prominent ones include:
location of cAMP signaling complexes, localized cAMP degradation, intracellular
physical barriers and cell shape, cAMP buffering, and alternative GPCR G-
protein isoform coupling to name a few'0".

One of the primary mechanisms of cAMP compartmentation that has been
investigated is the cellular localization of cAMP signaling proteins. GPCR
activation is known for its rapid signaling kinetics that would be very difficult to
achieve if the sarcolemma bound signaling proteins involved in the cAMP
pathway (GPCR and AC) were uniformly distributed throughout the cellular
membrane and interacting in a stochastic manner. This has led to the conclusion
that the signaling proteins are located in complexes within plasma membrane
microdomains. Regions of high concentration of glycosphingolipids and
cholesterol within the plasma membrane, known as lipid rafts, have been
proposed as one of these microdomains'°21%3, AC isoforms have been shown to
be lipid raft or non-lipid raft specific'®. In cardiac myocytes, B1ARs and B2ARs
are localized to lipid rafts in the T-tubules, while $1ARs are also found in non-raft
domains of the sarcolemma’®. The BARs in the T-tubules specifically couple to

AC5, while the B1ARs in the peripheral sarcolemma couple to AC6'%. By creating
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distinct subsets of coupled GPCRs and ACs with unique signaling properties, an
initial framework for compartmentation is created through localized cAMP
production.

Similarly to the initial CAMP signaling proteins, PKA has been shown to be
specifically localized as well. PKA is a heterotetramer holoenzyme comprised of
a regulatory subunit dimer (R) and two catalytic subunits (C)'%”. Upon cAMP
binding to the regulatory subunit, the catalytic subunits are activated and proceed
to phosphorylate target proteins. Similarly to AC and BARs, there are a variety of
PKA isoforms, which are defined by their catalytic and regulatory subunits'®. The
catalytic domains possess relatively similar kinetics and target specificity%.
Therefore, the regulatory subunits (RI and RIl) have been of primary interest. The
biochemical properties of PKAI (RI containing PKA) and PKAII (RIl containing
PKA) were found to be different with PKAI being more sensitive to CAMP
activation%"", Furthermore, PKAI and PKAII were found to be differentially
expressed and targeted in cells through binding to specific A kinase anchoring
proteins (AKAPs) 12113 AKAPs also bind other crucial signaling proteins
including phosphatases, regulatory proteins, and phosphodiesterases (PDEs)''4.
For example, AKAP185 targets PKAIl into a complex with SERCA2 and PLN
allowing for the targeted phosphorylation of PLN and the resulting increase in
SERCA activity in response to BAR stimulation''®. By regionalizing the signaling
components, AKAPs allow for the preferential PKA-dependent phosphorylation of

key functional proteins creating distinct cAMP signaling compartments.
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Beyond localization of signaling proteins, one of the most logical
mechanisms for cAMP compartmentation are intracellular barriers (chemical and
physical). Phosphodiesterases (PDEs) are a class of enzymes that hydrolyze the
cyclic nucleotides cAMP and cGMP''6. By degrading cAMP, PDEs can act as
chemical barriers assisting in the compartmentation of cAMP'"". The properties
of these barriers can be modulated through the expression of different PDE
isoforms with unique enzymatic regulatory mechanisms, substrate specificity,
kinetics, and intracellular localization''®1°_ In cardiac myocytes, the expressed
cAMP-hydrolyzing PDE families are: PDE1, PDE2, PDE3, PDE4, and PDE8'%°.
PDE1 is Ca?*/calmodulin activated, PDE2 is cGMP activated, PDE3 is cGMP
inhibited, and PDE4 is cGMP independent''. PDE4 and 8 preferentially
hydrolyze cAMP, while PDE1, 2, and 3 hydrolyze both cAMP and cGMP at
varying efficiencies'??. The kinetics of each PDE are also slightly different’?3.
Care must be taken, as each family of PDE has further isoforms with distinctive
properties and expression. For example, PDE1A is the dominant isoform in rat
and mouse heart and is cGMP selective. In contrast, PDE1C, the prominent
isoform in human, dog, and rabbit, has a balanced specificity for cAMP and
cGMP124,

Furthermore, PDEs have been found to be differentially localized to
distinct intracellular compartments. PDE3 and PDE4 were shown to have
different expression patterns as seen through confocal imaging of
immunolabeled neonatal rat ventricular myocytes with PDE3 having a non-

homogenous trabecular pattern, while PDE4 displayed a granular and striated



20

pattern'?®. The localization of PDEs to unique intracellular regions occurs through
protein-protein interactions and direct binding to membrane lipids''®126, Of note is
the previously mentioned binding of PDEs to AKAPs. By targeting PDEs to cAMP
signaling complexes through AKAPs, the cAMP signal produced can be
restricted to the region of the signaling complex. As an example, mAKAP binds
PDE4 and PKA to a signaling complex in cardiac myocytes to allow for a
negative feedback loop to maintain cAMP compartmentation?’.

While chemical barriers established through PDE activity present an
important mechanism for cAMP compartmentation, computational models have
shown that PDE activity alone is not enough to prevent the intracellular free
diffusion of cAMP128.12%_ Researchers therefore hypothesized that physical
barriers of some sort had to also be playing a role in compartmentalizing the
cAMP signals. The distinct shapes of neuronal cell architecture were shown to be
creating physical barriers leading to higher cAMP gradients in dendrites
compared to the neuronal cell body'®. Cardiac myocytes, on the other hand,
have a much more uniform overall cell shape, so another means of physical
cAMP separation had to be at play. Models with intracellular physical barriers
were able to recapitulate a compartmentalized cAMP signal while maintaining
physiological AC and PDE properties''. Experimental testing to determine
intracellular tortuosity demonstrated significant intracellular barriers in cardiac
myocytes supporting the conclusion for some form of physical
compartmentation'2. Which intracellular structures are acting as physical

barriers are still unknown with many structures including the SR membranes, T-
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tubules, and mitochondria being suspected. An anatomical computational model
of the dyadic cleft (space between t-tubule membrane and junctional SR
membrane) in cardiac myocytes was able to demonstrate cAMP
compartmentation but only at reduced cAMP diffusion coefficients'?°. The
reduced diffusion coefficients could occur through the anatomical barriers but
also through the aid of molecular crowding and PKA buffering.

PKA binds cAMP with a high affinity and is present in large quantities in
cardiac myocytes'33134 Additionally, it has been shown that a significant portion
of the available cAMP pool is bound to PKA even when cAMP production is not
being stimulated?®. By binding a large portion of the available cAMP, cAMP
diffusion can therefore be restricted to PKA containing regions. This
phenomenon is known as PKA buffering and has been described as another
mechanism of cAMP compartmentation.

The classical BAR signaling paradigm relies on the coupling of f1ARs and
B2ARs to Gs proteins to stimulate cAMP production. However, 2ARs have also
been found to couple to Gi proteins'3¢-138_G; proteins act in opposition to Gs
proteins and inhibit AC production of cAMP'%. Interestingly, it was found that
inhibiting G; proteins with pertussis toxin (PTX), caused an enhanced 2AR
contractile response and allowed B2AR stimulation to produce a lusitropic effect
and phosphorylation of PLN in rat cardiac myocytes'3®'40. This indicates that
B2AR-Gi coupling is also possibly a mechanism for cAMP compartmentation.

However, FRET-based experiments do not support the loss of B2 AR cAMP
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compartmentation to PTX exposure and the physiological mechanism that would

be responsible for B2AR-Gi cAMP compartmentation is unknown05.149,

1.8 Cellular cAMP Measurement and Visualization Methods

Various techniques have been employed and developed to render a more
complete picture of CAMP levels and localization in cells. The initial techniques
were rather rudimentary and involved biochemical assays including cellular
fractionation studies and radioimmunoassays. Although these assays are rather
one dimensional in their measurements, crucial data was recovered and started
investigation into the field of cAMP compartmentation. Using fractionation
studies, Corbin et al. was able to demonstrate several important early findings
including that approximately 50% of cellular cAMP was bound to PKA, mainly
PKAII, in the low speed particulate fraction'3®. Furthermore, they showed that the
application of epinephrine and 1-methyl-3-isobutylxanthine (IBMX), a non-
selective PDE inhibitor, increased cAMP levels in the particulate and supernatant
fractions. Around the same time as these initial observations, the previously
described studies involving the differences between cAMP production of AR
and EP receptors were performed®7.

To further investigate cAMP dynamics and the idea of cCAMP
compartmentation, electrophysiological and fluorescent biosensor techniques
were conceived to address the need to perform spatial and temporal cAMP
measurements in intact live cells. A preliminary electrophysiological approach

involved measuring Ica L functional responses to cAMP stimulating agonists,
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which provided an indirect measurement of cAMP activity''”. A technique to
directly measure cAMP activity involved expressing cyclic nucleotide-gated
(CNG) channels, which activate upon cyclic nucleotide binding, and recording
their current responses to changes in cAMP. Rich et al. used genetically modified
variants of these channels expressed in cell lines to demonstrate that AC
stimulation with forskolin produced a high concentration of CAMP near the
channels in the membrane while the global cAMP concentration remained low'3".
Using CNG channels to directly measure cAMP was an important advancement
in the study of cAMP compartmentation. However, this technique possessed
several critical limitations. One limitation was that CNG channels are targeted to
the plasma membrane and cannot be used to measure cAMP dynamics in other
specific regions of the cell. Additionally, CNG channels are also regulated by
other intracellular signals including PIP3 and Ca?* 41,

The other general approach to measure spatiotemporal cAMP dynamics in
live cells is through the use of fluorescent biosensors. These biosensors were
primarily designed around the principle of Fluorescence Resonance Energy
Transfer (FRET). FRET is a non-radiative transfer of energy from an excited
donor to acceptor fluorophore. This process is distance dependent and occurs
through intermolecular dipole-dipole coupling#2. The efficiency of FRET energy

transfer (E) is defined by equation 1:

1

E =TT ®/Ro"
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where R is the distance between the donor and acceptor fluorophore and Ro is a
distance parameter called the Forster radius which is the distance where energy
transfer is 50% efficient between the donor and acceptor'#3. As can be seen in
Equation 1, the distance between donor and acceptor fluorophores is associated
to the inverse sixth power of efficiency. Therefore, the efficiency of the FRET
energy transfer is very sensitive to the separation of the donor and acceptor
fluorophores (usually < 10 nm for transfer to occur) making FRET an ideal
physical principle to employ in creating nanoscopic fluorescent biosensors™#4.

The initial cCAMP detecting FRET fluorescent biosensor was PKA-
based'®. A fluorescein donor fluorophore was attached to the catalytic domain of
PKA | and a rhodamine acceptor fluorophore was attached to the regulatory
domain of PKA |. When fluorescein stimulating light was shown on the cells,
FRET would occur between the fluorescein and the rhodamine on the complexed
subunits. As cAMP levels in the cell increased, it was believed that the catalytic
domains of the labelled PKA dissociated from the regulatory subunits decreasing
the FRET energy transfer. These changes in FRET could be detected using
fluorescent microscopy allowing for non-destructive spatiotemporal
measurements of CAMP in cells.

One limitation of this initial FRET biosensors was that it had to be
microinjected into cells. Since then, a multitude of genetically encoded cAMP
FRET biosensors have been created to investigate the different aspects of cCAMP
signaling in live cells. By varying different components of the biosensor such as

using different fluorophores or cAMP binding domains, the FRET biosensors
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could be adapted to address specific questions and avoid pitfalls associated with
certain biosensor designs. Of note are the Epac-based cAMP FRET biosensors.
Epac, exchange protein directly activated by cAMP, is a guanine-nucleotide-
exchange factor with a cAMP binding site'*6. The Epac-based FRET biosensors
were created by taking the cAMP binding site of Epac and attaching the donor
fluorophore cyan fluorescent protein (CFP) and the acceptor fluorophore yellow
fluorescent protein (YFP)'. When cAMP is not present, the fusion protein
exhibits high FRET energy transfer between the two fluorophores. The binding of
cAMP to the biosensor causes a conformational change which separates the
CFP and YFP fluorophores reducing FRET energy transfer. By recording the
FRET ratio of the fluorescence between the two fluorophores, CAMP levels can

be measured.
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Figure 4: Epac2-camps FRET cAMP biosensor structure and function

Epac2-camps is composed of a yellow fluorescent protein (YFP) attached to the
type 2 exchange protein directly activated by cAMP (Epac2) cAMP binding
domain, which is in turn attached to a cyan fluorescent protein (CFP). Excitation
of CFP with 436 nm light causes the emission of ~480 nm light from the CFP.
Additionally, ~525 nm emission occurs from YFP due to the close proximity of the
fluorophores, which allows for FRET energy transfer. A conformational change
occurs in the biosensor upon cAMP binding to the Epac2 domain, which
separates the fluorophores reducing FRET and therefore YFP emission light.
Therefore, analyzing the ratio of CFP and YFP emission fluorescence allows for
the detection of CAMP activity.

Many variations of the Epac-camps probe have been created including
intracellular targeted and transgenically encoded versions'8149, Further classes
of CAMP detecting FRET biosensors have also been developed. For example,
the CUTie biosensor employs the cyclic nucleotide binding domain of the PKA
regulatory subunit IIf and an alternate configuration of CFP and YFP as the
FRET fluorophores'?. Due to the incredible flexibility of FRET-based cAMP
biosensors, they have become the standard for intracellular cAMP

compartmentation research.
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1.9 Adrenergic Signaling in Heart Failure

Pathological changes to autonomic function occur in many life-threatening
cardiac diseases, such as heart failure. Heart failure (HF) occurs when the
hemodynamic demands of the body cannot be met by the heart. As the US
population continues to age, the prevalence of HF continues to increase in the
US with approximately 6.2 million adults in the US having heart failure between
2013-2016'%". Out of the health conditions that are widely spread among the
population, HF is one of the most common, disabling, costly, and deadly'®2.

Upon changes in the bodies demand for oxygenated blood and/or
myocardial injury, the sympathetic nervous system (SNS) is activated. As has
been previously reviewed, this acute sympathetic stimulation helps increase
cardiac output and causes favorable changes in other organ systems to maintain
homeostasis. Problems arise, however, when this acute SNS stimulation
becomes chronic. A large body of evidence has shown that chronic
catecholamine exposure is deleterious to cardiac myocytes'3%*. Chronic SNS
stimulation causes pathological myocardial remodeling including hypertrophy and
genetic expression changes'®. In addition, BAR signaling is heavily disrupted
and altered. B1AR expression decreases and 31AR are desensitized. f2AR and
o1AR expression remains stable and, while still significantly less than 31ARs,
represent a greater proportion of the total adrenergic receptors in the heart
during HF®'%¢_ Furthermore, B2ARs are redistributed and demonstrate changes in
their cAMP compartmentation’®. Due to the dysregulation and chronic

stimulation of BAR signaling in HF, BAR antagonists, also known as B-blockers,
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have been utilized in several clinical trials. These trials demonstrated a decrease
in mortality in HF patients taking p-blockers and thus these BAR antagonists
have become the standard of care in the treatment of HF 57160,

Unfortunately, B-blockers are not effective as a treatment for all cases of
HF. Approximately 50% of HF patients have a preserved left ventricular ejection
fraction (LVEF)'S'. This type of HF is known as heart failure with preserved
ejection fraction (HFpEF). While having a preserved LVEF during HF would
suggest a better prognosis, this is not the case. HFpEF patients have similar
odds for survival, which did not improve over time unlike HF cases with
decreased LVEF'6'. HFpEF patients are generally older and the mechanism of
heart failure is due to a decrease in left ventricular relaxation and increase in left
ventricular stiffness’®2. As of now, there are no effective treatment strategies’.
This is frightening as the proportion of HFpEF cases is increasing with the
increase in age of the American population. Determining the exact mechanism
and treatments for this form of HF should therefore be a high priority.

As previously discussed, a1AR stimulation provides cardioprotective
effects that prevent pathological remodeling of the heart. The ALLHAT clinical
study was focused on developing better means for treating hypertension but
inadvertently demonstrated that blocking a.1ARs increased the risk for heart
failure in these patients®41%5. Although this trial did not directly investigate the
cardiac a1AR blockade, it demonstrated that a1ARs could be playing an

important protective role in the heart.
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Further evidence supporting the positive role of a.1ARs was seen in clinical
trials where sympathetic stimulation and catecholamine levels were reduced with
sympatholytics in HF patients. Based on the logic that sympathetic activity and
catecholamine release is increased during heart failure, it would make sense that
inhibiting sympathetic activity would improve cardiac function and HF
progression. While these trials found that heart rate did in fact decrease and EF
increased slightly, a troubling increase in mortality and adverse clinical events
was also found. Combining the knowledge that AR antagonism decreases
mortality events in HF, it can be inferred that the resulting blockade of a.1ARs
from sympatholytics is harmful to HF patients. Therefore, a1AR stimulation

stands as a potential avenue for HF treatment research.

110 Summary

cAMP signaling in ventricular myocytes is a complex process that involves
a multitude of receptors and mechanisms to induce changes in cardiac functional
properties necessary for maintaining homeostasis in higher order organisms.
While a solid foundation of research has been established in this field, many
important questions still remain unanswered, especially in regards to receptor
function and cAMP compartmentation. Chapter 2 of this dissertation will address
non-canonical a1AR signaling as it relates to cAMP. The research contained in
this chapter clarifies the connection between o1AR and BAR cAMP signaling.

Chapter 3 of this dissertation focuses on the characterization of a novel FRET
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biosensor, which confirmed that f2AR cAMP signaling is compartmentalized and
that the compartmentalization is through the involvement of certain PDE
isoforms. A final concluding chapter will summarize these discoveries and tie in

important clinical significance and possible future directions.



31

Chapter 2

ai-Adrenergic Receptor Regulation of cAMP Production in Adult Cardiac

Ventricular Myocytes
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21 Abstract

Sympathetic regulation of the heart is largely mediated through the
activation of B-adrenergic receptors (BARs) and subsequent stimulation of cCAMP
production in cardiac myocytes. However, norepinephrine, the main endogenous
neurotransmitter that triggers these BAR responses, also activates as-adrenergic
receptors (a1ARs). Although canonically not associated with cAMP signaling,
a1AR stimulation has been previously shown to inhibit BAR mediated functional
responses in the heart. The purpose of this study was to demonstrate that a1AR
activation does indeed inhibit cAMP production in cardiac ventricular myocytes,
and determine the mechanism responsible for this effect. Live-cell imaging of
fluorescence resonance energy transfer (FRET) based biosensor responses was
used to measure changes in CAMP activity in adult rat ventricular myocytes.
Using this approach, a+AR activation was found to inhibit cAMP activity under
baseline conditions as well as in the presence of BAR stimulation. These effects
could be explained by a tyrosine kinase-dependent mechanism acting at the level
of the BAR. Furthermore, a+1AR stimulation was found to limit BAR production of
cAMP by norepinephrine, demonstrating the physiological significance of this

signaling mechanism.
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2.2 Introduction

Activation of the sympathetic nervous system results in the release of
catecholamines that trigger a variety of cardiovascular responses'®®. In the heart,
many of these effects are mediated by the B-adrenergic receptor (BAR) signaling
pathway, which involves stimulatory G protein (Gs)-dependent activation of
adenylyl cyclase (AC) and subsequent production of the diffusible second
messenger 3',5'-cyclic adenosine monophosphate (cCAMP)2. Increased levels of
cAMP activate protein kinase A (PKA), which phosphorylates several key targets
involved in regulating the electrical and mechanical properties of cardiac
myocytes'®’. Despite the fact that most acute functional responses to
sympathetic stimulation can be explained by BAR activation, the primary
neurotransmitter mediating these actions, norepinephrine, is also a potent
a-adrenergic receptor agonist. The as-adrenergic receptor (a1AR) is the
predominant subtype found in cardiac myocytes'®®, and activation of this receptor
has been reported to increase contractility, in addition to producing
cardioprotective adaptations such as physiologic hypertrophy, cardiac myocyte
survival, and cardiac preconditioning®*. These a1AR responses can be attributed
to activation of G4 signaling pathways, which are not typically associated with
changes in cAMP production'®®. However, a1AR activation has also been
reported to antagonize various BAR responses by a mechanism that is not well
characterized33170-176_ The goal of the present study was to examine the effects
that a1AR stimulation have on cAMP production in adult ventricular myocytes

using fluorescence resonance energy transfer (FRET) based biosensor
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technology. The results demonstrate that a1ARs actually inhibit cCAMP production
through a tyrosine kinase-dependent mechanism that acts at the level of the
BAR. Furthermore, a1AR stimulation was found to limit BAR production of cAMP
by norepinephrine. These results highlight the importance of the interactions
between a1ARs and BARs when evaluating cardiac responses to sympathetic
stimulation by endogenous neurotransmitters under physiological and

pathological conditions.

2.3 Materials and Methods
Cell Isolation and Culture

Ventricular cardiac myocytes were isolated from 250-300 g male adult
Sprague-Dawley rats (Charles River, MA) as previously described'’”. All
protocols were performed in accordance with the Guide for the Care and Use of
Laboratory Animals as adopted by the U.S. National Institutes of Health and
approved by the Institutional Animal Care and Use Committee at the University of
Nevada, Reno. In brief, rats were anesthetized by intraperitoneal injection of
pentobarbital (150 mg/kg). The hearts were then excised, attached to a
Langendorff apparatus, and perfused with a collagenase and protease containing
solution in order to obtain isolated myocytes. These cells were then plated in M-
199 media (Life Technologies, CA) supplemented with creatine (5 mM), taurine
(5 mM), penicillin-streptomycin (1x), and bovine serum albumin (0.1%), and then
transduced with an adenovirus encoding the Epac2-camps FRET biosensor.

These cells were kept in culture (37°C and 5% CO2) for no more than 24 hours.
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Fluorescence Resonance Energy Transfer (FRET)

Live cell imaging was used to measure changes in cAMP activity detected
by the Epac2-camps biosensor as previously described'””:178, Briefly, cardiac
myocytes expressing the biosensor were placed in a bath chamber on the stage
of an Olympus IX81 inverted microscope and perfused with extracellular solution
at room temperature. The donor fluorophore (eCFP) of the FRET based
biosensor was excited using a Lambda DG-4 light source (Sutter Instruments,
CA) and a D436/20 bandpass filter. Donor and acceptor (eYFP) fluorescence
was measured simultaneously using an OrcaD2 dual chip CCD camera
(Hamamatsu, Inc., Japan) fitted with 483/32 and 542/27 bandpass filters. Whole
cell cAMP was defined as the change in background and bleed-through
corrected eCFP/eYFP fluorescence intensity ratio (AR) divided by the baseline
ratio (Ro). The FRET responses were then normalized to a maximally stimulated
FRET response from the same cell generated by the application of 1 uM of the
non-specific BAR agonist Isoproterenol (Iso) and 100 uM of the non-specific

phosphodiesterase (PDE) inhibitor 3-isobutyl-1-methylxanthine (IBMX).

Chemicals and Materials

Phenylephrine, forskolin (FSK), Erythro-9-(2-hydroxy-3-nonyl) adenine
(EHNA), cilostamide, rolipram, and norepinephrine (NE) were purchased from
Tocris Bioscience (Bristol, UK). Lavendustin A was purchased from Cayman

Chemical (Ann Arbor, MI). M-199 and penicillin-streptomycin were purchased
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from Life Technologies (Carlsbad, CA). All other chemicals were acquired from

Sigma-Aldrich (St. Louis, MO). Fresh stocks of Iso and IBMX were made daily.

Statistical Analysis

Data values are represented as mean + SEM of n cells from the hearts of
N animals (n/N) in the text and mean + SD in the figure scatterplots. Cardiac
myocytes from different isolations were randomly allocated to various
experiments to reach an appropriate number of cells (n = 10-15) based on power
calculations. The cutoff for statistical significance was set at p < 0.05. These p-
values were calculated through unpaired two-tailed Student’s t-test for
comparison between two unrelated groups using Prism (version 8.4.3,

GraphPad, CA).

24 Results
a1-AR inhibition of cAMP activity in the presence of BAR activation
Previous studies have demonstrated that a1AR activation can antagonize
functional responses produced by BAR stimulation33171-176_ To test the
hypothesis that these effects are due to inhibition of cCAMP production, we
measured cAMP responses in isolated adult rat ventricular myocytes (ARVMs)
expressing the cAMP biosensor, Epac2-camps'#’. These cells were first exposed
to the non-selective BAR agonist isoproterenol (Iso, 10 nM), which produced an
increase in CAMP activity that was 45.3 £ 5.0% (n/N = 13/3) of the maximal

response (%Max) elicited by subsequent exposure to 1 uM Iso + 100 uM IBMX in
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the same cells. As predicted, exposure to the a1AR agonist methoxamine in the
continued presence of Iso produced a large inhibitory effect. The decrease in
cAMP activity produced by exposure to 3 yM methoxamine was -30.6 £ 5.0
%Max (n/N = 13/3) (Figure 1A). A similar effect was observed in cells exposed to
phenylephrine, another selective a1AR agonist. Exposure to 30 uM
phenylephrine in the presence of 10 nM Iso inhibited the cAMP response by -
30.7 £ 5.0 %Max (n/N = 11/3) (Supplemental Figure 1). Furthermore, the
inhibitory effect of methoxamine was attenuated (-10.9 + 4.8 %Max, n/N = 11/3)
in cells pretreated with the selective a.1AR antagonist prazosin (1 uM, Figure 1B
and C). Altogether, these findings support the idea that a1AR activation inhibits

BAR production of cAMP in ARVMs.
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Figure 1: Effect of a1AR activation on BAR stimulated cAMP

(A) Time course of changes in cAMP activity detected by the Epac2-camps
biosensor produced by exposure to the non-specific BAR agonist isoproterenol
(Iso, 10 nM) followed by Iso plus the a1AR agonist methoxamine (METH, 3 uM)
in the absence (A) and presence (B) of the a1AR antagonist prazosin (PRAZ, 1
uM). FRET responses (AR/Ro) were normalized to the magnitude of the maximal
cAMP response observed upon exposure to 1 uM Iso + 100 uM IBMX in the
same cell. (C) Average response (+ SD) to METH in the absence (n/N = 13/3)
and presence (n/N = 11/3) of prazosin (red) (p = 0.002 as determined by two-
tailed Student’s t-test).
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a1-AR inhibition of cAMP activity in the absence of BAR activation

To determine whether the inhibitory effect of a1AR stimulation is specific
for BAR production of cAMP, we examined the effect of methoxamine in the
absence of isoproterenol. In these experiments, exposure to 3 yM methoxamine
alone caused cAMP activity to drop below baseline by -13.5 £ 2.4 %Max, N/n
=11/4 (Figure 2A). We also examined the effect of methoxamine in cells where
cAMP activity was first stimulated by an agonist acting independent of the BAR;
in this case, we used forskolin a direct activator of adenylyl cyclase. For these
experiments, myocytes were first exposed to 50 nM forskolin alone, which
increased cAMP activity by 34.1 + 3.7 %Max (n/N = 11/3) (Figure 2B).
Subsequent addition of 3 uM methoxamine in the continued presence of forskolin

resulted in inhibition of the cAMP response by -14.0 + 5.9 %Max (Figure 2C).
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Figure 2: Effect of a1AR activation on cAMP activity in the absence of BAR
stimulation

Time course of changes in cAMP activity detected by Epac2-camps biosensor
produced by exposure to the a1AR agonist methoxamine (METH, 3 uM) alone
(A) or METH following direct activation of adenylyl cyclase with forskolin (FSK,

50 nM) (B). FRET responses (AR/Ro) were normalized to the magnitude of the
maximal cAMP response observed upon exposure to 1 uM Iso + 100 uM IBMX in
the same cell. (C) Average response (+ SD) to METH in the absence (n/N = 11/4)
and presence of FSK (n/N = 11/3).

The ability of methoxamine to inhibit cAMP activity in the absence of a
BAR agonist might be explained if a1AR stimulation works by directly inhibiting

AC activity. However, another possibility is that cAMP production is facilitated by
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BARs acting on AC, even in the absence of a receptor agonist'’®, and that
methoxamine is able to inhibit this effect. To distinguish between these
possibilities, we conducted experiments using the drug nadolol. While
traditionally viewed as a BAR antagonist, nadolol actually exhibits inverse agonist
properties, stabilizing the BAR in an inactive state and reversing agonist-
independent activity'®. Consistent with this idea, exposure to 10 uM nadolol
alone resulted in a large decrease in baseline cAMP (-124.0 + 30.0 %Max, n/N =
10/4). Furthermore, subsequent addition of 3 uM methoxamine in the continued
presence of nadolol caused only a small, but insignificant change in cAMP levels
(-3.1 £ 1.4 %Max) (Figure 3A). We also examined nadolol’s effect on
methoxamine inhibition of the forskolin response. In myocytes pre-exposed to
nadolol, addition of 50 nM forskolin caused an increase in CAMP activity by 6.6
1.6 %Max (n/N = 10/3) (Figure 3B). This is much smaller than the response to
forskolin in the absence of nadolol, consistent with the idea that BARs facilitate
forskolin responses even in the absence of a receptor agonist. Furthermore,
subsequent addition of methoxamine in the continued presence of nadolol +
forskolin did not affect cAMP activity (-0.6 £ 0.8 %Max) (Figure 3C). These
results support the conclusion that a41AR inhibition of CcAMP activity in the

absence of BAR agonist can still be explained by actions at the level of the BAR.
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Figure 3: Effect a1AR stimulation on cAMP activity in the presence of a BAR
inverse agonist

(A) Time course of changes in cAMP activity detected by the Epac2-camps
biosensor produced by exposure to BAR inverse agonist nadolol (NAD 10 uM)
followed by NAD plus the a41AR agonist methoxamine (METH, 3 uM). (B) Time
course of changes in cAMP activity following exposure to forskolin (FSK, 50 nM)
followed by FSK plus METH in a cell pre-exposed to NAD. FRET responses
(AR/Ro) were normalized to the magnitude of the maximal cAMP response
observed upon subsequent exposure to 1 uM Iso + 100 uM IBMX in the same
cell. (C) Average response (£ SD) to METH in the presence of nadolol (n/N =
10/4) or NAD + FSK (n/N = 10/3). Asterisks indicate the results of two-tailed
Student’s t-tests of METH response in the absence (Figure 2A) vs. the presence
of NAD (A) and METH response in the presence of FSK (Figure 2B) vs. the
presence of NAD + FSK (B); ***: p = 0.0008, *: p = 0.01.
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a1AR inhibition of cAMP activity does not involve changes in PDE activity
An earlier study suggested that a1AR stimulation inhibits BAR responses
by a mechanism involving an increase in phosphodiesterase (PDE) activity. This
conclusion was based on the ability of the non-selective PDE inhibitor IBMX to
block the effect of a1AR stimulation'”?. Therefore, we examined the possibility
that changes in PDE activity contributed to a+AR inhibition of cAMP activity in our
experiments. The three main PDE isoforms responsible for metabolizing cAMP in
ARVMs are PDE2, PDE3, and PDE4'®'. Because of the high basal AC activity in
cardiac myocytes, exposure to the non-selective PDE inhibitor IBMX results in
cAMP responses that saturate the Epac2-camps biosensor'’”. Therefore, we
tested the ability of methoxamine to inhibit CAMP activity in the presence of PDE
isoform selective inhibitors. Exposure to the PDEZ2 inhibitor EHNA (10 uM)
resulted in a small increase in steady cCAMP activity (3.4 + 1.4 %Max, n/N =
12/3). However, subsequent exposure to methoxamine still produced a
substantial inhibitory effect (-19.4 £ 2.6 %Max) (Figure 4A). Similarly, exposure to
the PDE3 inhibitor cilostamide (10 uM) resulted in a slightly larger increase in
steady-state cAMP activity (12.5 £ 2.0 %Max, n/N = 10/4) followed by
subsequent inhibition upon addition of methoxamine (-18.4 + 3.3 %Max) (Figure
4B). Exposure to the PDE4 inhibitor rolipram (10 uM) led to a much larger
increase in steady state CAMP activity (47.7 £ 11.5 %Max, n/N = 10/3), yet
methoxamine still produced a large decrease of cAMP activity (-51.8 £ 10.6
%Max) (Figure 4C). The size of the inhibitory effect of methoxamine observed in

the presence of either EHNA or cilostamide was similar in magnitude to that
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produced by methoxamine alone (see Figure 2). However, the inhibitory effect
observed in the presence of rolipram was considerably larger (Figure 4D). The
fact that inhibition of PDE activity did not block the response to methoxamine
suggests that that the inhibitory effect of a1AR stimulation on cAMP activity does

not involve upregulation of PDE activity.
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Figure 4: Effect of a1AR stimulation on cAMP activity in the presence of
selective PDE isoform inhibition

Time course of changes in cAMP activity detected by Epac2-camps in response
to the a1AR agonist methoxamine (METH, 3 pM) following exposure to the PDE2
inhibitor EHNA (10 uM) (A), the PDES inhibitor cilostamide (CIL, 10 uM) (B), and
the PDE4 inhibitor rolipram (ROL, 10 uM) (C). FRET responses (AR/Ro) were
normalized to the magnitude of the maximal cAMP response observed upon
subsequent exposure to 1 uM Iso + 100 uM IBMX in the same cell. (D) Average
response (+ SD) to METH in the presence of EHNA (n/N = 12/3), CIL (n/N =
10/4), and ROL (n/N = 10/3).
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a1AR inhibition of cAMP operates through a tyrosine kinase pathway

It has been proposed that a.1AR inhibition of BAR induced functional
responses involves a tyrosine kinase dependent mechanism acting directly at the
level of the BAR'76:182, To determine whether a+1AR inhibition of cAMP activity
involves a tyrosine kinase dependent mechanism, we examined the effects of
methoxamine in the presence of tyrosine kinase inhibition. In the first set of
experiments, we used cells pre-exposed to the tyrosine kinase inhibitor genistein
(50 uM). In these cells, exposure to 10 nM Iso produced an increase in cAMP
activity (67.5 + 2.5 %Max, n/N = 11/3). However, subsequent exposure to 3 uM
methoxamine revealed that the inhibitory effect had been mostly attenuated (-6.2
+ 1.6 %Max) (Figure 5A). To confirm this result, we conducted a second set of
experiments using cells pre-exposed to another tyrosine kinase inhibitor,
lavendustin A (5 yM). Again, exposure to 10 nM Iso produced an increase in
cAMP activity (38.9 + 4.0 %Max, n/N = 12/3). However, addition of methoxamine
resulted in an a slight increase, rather than a decrease, in cAMP production (16.3
+ 5.4 %Max) (Figure 5B). These results support the conclusion that a1AR

inhibition of cAMP production involves a tyrosine kinase dependent mechanism.
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Figure 5: Effect of tyrosine kinase inhibition on the cAMP response to a1AR
stimulation

Time course of changes in cAMP activity detected by the Epac2-camps
biosensor produced by exposure to isoproterenol (Iso, 10 nM) and Iso plus the
a1AR agonist methoxamine (METH, 3 pM) in ARVMs treated with the tyrosine
kinase inhibitors genistein (GEN, 50 uM) (A) or Lavendustin A (LAV A, 5 uM) (B).
FRET responses (AR/Ro) were normalized to the magnitude of the maximal
cAMP response observed upon subsequent exposure to 1 uM Iso + 100 uM
IBMX in the same cell. (C) Average response (+ SD) to METH in cells treated
with GEN (n/N = 11/3) or LAV A (n/N = 12/3).

a1AR regulate endogenous stimulation of BAR cAMP
The primary neurotransmitter responsible for mediating sympathetic

effects on the heart is norepinephrine (NE). The acute functional responses



47

produced by this endogenous catecholamine are most often associated with the
activation of B1ARs'83. However, NE is also a potent a.1AR agonist'84.
Furthermore, we have previously demonstrated that blocking a1AR activation
significantly enhances the sensitivity of functional responses produced by NE'73.
To directly test the hypothesis that this behavior can be explained by the effects
of a1ARs on cAMP production, we measured the change in cAMP activity
produced by NE in the presence and absence of prazosin (Figure 6A). In
untreated cells, exposure to 30 nM NE resulted in an increase in cAMP activity of
15.0 £ 2.0 %Max (n/N = 11/3). However, the magnitude of the response to NE
more than doubled (33.2 £ 3.3 %Max) in cells pretreated with the a1AR
antagonist prazosin (1 uM) (Figure 6B). These results indicate that a1AR
attenuation of the cAMP response produced by (341AR activation contributes to the

net effect of the endogenous neurotransmitter NE.
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Figure 6: Contribution of a1AR stimulation to the cAMP response produced
by the endogenous neurotransmitter norepinephrine.

(A) Time course of changes in cAMP activity detected by the Epac2-camps
biosensor produced by exposure to norepinephrine (NE, 30 nM) in the absence
(black) or presence (red) of the a1AR antagonist prazosin (PRAZ, 1 uM). FRET
responses (AR/Ro) were normalized to the magnitude of the maximal cAMP
response observed upon subsequent exposure to 1 uM Iso + 100 uM IBMX in
the same cell. (B) Average response (+ SD) to NE in the absence (n/N = 11/3) or
presence (n/N = 11/3) of PRAZ (p = 0.0001 as determined by Student’s t-test).

2.5 Discussion

Previous studies have demonstrated that a1AR activation antagonizes
BAR induced functional responses in the intact heart as well as isolated
ventricular myocytes. This includes inhibition of BAR regulation of ventricular
contraction and various ion channel responses3®'7'-176_ One possible explanation
for this behavior is that a1AR stimulation, acting through one of its canonical
signaling pathways, exerts its influence at the level of the functional effector
involved. Along these lines, it has been suggested that a1AR antagonism of
cAMP-dependent L-type Ca?* channel activity can be explained by a protein
kinase C (PKC) dependent mechanism acting directly at the level of the ion
channel'4. However, this cannot explain the ability of a1AR stimulation to inhibit

most cAMP-dependent responses’’3176_ A simpler mechanism would be if a1ARs
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somehow affect the production or degradation of cAMP, which mediates these
BAR responses. Several studies have examined the effect of a1AR activation on
cAMP activity in various cardiac preparations using conventional biochemical
assays, and the reported results have ranged from inhibition to stimulation of
cAMP40.170.185-188 The goal of the present study was to evaluate the effects of
a+1AR stimulation on cAMP activity using a newer, more sensitive approach. To
that end, we measured changes in cAMP activity in adult ventricular myocytes
expressing the FRET-based biosensor Epac2-camps, using a live cell imaging
technique.

Consistent with prior studies investigating functional effects, we found that
the increase in cAMP activity produced by the BAR agonist isoproterenol could
be inhibited by the selective a1AR agonist methoxamine, and this effect could be
mimicked by phenylephrine and attenuated by prazosin. Such responses can be
explained by either a1AR inhibition of cAMP production or stimulation of cAMP
degradation. Our previous work suggested that a1AR stimulation actually inhibits
cAMP production by acting directly at the level of the BAR'"3176_ This conclusion
was supported by evidence that a1ARs inhibit cAMP-dependent ion channel
responses to (-adrenergic, but not histamine (H2) receptor activation in guinea
pig ventricular myocytes'”®176, We could not replicate this approach in the
present study, because histamine does not produce a sustained cAMP response
in ARVMs (unpublished observation). However, we were able to examine the
effects of a1AR stimulation on cAMP responses under baseline conditions and in

response to direct activation of AC with forskolin. In both cases, we found that
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methoxamine produced an inhibitory effect, which could be taken as evidence
that the decrease in cAMP activity was mediated by a mechanism that is
independent of the BAR. However, this response was eliminated in the presence
of nadolol, a direct BAR inverse agonist. Nadolol itself produced a large decrease
in basal cAMP activity. This suggests that BARs affect AC activity, even in the
absence of agonist stimulation. Furthermore, the absence of a response to
methoxamine under these conditions supports the conclusion that a1ARs act
through a mechanism that involves the BAR.

Although the results of our current and previous work support the idea that
a1AR stimulation decreases cAMP levels by inhibiting BAR stimulation of AC
activity, it has also been suggested that this a-adrenergic effect may be
explained by an increase in PDE activity'’®. This conclusion was based on the
observation that the a1AR-dependent decrease in cAMP activity was not
observed in the presence of IBMX, a non-selective PDE inhibitor. However, this
approach is problematic as it cannot discern between stimulation of PDE activity
or inhibition of BAR stimulated cAMP production as the a1AR-dependent
mechanism for decreasing cAMP. In the present study, we used a more precise
approach by selectively inhibiting the different PDE isoforms one at a time. The
fact that methoxamine continued to elicit an inhibitory effect in all cases,
suggests that PDE activity is not being stimulated and that a1AR inhibition of
cAMP production may be explained solely on the basis of an effect occurring at

the level of the BAR.
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The question is then: through what signaling pathway do a1ARs exert their
effect on BARs? We found that the a1AR-induced decrease in cAMP production
is blocked by inhibiting tyrosine kinase activity. This is consistent with our
previous work, demonstrating that inhibition of tyrosine kinase activity also blocks
a1AR antagonism of BAR functional responses'’®. Direct phosphorylation of the
BARSs by a tyrosine kinase could be involved as phosphorylation of tyrosine
residues on the B2AR has been found to uncouple it from downstream signaling
in non-cardiac preparations'®. Although the effect of a1AR inhibition of cAMP
production in the heart most likely involves 31ARs, it has been demonstrated that
B1ARs are also a substrate for tyrosine phosphorylation'®. Furthermore, a key
tyrosine residue located in the second cytosolic loop of the B1AR is believed to be
associated with G-protein coupling’®. Therefore, phosphorylation of this site
could possibly impede receptor activation of AC.

The specific tyrosine kinase responsible for phosphorylating BARs in the
heart is unknown. However, there are many examples of signaling crosstalk
between G-protein coupled receptors (GPCRs) and tyrosine kinases in other
systems'®!. Several studies have demonstrated that insulin and insulin-like
growth factor 1 (IGF-1) are able to antagonize BAR responses in non-cardiac
preparations'92193_ This effect occurs through direct tyrosine phosphorylation of
BARs by the insulin and IGF-1 receptors, both of which have intrinsic tyrosine
kinase activity'®*. Moreover, the AT1 receptor, another GPCR, has been shown

to be phosphorylated by the non-receptor Src tyrosine kinases'%®. Therefore, a
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wide array of receptor and non-receptor tyrosine kinases are potential candidates
for mediating a1AR inhibition of BAR responses in the heart.

Cardiac myocytes express at least two isoforms of a1AR, a1sAR and
a18AR, both of which have been reported to elicit acute functional responses. For
example, in the absence of BAR stimulation, phenylephrine has been previously
shown to produce both positive and negative inotropic effects in different cardiac
preparations?®19_These opposing actions are believed to involve different a1AR
subtypes'®”:1%8_ |t has been suggested that the a1aAR mediates positive inotropic
responses through the traditional Go/PKC pathway'®®, whereas the a1sAR
produces negative inotropic effect through a Gi, pathway*’. While Gi-dependent
signaling typically includes direct inhibition of AC, our previous work
demonstrates that a1AR inhibition of BAR responses is PTX insensitive'’®,
suggesting that a G4 signaling mechanism is most likely involved. Consistent with
this idea, O-Uchi et al. demonstrated that phenylephrine inhibition of BAR
responses in ARVMs specifically involves the a1aAR"82, Interestingly,
overexpression of a1gARs has also been reported to decrease BAR stimulation of
cAMP production in the hearts of transgenic mice. However, that effect was
attributed to a mechanism that involves heterologous desensitization of the AR
by PKC, and it required overexpression of exogenous a1sARs?%.

The physiologic significance of the a1AR-dependent effect described in the
present study is most clearly illustrated in the experiments demonstrating that it
contributes significantly to the net effect that norepinephrine has on cAMP

production (see Figure 6). This contradicts earlier work suggesting that a1ARs do
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not contribute to NE responses'’®. The apparent discrepancy may be explained
by the greater sensitivity of the FRET-based biosensor approach used in the
present study, which makes it possible to detect cAMP responses in intact, live
cardiac myocytes. This self-limiting effect of a1AR stimulation on the cAMP
response to NE could be part of an intrinsic mechanism for fine-tuning
sympathetic signaling. Furthermore, in heart failure, B1AR expression decreases
with little or no change in the number of a1ARs?°"2%2, |t would be interesting to
speculate whether the increase in a1AR:B1AR ratio contributes to reduced 1AR
responsiveness that occurs under these conditions. Likewise, it is conceivable
that a1AR inhibition of cAMP production contributes to the cardioprotective effect
associated with these receptors®. Future studies assessing the effects of a1AR
stimulation using targeted FRET-based biosensors in normal or cardiac disease
models could help uncover possible novel mechanisms contributing to

pathophysiological changes in compartmentalized cAMP signaling.
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Supplemental Figure 1: Effect of a1AR activation on cAMP response to BAR
stimulation

(A) Time course of changes in cAMP activity detected by the Epac2-camps
biosensor produced by exposure to the non-specific BAR agonist isoproterenol
(Iso, 10 nM) followed by Iso plus the asAR agonist phenylephrine (PHE, 30 uM).
FRET responses (AR/Ro) were normalized to the magnitude of the maximal
cAMP response observed upon subsequent exposure to 1 uM Iso + 100 uM
IBMX in the same cell. (B) Average response (+ SD) to PHE in the presence of
Iso (n/N = 11/3).
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3.1 Abstract

Backaground and Purpose:

In cardiac myocytes, cAMP produced by both 1 and (2-adrenergic receptors
(ARs) results in an increase in L-type Ca?* channel activity and myocyte
contraction. However, only cAMP produced by B1ARs is able to enhance
myocyte relaxation through phospholamban-dependent regulation of the
sarco/endoplasmic reticulum Ca?*-ATPase 2 (SERCA2). The purpose of this
study was to test the hypothesis that 2AR stimulation produces a cAMP signal
that is unable to reach SERCAZ2, and determine what role, if any,

phosphodiesterase (PDE) activity plays in this compartmentation.

Experimental Approach:

The cAMP responses produced by 1 and B2AR stimulation were studied in adult
rat ventricular myocytes using two different fluorescence resonance energy
transfer (FRET)-based biosensors: Epac2-camps, which is expressed uniformly
throughout the cytoplasm of the entire cell, and Epac2-aKAP, which is targeted

to the SERCAZ signaling complex.

Key Results:

Selective activation of B4 or B2ARs produces cAMP responses detected by
Epac2-camps. However, only B1AR stimulation produces a cAMP response

detected by Epac2-aKAP. Yet, 32AR stimulation was able to produce a cAMP
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signal detected by Epac2-aKAP in the presence of selective inhibition of PDE2 or

PDE3, but not PDEA4.

Conclusion and Implications:

These results support the conclusion that cAMP produced by B2AR stimulation is
not able to reach subcellular locations where the SERCAZ2 pump is located.
Furthermore, this compartmentalized response is due at least in part to PDE2
and PDES activity. Leveraging this discovery could lead to novel PDE-based
therapeutic treatments aimed at correcting cardiac relaxation defects associated

with certain forms of heart failure.
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3.2 Introduction

The sympathetic nervous system plays an essential role in modulating
cardiac function in order to meet the metabolic demands of the body during
stress and exercise??. Many of the resulting effects are mediated through -
adrenergic receptor (BAR) stimulation and subsequent production of 3',5'-cyclic

adenosine monophosphate (cCAMP)?%, This second messenger produces many

of its effects by activating protein kinase A (PKA), which phosphorylates key
proteins involved in excitation and contraction of cardiac myocytes, including L-

type Ca2+ channels (LTCCs) and phospholamban (PLN)?295:206,

Although cAMP is a small molecule, which theoretically can diffuse
throughout the entire cytoplasmic compartment, responses to BAR signaling are
not homogenous. Cardiac myocytes express both 31 and 2ARs, and although
both are capable of stimulating cAMP production, each receptor subtype
produces distinct functional responses®. Selective B1AR activation produces an
increase in the rate and magnitude of force generation (positive inotropic effect)
as well as an increase in the rate of relaxation (positive lusitropic effect).
However, in many species, 2AR activation enhances cardiac myocyte
contraction, without affecting relaxation.

Contraction of cardiac myocytes is mediated by the release of Ca?* from
the sarcoplasmic reticulum (SR) via ryanodine receptors (RyRs), a process
triggered by extracellular Ca?* entering through LTCCs found in the plasma
membrane of transverse (T)-tubules. This Ca?*-induced Ca?* release is critically

dependent upon the tight coupling between LTCCs and RyRs in dyadic clefts,
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which are junctional membrane complexes created by the close proximity of the
T-tubules and the terminal cisternae of the junctional SR. Relaxation occurs

when cytosolic Ca?* is pumped back into the SR by the sarco/endoplasmic

reticulum Ca2+ ATPase 2 (SERCAZ2), which is found outside dyadic clefts, in the

non-junctional SR.

B1AR stimulation enhances contraction through PKA-dependent
phosphorylation of LTCCs, which causes an increase in the influx of extracellular
Ca?*, triggering a greater release of intracellular Ca?* from the SR. B1AR
stimulation also leads to phosphorylation of PLN, which is associated with
SERCAZ2. PKA-dependent phosphorylation of PLN diminishes the inhibitory effect
that PLN has on SERCAZ2, resulting in an increase in the amount of Ca?* taken
up into the SR and available for subsequent release. This increase in SERCA2
activity not only contributes to an increase in contractility, it also enhances the
rate of Ca?* reuptake and hastens myocyte relaxation. The rate of myocyte
relaxation is also affected by PKA-dependent phosphorylation of troponin 1297,
B2AR stimulation results in PKA-dependent phosphorylation of LTCCs,
contributing to an increase in contraction. However, there is little or no
phosphorylation of PLN, which helps explain the lack of a lusitropic effect?%.

The differences between (31 and 2AR mediated effects in cardiac
myocytes are believed to be due, at least in part, to differences in the distribution
of the cAMP signal produced by each subtype of receptor. This is supported by
evidence that 31ARs generate a cAMP response that is able to propagate

throughout the entire cell, while 32ARs produce a cAMP signal that is locally
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confined?®®. The global cAMP signal generated following the activation of B1ARs
suggests that these receptors are distributed across the entire cell surface.
B2ARs, on the other hand, produce a cAMP response that is restricted to the
T-tubules of cardiac myocytes'®, where these receptors are known to form a
signaling complex with LTCCs?'°. This is consistent with the hypothesis that
B2ARs concentrated in dyadic clefts are unable to produce a cAMP response that
can propagate to the non-junctional SR, where PLN and SERCAZ2 are found. In
addition, there is evidence that cAMP catabolism by different phosphodiesterase
(PDE) subtypes can selectively regulate 31 and $2AR inotropic and lusitropic
responses?!1-213,

In the present study, we compared the cCAMP responses to 1 and B2AR
stimulation in adult rat ventricular myocytes (ARVMSs) using a novel FRET-based
biosensor targeted to the non-junctional SR, Epac2-aKAP. Our results
demonstrate that 31ARs are more effective than B2ARs at stimulating a cAMP
response that can be detected in the microdomain near SERCA2. Furthermore,

while phosphodiesterase (PDE) types 2, 3, and 4 were all found to regulate basal

cAMP activity near SERCAZ2, only PDE2 and PDE3 affected the ability of B2ARs
to produce a response that reaches that location. These results identify potential
therapeutic targets for enhancing relaxation of cardiac myocytes, which may be

useful in treating diastolic dysfunction associated with certain types of heart

failure.
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3.3 Materials and Methods
Biosensor Plasmid Construction

The 23 amino acid sequence (MLLFLTLWALVPCLVLLTLYFLS) from the
N-terminal transmembrane domain of the a-kinase anchoring protein (aKAP)?'4
was added to the N-terminus of the Epac2-camps biosensor'#’ by site directed
mutagenesis using a pcDNA3.1 mammalian expression vector (Life
Technologies, CA). DNA encoding fragments for this new probe, Epac2-a KAP,
were then amplified using Platinum PCR Supermix High Fidelity (Agilent
Technologies, CA), and cloned into the pShuttle-CMV vector. This construct was
then used to generate an adenovirus expressing Epac2-aKAP with the AdEasy

XL adenoviral vector system (Agilent Technologies, CA).

Cardiac Myocyte Preparation

Cardiac ventricular myocytes were isolated from male and female
Sprague Dawley rats (250-300 g) as described previously'’821%. The methods
used were in accordance with the Guide for the Care and use of Laboratory
Animals as adopted by the National Institutes of Health and approved by the
Institutional Animal Care and Use Committee of the University of Nevada, Reno.
The rats were housed in same sex pairs in solid bottom polysulfone cages with
corncob bedding under a 12 hour light and dark cycle with food and water
provided ad libitum. Only rats deemed healthy and unstressed were utilized for

experimental procedures. These studies are in compliance with the ARRIVE
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guidelines and the recommendations made by the British Journal of
Pharmacology?'®.

In brief, rats were anesthetized with an intraperitoneal pentobarbital
injection (150 mg/kg). Upon lack of response to bilateral toe pinches, the hearts
were then excised and attached via the aorta to a Langendorff apparatus. After
perfusion with a Ca?*-free solution containing collagenase and protease, the
ventricles were removed, minced, and isolated myocytes were collected by
filtering through nylon mesh. These cells were then plated in minimum essential
media (MEM) (Life Technologies, CA) supplemented with penicillin-streptomycin
(100 U/ml and 100 ug/mL), bovine serum albumin (BSA) (1 mg/ml), 2,3-
butanedione monoxime (10mM), and insulin-transferrin-selenium (1x). After 1
hour of incubation at 37° C and 5% CO., the cells were treated with adenovirus
encoding either Epac2-aKAP or Epac2-camps. Transduced cells were kept in

culture for no more than 72 hrs.

Immunocytochemistry and Confocal Imaging

Freshly isolated myocytes were plated on 35 mm glass-bottom
fluorodishes (World Precision Instruments, Inc, FL) coated with 0.01% poly-L-
lysine (Sigma Aldrich, MO). After transduction with Epac2-aKAP, cells were fixed
with 4% paraformaldehyde for 15 min at room temperature, permeabilized with
0.3% Triton X-100 for 30 min, and blocked with 1% BSA for 30 min. These cells
were then incubated with mouse anti-SERCA2 monoclonal antibody (1:100)

[Thermo Fisher Scientific, Cat# MA3-919, RRID: AB_325502] overnight at 4° C,
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followed by goat anti-mouse IgG (H+L) Alexa Fluor 647 (1:500) [Thermo Fisher
Scientific, Cat# A-21235, RRID: AB_2535804] for 1 hour at room temperature.
Samples were then counterstained with 0.3 pg/mL 4',6-diamidino-2-phenylindole
(DAPI) for 10 min. Cells were washed twice with phosphate buffered saline
(PBS) between each step. Confocal microscopy was performed using an
Olympus Fluoview 1000 microscope with a 60x oil objective (PlanApo N, NA
1.42, WD 0.15 mm). Epac2-aKAP fluorescence was excited using a 488 nM
argon laser and Alexa Fluor 647 fluorescence was excited using a 635 nM diode

laser. Image and line intensity analysis was performed using ImagedJ software.

GSDIM Super-resolution Microscopy

Isolated ARVMs were plated on coverslips (1.5#, Marienfeld Superior,
Germany) cleaned by sonicating with 5 N NaOH for 2 hrs, rinsed with water, and
then coated with collagen (20 pg/mL) for 30 min. After transduction with either
Epac2-aKAP or Epac2-camps, cells were fixed with 3% PFA/0.1%
glutaraldehyde for 15 min at 37° C, treated with 10 mM sodium borohydride for
10 min, permeabilized with 0.1% Triton-X for 20 min, and blocked with 50% SEA
Block (Thermo Fisher Scientific, MA) in PBS solution for 2 hrs. SERCAZ2 was
labeled with a monoclonal antibody [Thermo Fisher Scientific, Cat# MA3-919,
RRID: AB_325502] overnight at 4°C at a 1:100 dilution in 20% SEA Block, 0.05%
Triton-X and 1% BSA in PBS. After washing with 20% SEA Block in PBS
solution, anti-mouse Alexa Fluor 568 secondary antibody (1:1000 in PBS)

[Thermo Fisher Scientific, Cat# A-11004, RRID: AB_2534072] was added for 2
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hrs. Epac2-aKAP and Epac2-camps were labeled with GFP booster nanobody
conjugated to Alexa Fluor 647 [ChromoTek, Cat# gb2AF647-50, RRID:
AB_2827575] at a 1:500 dilution. Cells were washed with PBS between steps.

The coverslips were then mounted on a depression slide with Glox-MEA
imaging buffer (50 mM Tris/10 mM NaCl (pH 8), 10 mM mercaptoethylamine (pH
8), 10% glucose, 0.50 mg/mL glucose oxidase, and 58 ug/mL catalase)?'’. Cells
were imaged using a Leica DMI6000B microscope with a 160x HCX PL-
APO/1.47 NA objective capable of super-resolution imaging using ground-state
depletion with individual molecule return (GSDIM) microscopy. The system is
equipped with a 523 nm laser used to image the Alexa Fluor 568 secondary
antibody and a 647 nm laser used to image the GFP booster antibody. An
electron multiplying charge-coupled device (EMCCD) camera (iXon3 897, Andor
Technology, UK) was used to acquire images.

Typical acquisition parameters were 10 ms exposure per frame, EM gain
of 300 and 8000-10000 frames at a rate of 100 Hz. 100% laser intensity was
used to transfer the fluorophores to dark-state and was reduced to 40-50% to
maintain blinking of single emitters. Localization maps were constructed in the
Leica LAX software and exported after background correction. Post-acquisition
images were merged in NIH Imaged software after correcting for lateral
chromatic aberrations using 100 nm fluorescent TetraSpeck microspheres
(T7279, Invitrogen, CA) with the Detection of Molecules (DoM) plugin for ImageJ.
PSFj was used to evaluate the point spread function and determine a full width at

half-maximum (FWHM) of 29 + 2.1 nm?'8, Non-transduced ARVMs were
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incubated with secondary antibodies (A-11004 and gb2AF647-50) to measure

non-specific labeling (Supplemental Figure 1).

Calibration of Biosensor

Human Embryonic Kidney 293 (HEK293) [ATCC Cat# CRL-1573,
RRID:CVCL_0045] cells kept in DMEM supplemented with 10% fetal bovine
serum were transduced with Epac2-aKAP 48 hours before being lysed for in vitro
FRET measurements, as described previously'4%2'°. Briefly, HEK293 cells
expressing Epac2-aKAP were washed twice with ice-cold PBS, scraped from the
culture dishes, and then centrifuged for 5 min at 200 g. The resulting cell pellet
was resuspended in 5 mM Tris-HCI, 2 mM EDTA (pH 7.3) and lysed by passing
through a 21-gauge needle. The lysates were then centrifuged at 200,000 g for
20 min at 4° C. The resulting supernatant was collected and plated in a 96 well
plate with varying concentrations of cCAMP. A Chameleon V multitechnology plate
reader (Hidex, Finland) was used to excite eCFP with a 440/20 band pass filter,
and measure eCFP and eYFP (FRET) fluorescence with 480/30 and 535/24
band-pass filters, respectively. The eCFP/eYFP fluorescence ratio was then
plotted as a function of the cAMP concentration and fit to a three parameter
logistic equation using SigmaPlot (Systat Software, Inc. CA) to determine the

ECso and Hill coefficient.
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Fluorescence Resonance Energy Transfer (FRET)

Isolated myocytes transduced with adenovirus encoding either Epac2-
aKAP or Epac2-camps were imaged as previously described!78215220221 Cells
were perfused with an extracellular solution containing (in mM): 137 NaCl, 5.4
KClI, 0.5 MgCl., 1 CaClz, 0.33 NaH2PO4, 5.5 glucose, and 5 HEPES (pH 7.4) at
room temperature. Fluorescence images were collected simultaneously through
440/20 (eCFP) and 535/24 (eYFP) band-pass filters using an OrcaD2 dual chip
CCD camera attached to an Olympus IX71 inverted microscope. HClmage
software (Hamamatsu, Inc., Japan) was used for acquisition and analysis.
Changes in cAMP activity were defined as the change in eCFP/eYFP
fluorescence intensity ratio (AR) corrected for background and bleed-through
relative to the baseline ratio (Ro). To account for differences in dynamic range
when comparing results obtained using Epac2-camps and Epac2-aKAP, the
FRET responses of each probe were normalized to the magnitude of the
saturating response elicited in each cell following exposure to maximally
stimulating concentrations of the non-selective BAR agonist isoproterenol (Iso, 1
MM) plus the non-selective PDE inhibitor 3-isobutyl-1-methylxanthine (IBMX, 100
UM).

The basal concentration of CAMP detected by Epac2-aKAP in situ was
estimated using a previously described method'4?:178219_ This involved
determining the minimum FRET response following exposure of cells to the
adenylyl cyclase (AC) inhibitor MDL 12330A and the maximum FRET response

following exposure to Iso plus IBMX.
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Electrophysiology

A Multiclamp 700B amplifier, Digidata1440A digitizer, and pClamp
software (v11, Molecular Devices, CA) were used to record whole-cell LTCC
currents in ARVMs expressing Epac2-aKAP or Epac2-camps or control ARVMs
cultured for an equivalent time period. The cells were perfused with a modified
extracellular solution in which KCI was replaced with CsCl. Micro-electrodes (1-2
MQ resistance) were filled with an intracellular solution containing (in mM): 130
CsCl, 20 TEA-CI, 5 EGTA, 5 MgATP, 0.06 TrisGTP, and 5 HEPES (pH 7.2) at
room temperature. The voltage-clamp protocol included a -80 mV holding
potential, a 50 ms pre-pulse to -40 mV to inactivate Na* channels, and a 100 ms
test pulse to 0 mV to elicit the L-type Ca?* current (Ica-L). This protocol was

repeated once every 5 s to monitor changes in lca.L magnitude.

Materials/Chemicals

Erythro-9-(2-hydroxy-3-nonyl) adenine, cilostamide, rolipram, MDL
12330A, CGP 20712A, and ICI 118,551 were purchased from Tocris Bioscience
(Bristol, UK). MEM, penicillin-streptomycin, and insulin-transferrin-selenium were
purchased from Life Technologies (Carlsbad, CA). All other chemicals were

purchased from Sigma-Aldrich (St. Louis, MO).

Data and Statistical Analysis
Data are presented as the mean + SEM from the indicated number of cells

(n) obtained from the indicated number of animals (N). Cardiac myocytes from
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each rat were randomly allocated to different experimental groups. Power
calculations were used to determine appropriate sample sizes. All experimental
protocols include data from at least one male and one female animal. However,
the numbers of each were not sufficient to allow a valid statistical comparison of
responses based on gender. Because of the easily identifiable nature of the
images, data analysis was not blinded. In addition, because of the limited number
and variability of the results obtained from cells isolated from any given heart, all
values were assumed to be independent measurements???, and n values were
employed for statistical comparisons using SigmaPlot (v13, Systat Software, Inc,
CA). Data normality was tested using the Shapiro-Wilk test. Unpaired two-tailed
Student’s t-tests were used for comparison between two unrelated groups and
one-way ANOVAs with multiple comparison (Bonferroni t-test) were performed
for multiple unrelated groups. Post hoc tests were only performed if F was
significant and there was no variance inhomogeneity. Statistical significance was
defined as p < 0.05. The data and statistical analysis comply with the
recommendations of the British Journal of Pharmacology on experimental design
and analysis in pharmacology??3. The data collected and presented as part of this
study are available upon reasonable request by contacting the corresponding

author.

Nomenclature of Targets and Ligands
Key protein targets and ligands in this article are hyperlinked to

corresponding entries in http://www.guidetopharmacology.org, the common
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portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY??, and are

permanently archived in the Concise Guide to PHARMACOLOGY 2019/20225226

3.4 Results
Generation of an SR targeted FRET probe

To study the cAMP signaling dynamics associated with the microdomain
surrounding the non-junctional or free SR, we fused the Epac2-camps probe
(Nikolaev et al., 2004) to the hydrophobic N-terminal transmembrane domain
from the a-kinase anchoring protein (aKAP)?'4. aKAP is a Ca?*/calmodulin-
dependent protein kinase Il (CaMKII) anchoring protein that targets CaMKII to
the SR membrane??8. aKAP is localized specifically to the free SR2', where it
complexes with SERCA2%?°. More importantly, previous studies have shown that
the N-terminal hydrophobic domain is necessary to properly target aKAP to the
SR214’228’229.

Confocal images of ventricular myocytes expressing Epac2-aKAP exhibit
a distinct striated pattern, similar to that of immunolabeled SERCAZ2 (Figure 1A
and Supplemental Figure 2). Ground-state depletion with individual molecule
return (GSDIM) super-resolution microscopy was performed to demonstrate that
the Epac2-aKAP probe is located in close proximity to SERCAZ2 (Figure 1B). This
is in contrast to the Epac2-camps probe, which is expressed in the cytosolic
domain of cells'’. Although cardiac myocytes expressing the Epac2-camps
probe also appear to exhibit a striated pattern (Figure 1C), this most likely

represents the displacement of the cytosolic free-space by T-tubules and other
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intracellular structures (Figure 1D). Previous studies using fluorescence recovery
after photobleaching have demonstrated that the rapid diffusion rate of Epac2-

camps is consistent with cytosolic expression of Epac2-camps in ARVMs'78.

A Epac2-aKAP Epac2-aKAP SERCA2 Merge

| eYFPIEpaCZ .. -

Epacz camps EpaCZ camps SERCA2 Merge

C

eYFP EpacZ

Figure 1: FRET biosensor expression and localization in adult rat
ventricular myocytes (ARVMs)

Schematic representation of the Epac2-aKAP (A) and Epac2-camps (C)
biosensors and representative confocal images of myocytes expressing each
probe. Representative super-resolution images of fixed ARVMs expressing
Epac2-aKAP (B) and Epac2-camps (D) (n/N = 12/3 for each probe). Left hand
panels are of each probe labeled with a GFP antibody. Center panels are the
same cells co-labeled with SERCAZ2 antibody. Right hand panels represent the
merged images, with the ROI magnified 4x (insets). White scale bar: 3.0 um. See
Methods for details.

The cAMP sensitivity of Epac2-aKAP was determined by measuring FRET
responses of the probe in a cell-free system. The resulting concentration-
response curve demonstrates that cAMP activates Epac2-aKAP with an ECsp of
0.64 uM and a Hill coefficient of 1.0 (Supplemental Figure 3). This is similar to

Epac2-camps, which we previously reported as having an ECsg of 0.31 uM and
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Hill coefficient: 0.84'4°. Furthermore, the dynamic range of the FRET response of
Epac2-aKAP in vitro was 25 + 0.35% (n/N = 6/3).

When expressed in ARVMs, the cAMP response detected by Epac2-
oKAP was saturated by exposure to maximally stimulating concentrations of the
non-selective BAR agonist isoproterenol (Iso, 1 yM) plus the non-selective

phosphodiesterase (PDE) inhibitor 3-isobutyl-1-methylxanthine (IBMX, 100 uyM)

(Figure 2A). The size of this FRET response was 11 £ 0.40% (n/N = 40/12)
(Figure 2C). This is significantly less than the magnitude of the maximal FRET
response measured under cell-free conditions (see Supplemental Figure 3). This
can be explained if the probe is partially activated under baseline conditions??’.
Consistent with this hypothesis, exposure of cells expressing Epac2-aKAP to the
non-selective adenylyl cyclase inhibitor MDL 12330A (MDL, 100 pM) resulted in
a decrease in the baseline FRET response by -13 £ 1.8% (n/N = 8/3) (Figure 2B
and C). This indicates that the dynamic range of the probe’s response in situ
(24%) is similar to that observed under cell-free conditions.

This information can also be used to estimate the basal cAMP
concentration detected by Epac2-aKAP at 816 nM + 117 nM'7821®_ This means
that basal cAMP activity is near the ECsq for activation of the probe, making it
ideally suited to detect any changes. Furthermore, Epac2-aKAP expressed in
ARVMs responded to cAMP produced by exposure to various concentrations of
Iso alone with an ECsp of 3.8 nM (Figure 2D, E, and F), which is similar to the Iso

sensitivity of various functional responses in these cells.
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Figure 2: Characterization of Epac2-aKAP cAMP detection in vivo

(A) Maximum Epac2-aKAP response in a ventricular myocyte exposed to Iso (1
uM) plus the non-selective phosphodiesterase inhibitor 3-isobutyl-1-
methylxanthine (IBMX, 100 uM). (B) Minimum Epac2-aKAP response in a
ventricular myocyte exposed to the non-selective adenylyl cyclase inhibitor MDL
12330A (MDL, 100 uM). (C) Average maximum (positive) and minimum
(negative) Epac2-aKAP responses measured in ventricular myocytes. (D)
Representative time course of Epac2-a KAP response following exposure to Iso
(10 nM) and subsequent saturation of the probe with Iso (1 uM) plus IBMX (100
uM) (n/N = 10/3). (E) Pseudocolor images of FRET-ratio recorded at time-points
indicated in panel D. Yellow scale bar: 10 um. (F) Concentration dependence of
Epac2-aKAP response in ventricular myocytes exposed to various
concentrations of Iso (ECso, 3.8 nM; Hill Coefficient, 0.9) (n/N = 10-14/3-4).

To determine if expression of these biosensors may have somehow
altered the responses they were being used to measure, we evaluated the effect
of BAR stimulation on the functional change in Ica.L produced by exposure to 30
nM Iso using the whole cell patch clamp technique (Supplemental Figure 4).
Neither probe affected the magnitude of the lca.L current density (control: 3.0 +

0.6 pA/pF, n/N = 10/6; Epac2-aKAP: 3.4 £ 0.3 pA/pF, n/N = 5/5; and Epac2-
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camps: 3.3 = 0.8 pA/pF, n/N = 6/3). Additionally, there was no significant
difference in the relative change in size of the IcaL produced by Iso (control: 102
1+ 9.2%, n/N = 10/6; Epac2-aKAP: 95 + 15%, n/N = 5/5; and Epac2-camps: 102 +
13%, n/N = 6/3). This suggests that expression of the biosensors did not

significantly affect cCAMP responses in these cells.

Distinct cAMP responses to selective pAR stimulation

The effects of B1and B2AR stimulation on cAMP activity were recorded in
ARVMs expressing either Epac2-camps or Epac2-aKAP. The freely diffusible
Epac2-camps probe was used to detect cAMP responses occurring throughout
the entire cytosolic compartment, while the targeted Epac2-aKAP probe was
used to monitor changes in CAMP occurring near SERCAZ in the non-junctional
SR. Epac2-camps and Epac2-aKAP detect similar levels of basal cCAMP and the
dynamic range of Epac2-aKAP (24%) is not very different from that of Epac2-
camps (21%)'"8. Therefore, comparisons between the two probes were made by
normalizing the size of the responses to selective 1 or B2AR stimulation to the
magnitude of the saturating response to 1 uM Iso plus 100 uM IBMX in the same
cell.

Selective B1AR stimulation was achieved by exposure to 10 nM Iso in the

presence of the selective 32AR antagonist ICI 118,551 (ICI, 300 nM). Under

these conditions, the Epac2-camps probe detected a FRET response that was
65 + 2.8% (n/N = 10/4) of the maximal response produced by subsequent

exposure to Iso plus IBMX (Figure 3A and C). The Epac2-aKAP probe detected a
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response to 31AR stimulation that was significantly smaller (46 + 6.4%, n/N =
10/4) than that detected by Epac2-camps (Figure 3B and C). These results
indicate that selective 31AR stimulation is able to produce a cAMP response that
can be observed globally throughout the cytosolic compartment, including the
microdomain near SERCAZ2.

B2AR stimulation was achieved by exposure to the same concentration of
Iso (10 nM) in the presence of the selective 1AR antagonist CGP 20712 (CGP,
100 nM). Under these conditions, Epac2-camps detected a FRET response that
was 12 + 4.5% (n/N = 10/4) of the maximal response to Iso plus IBMX (Figure 3D
and F). However, Epac2-aKAP did not appear to respond to B2AR stimulation.
The FRET ratio measured in the presence of Iso plus CGP (2.4 + 2.1%, n/N =
14/4) was significantly smaller than that detected by Epac2-camps (Figure 3E
and F). These results indicate that while selective 32AR stimulation is able to
stimulate cAMP production in ARVMs, it is not reaching the microdomain near
SERCAZ in the non-junctional SR. To verify that the small response detected by
Epac2-camps was indeed due to activation of f2ARs and not incomplete block of
B1ARs, we demonstrated that 10 nM Iso produced no change in cAMP activity
detected by either probe in the presence of 100 nM CGP plus 300 nM ICI

(Supplemental Figure 5).
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Figure 3: Microdomain specific cAMP responses to selective activation of
B1 or B2ARs in adult ventricular myocytes

Time course of B1AR responses elicited by exposure to 10 nM Iso in the
presence of the selective B2AR antagonist ICI 118,551 (ICI, 300 nM) in a myocyte
expressing (A) Epac2-camps (red) or (B) Epac2-aKAP (blue). Time course of
B2AR responses elicited by exposure to 10 nM Iso in the presence of the
selective B2AR antagonist CGP 20712A (CGP, 100 nM) in a myocyte expressing
(D) Epac2-camps or (E) Epac2-aKAP. Responses to 1 or B2AR activation were
normalized to the magnitude of the maximal FRET response of the probe elicited
by subsequent exposure to Iso (1 uM) plus IBMX (100 uM) in the same cell. (C)
Average B1AR responses in Epac2-camps or Epac2-aKAP expressing cardiac
myocytes. (F) Average 2AR responses in Epac2-camps or Epac2-aKAP
expressing cardiac myocytes. Statistical significance between groups (#) was
determined by unpaired two-tailed Student’s t-tests.

Differential Responses to PDE Inhibition

PDE activity is believed to play an important role in creating segregated
cAMP microdomains?3°. The three primary subtypes of cAMP metabolizing PDEs
studied in mammalian ventricular myocytes are PDE2, PDE3, and PDE4%*'. To

evaluate the relative contribution of each isoform in regulating cAMP activity
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within the cytoplasmic domain in general, and the microdomain near SERCAZ2 in
the free SR specifically, we examined the effects of selective PDE inhibition on
changes in basal cAMP activity detected by Epac2-camps and Epac2-aKAP.

For Epac2-camps, selective inhibition of PDE3 activity with cilostamide (10
pMM) elicited a FRET response (67 £ 6.5%, n/N = 11/3) that was significantly
greater than that produced by inhibition of either PDE2 or PDE4. Furthermore,

selective inhibition of PDE2 activity with erythro-9-(2-hydroxy-3-nonyl) adenine

(EHNA, 10 uM) elicited a response (36 + 5.4%, n/N = 11/4) that was significantly
greater than that produced by inhibition of PDE4 activity with rolipram (10 yM)
(12 £4.1%, n/N = 10/4) (Figure 4A and B). However, in myocytes expressing
Epac2-aKAP, the responses to inhibition of PDE2 (30 £ 5.5%, n/N = 12/5), PDE3
(42 £ 8.4%, n/N = 13/6), and PDE4 (28 £+ 5.8%, n/N = 10/4) were not significantly
different (Figure 4C and D). These results indicate that while PDE2 and PDE3
play a more important role in regulating cAMP throughout the cytosolic domain,
all three isoforms appear to play an important role in regulating cAMP activity in

the microdomain near SERCA2.
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Figure 4: Microdomain specific cAMP responses to selective inhibition of
different phosphodiesterase (PDE) isoforms in adult ventricular myocytes

Time course of CAMP responses detected by Epac2-camps (A) or Epac2-aKAP
(C) following selective inhibition of PDE2 with 10 uM EHNA, PDE3 with 10 uM
cilostamide (cil), or PDE4 with 10 uM rolipram (rol). Responses to PDE inhibition
were normalized to the magnitude of the maximal FRET response of each probe
elicited by subsequent exposure to Iso (1 uM) plus IBMX (100 uM), in the same
cell (not shown). Average responses to selective PDE inhibitors detected by
Epac2-camps (B) or Epac2-aKAP (D). Statistically significant responses (#) were
identified by one-way ANOVA, with post hoc comparison (Bonferroni t-test)
between groups where appropriate.

PDE regulation of f2AR cAMP signaling microdomains

The previous experiments demonstrate the importance of PDE activity in
regulating basal cAMP levels within different microdomains. This would suggest
that PDEs might also be a factor affecting the ability of cCAMP produced by 2AR

stimulation from reaching the microdomain where SERCAZ2 is located. To test
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this hypothesis, we examined the effect that selective inhibition of different PDE
isoforms had on the cAMP response detected by Epac2-camps and Epac2-aKAP
following subsequent B2AR activation.

The responses to B2AR stimulation detected by Epac2-camps in the
presence of the PDE inhibitors EHNA (15 £ 2.9%, n/N = 11/4), cilostamide (18
3.9%, n/N = 11/3), or rolipram (1.6 + 2.8%, n/N = 10/4) were not significantly
different from those observed in the absence of PDE inhibition (Figure 5A-D).
However, as opposed to the absence of a response to 2AR stimulation
observed under control conditions, Epac2-aKAP did detect a significant increase
in cAMP activity in the presence of EHNA (23 + 5.9%, n/N = 12/5) or cilostamide
(20 £ 5.3%, n/N = 13/6). However, there was still no significant response
detected in the presence of rolipram (3.4 + 3.9%, n/N = 10/4) (Figure 5E-H).
These results suggest that PDE2 and PDE3, but not PDE4, play an important
role in regulating the ability of CAMP produced by $2ARs from reaching SERCA2

in the non-junctional SR.
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Figure 5: Microdomain specific effects of selective PDE isoform inhibition
on the cAMP response produced by B2AR activation

Time course of CAMP responses to selective activation of 2ARs with 10 nM Iso
in the presence of 100 nM CGP detected by Epac2-camps following inhibition of
PDE2 with 10 uM EHNA (A), PDE3 with 10 uM cilostamide (B), or PDE4 with 10
uM rolipram (C). Time courses of CAMP responses to selective activation of
B2ARs with 10 nM Iso in the presence of 100 nM CGP detected by Epac2-aKAP
following inhibition of PDE2 with 10 uM EHNA (E), PDE3 with 10 uM cilostamide
(F), or PDE4 with 10 uM rolipram (G). Responses to 32AR activation were
normalized to the magnitude of the maximal FRET response of each probe
elicited by subsequent exposure to Iso (1 uM) plus IBMX (100 uM), in the same
cell. Bar graphs indicate responses to B2AR stimulation detected by Epac2-
camps (D) and Epac2-aKAP (H) in the presence of EHNA, cilostamide, or
rolipram. Statistically significant responses (#) were identified by one-way
ANOVA with post hoc comparison (Bonferroni t-test) of B2AR responses
measured in the presence of each PDE inhibitor to those measured in the
absence of PDE inhibitor (see Figure 3).

3.5 Discussion

In the present study, we used a novel FRET-based biosensor, Epac2-
aKAP, to study cAMP responses near SERCAZ2 in the non-junctional SR of adult
ventricular myocytes. Epac2-aKAP has distinct advantages over other FRET-
based biosensors that have been used to track cAMP dynamics in the same
location. One such probe, Epac1-PLN, which consists of the Epac1-camps
biosensor attached to the N-terminus of PLN, has an ECso for cCAMP activation of
4.4 uyM and a dynamic range of 10%"'4%. Another probe, AKAP185-CUTie,
consists of the cyclic nucleotide binding domain from the type |13 regulatory
subunit of PKA attached to the A kinase anchoring protein 180, an AKAP that
associates with the PLN/SERCAZ signaling complex. The resulting biosensor
has an ECso for cAMP activation of 7.1 uM and a dynamic range of 24%"'°. While

the dynamic range of AKAP18d-CUTie is significantly improved over Epac1-PLN,
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both have a relatively low affinity for cAMP. The Epac2-aKAP probe used in the
present study has a dynamic range similar to that of AKAP185-CUTie, yet a
significantly higher affinity for cCAMP. Exposure to Iso elicited cAMP responses
with an ECso of 3.8 nM. This sensitivity to BAR stimulation is similar to that seen
for regulation of various functional responses in these cells?32233,

We then compared the cAMP responses detected by Epac2-camps and
Eapc2-aKAP produced by selective activation of 31 and B2AR stimulation. Epac2-
camps, which is expressed uniformly throughout the cytosol of the cell, was able
to detect responses to activation of both types of receptors. However, Epac2-
aKAP was able to detect cCAMP responses produced by B4, but not B2AR
stimulation (Figure 6A and B). These results are consistent with the idea that
B1AR stimulation produces a global increase in cAMP in cardiac ventricular
myocytes. This can be attributed to B1ARs expressed in lipid raft and non-raft
domains of the plasma membrane found in the T-tubules as well as the
peripheral sarcolemma?'%234. The ability to detect a B2AR mediated response
with a globally expressed probe like Epac2-camps is also consistent with
previous reports'#209, The relatively small magnitude of the response likely
reflects the fact that these receptors are only found in lipid raft domains of the
plasma membrane associated with restricted spaces along T-tubules'®. As such,
cAMP is only being produced in a small subset of the total cytosolic

compartment.
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Figure 6: Schematic depiction of BAR compartmentation under varying
conditions

(A) B1ARs are located throughout the sarcolemma of ventricular myocytes. They
stimulate production of cAMP that can be detected in dyadic cleft as well as free
SR microdomains by Epac2-camps (cytosolic) and Epac2-aKAP (free SR) FRET
probes. (B) B2ARs are primarily located in the T-tubules of ventricular myocytes
and produce a cAMP signal in dyadic clefts, which can be detected by Epac2-
camps. Under normal conditions, cCAMP produced by B2ARs is prevented from
reaching the SERCA2 microdomain due to hydrolysis by PDE2 and PDE3. (C)
Upon selective inhibition of either PDE2 or PDE3, cAMP generated by (32ARs is
able to reach the SERCA2 microdomain, where it can be detected by Epac2-
oKAP, indicating a loss of compartmentation.

Sprenger et al. (2015) reported that 1 and B2AR stimulation produce
responses that can be detected by the globally expressed Epac1-camps
biosensor. Yet, only B1ARs produced a response that could be detected by
Epac1-PLN. The inability of Epac1-PLN to detect a B2AR response might have
been explained by its low affinity for cAMP. Our results with Epac2-aKAP support
the conclusion the 32ARs are unable to stimulate a cAMP response that reaches

SERCAZ2 under control conditions. The similarity of these findings also addresses
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to maintain our cells in culture while waiting for the biosensors to be expressed,
and studies have found that time in culture can affect certain properties of
cardiac myocyte?35. However, BAR responses have been reported to be stable
for several days?®, consistent with the present findings. More importantly, the
similarity between our findings and those obtained using acutely isolated cardiac
myocytes from transgenic animals constitutively expressing FRET
biosensors'48209 suggests that the time in culture did not affect our results.

The ability of 31 but not B2ARs to produce a cAMP response that reaches
SERCAZ2 is consistent with the observation that activation of 31 but not 2ARs
results in PKA-dependent phosphorylation of PLN and a subsequent increase in
SERCAZ2 activity?®8. This may explain why B2AR stimulation is unable to produce
a positive lusitropic response. Several different mechanisms have been
suggested to explain this behavior. One involves the fact that f2ARs couple to an
inhibitory G protein (G;) signaling pathway in addition to stimulatory G protein
(Gs)-dependent activation of adenylyl cyclase®¥. Inhibition of G; signaling with
pertussis toxin has been reported to unmask 2AR phosphorylation of PLN and
increase the rate of cardiac myocyte relaxation'°. The explanation for this
observation is not known, but one hypothesis has been that the Gi-dependent
effect is due to the activation of a phosphatase?®. An alternative hypothesis is
that G; signaling somehow prevents cAMP produced by 32ARs from propagating
throughout the cell, where it might result in PKA-dependent phosphorylation of
PLN. Previous studies using globally expressed FRET based biosensors have

demonstrated that cAMP produced by ($2ARs is not able to move freely
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throughout the cell. However, pertussis toxin inhibition of G; did not affect that
behavior'05:209,

It has also been suggested that Gi-independent mechanisms involving
PDE activity contribute to the compartmentation of cAMP produced by B2ARs?*.
We found that inhibition of PDE2, PDE3, or PDE4 alone produced changes in
basal cAMP activity detected by Epac2-aKAP. This is consistent with evidence
obtained in previous studies demonstrating a close association of PDE3 and
PDE4 activity with SERCA2240241 Although these results suggest that all three
isoforms play an important role in regulating cAMP activity near SERCAZ2, they
do not necessarily explain what is responsible for preventing cAMP produced by
B2ARs from reaching this location.

Interestingly, we found that inhibition of PDE2, PDES3, or PDE4 did not
enhance the response to 32AR stimulation detected by Epac2-camps. However,
inhibition of either PDEZ2 or PDE3 activity did unmask a cAMP response that
could be detected by Epac2-aKAP following B2AR stimulation (Figure 5H). This is
in stark contrast to the absence of a 32AR mediated cAMP response under
control conditions (Figure 3F). Despite evidence that PDE4 is associated with
SERCAZ, inhibiting its activity did not reveal a response following 2AR
stimulation. This suggests that PDE2 and PDE3 play an important role in
preventing cAMP propagation from the B2AR to SERCAZ2, but once it reaches
that location, all three PDE isoforms play a role in regulating its activity. This is
however in contrast to functional studies in rat ventricular tissue demonstrating

that inhibition of PDE3 and/or PDE4, but not PDEZ2, enhances a positive
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lusitropic effect attributed to B2AR stimulation?'"-2'3, Inhibiting more than one PDE
subtype at a time might have revealed a potential role for PDE4 in limiting 32AR
production of cAMP from reaching SERCA2. However, basal adenylyl cyclase
activity in these cells is quite high, and inhibition of more than one PDE isoform
at a time produces synergistic responses that typically saturate our biosensors,
preventing us from testing this possibility.

We also found that inhibition of PDE2 or PDE3 had a much more
significant effect on global cAMP activity detected by Epac2-camps under basal
conditions, while the effect of inhibiting PDE4 activity was relatively minor. This
suggests that PDE2 and PDE3 activity located somewhere between the 32AR
and SERCA2 are important in preventing cAMP from reaching the free SR and
enhancing relaxation (Figure 6C). Additional factors affecting the movement of
cAMP, such as restricted spaces and PKA-buffering, may be involved as
well'?%242 |nterestingly, the cAMP hydrolyzing activity of PDE2 and PDE3 but not
PDE4 are differentially regulated by cGMP?43. cGMP could therefore also be an
upstream regulatory factor affecting compartmentation of cCAMP produced by
B2ARs.

Contrary to our finding, it has been reported that PDE4 inhibition has a
much greater effect on the global cAMP response detected by Epac1-camps
under basal conditions in adult mouse ventricular myocytes'#. The apparent
inconsistency may reflect a species-dependent difference. The same study also
demonstrated that inhibition of PDE2, PDES3, or PDE4 affects basal cAMP activity

detected by Epac1-PLN in the SERCAZ2 domain of mouse myocytes. This is
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similar to our present results using Epac2-aKAP in rat myocytes. Other studies
have demonstrated that inhibition of PDE4 activity can influence cAMP
production by B2ARs measured using cytosolic or plasma membrane targeted
biosensors'95:209.244 \\e are not aware of any study that has examined the effect
that inhibiting PDE activity has on 32AR production of cAMP in the non-junctional
SR near SERCA2.

The results from the present study identify potential new targets for
pharmaceutical treatment of conditions such as heart failure with preserved
ejection fraction, where inadequate relaxation during diastole is a problem?*. By
inhibiting PDE activity, it may be possible to selectively enhance relaxation, while
limiting deleterious side effects. For example, PDE3 inhibitors such as milrinone
are currently used to provide short term benefits in treating some forms of heart
failure. However, long term use is limited by their propensity to cause life
threatening arrhythmias?4¢. Selective inhibition of PDE2 or PDE4 activity may
represent novel approaches to enhancing relaxation during diastole by facilitating
cAMP-dependent regulation of SERCAZ2. Future studies are needed to identify

specific PDE isoform subfamilies that may be involved in humans.
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3.6 Supplemental Information

647 nm Laser 523 nm Laser Merge

Supplemental Figure 1

Epac2-aKAP (647 nm) and SERCAZ2 (523 nm) super-resolution negative
controls. Representative images from each super-resolution laser channel of
non-transduced ARVMs prepared for super-resolution microscopy without
SERCAZ2 primary antibody as described in the Methods section (n/N = 12/3).
White scale bar: 3 um.

Epac2-aKAP SERCA2 Merge 200 —— Epac2-oKAP
—— SERCA2

4 8 12
Distance (um)

Supplemental Figure 2

Epac2-aKAP and SERCA2 immunocytochemistry confocal images and line scan.
(A) Representative confocal images of a fixed myocyte expressing Epac2-aKAP
(left) that has been immunolabeled with a SERCA2 antibody (center) (n/N =
14/4). Correct targeting of Epac2-a KAP was confirmed by overlap of
fluorescence in merged image (right). Fluorescence intensity profile of Epac2-
aKAP (green) and labeled SERCAZ2 (red) measured along the white line in the
merged image (far right). Yellow scale bar: 10 um.
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Supplemental Figure 3

Concentration dependent response of Epac2-aKAP to cAMP in a cell free
system. See methods for details. ECso = 0.64 uM and Hill coefficient = 1.0 (n/N =
6/3). The dynamic range was 25 £ 0.35%.
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Supplemental Figure 4

B-Adrenergic receptor (BAR) modulation of L-type Ca?* current (Ica-L) in control
cultured (72 hrs.) adult rat ventricular myocytes (ARVM) and cultured ARVMs (72
hrs.) expressing Epac2-aKAP or Epac2-camps. Representative tracings of peak
amplitude IcaL (pA) with corresponding inset Ica.L channel currents for (A) control,
(B) Epac2-camps, and (C) Epac2-aKAP ARVMs. BAR responses elicited through
30 nM isoproterenol (Iso). (D) Quantification of baseline lca.L current densities
between control, Epac2-camps, and Epac2-aKAP reveal no significant
differences. (E) No significant difference in lca.L peak amplitude responses to 30
nM Iso between control, Epac2-camps, and Epac2-aKAP.
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Supplemental Figure 5

Complete inhibition of the response to 10 nM Iso in the presence of the selective
B1AR antagonist CGP 20712A (CGP, 100 nM) and the selective B2AR antagonist
ICI 118,551 (ICI, 300 nM). Average responses detected by Epac2-camps and
Epac2-aKAP in adult ventricular myocytes. Measurements were normalized to
the magnitude of the maximal FRET response of each probe elicited by
subsequent exposure to Iso (1 uM) plus IBMX (100 pM), in the same cell.
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41 Conclusion

In testament to the vast and complex nature of cAMP signaling in the
heart, much is yet to be discovered even after more than six decades of intense
investigatory focus. The research contained in this dissertation explores two
critical aspects of this area of study: cardiac myocyte receptor regulation of
cAMP and cAMP compartmentation.

Chapter 2 directly addresses the effects of a1-adrenergic receptor (a1AR)
activity on cardiac myocyte cAMP. Previous studies have demonstrated that
a1AR activation was able to inhibit -adrenergic receptor (BAR) induced
functional effects. However, the canonical a.1AR G-protein signaling pathway
does not directly rely on cAMP like the BAR signaling pathway. The research
presented in this dissertation provides evidence that a.1AR activation triggers a
tyrosine kinase mediated signaling pathway that acts at the level of the BAR to
regulate cAMP. Furthermore, it was shown that this pathway did not involve
upregulation of phosphodiesterase (PDE) activity and occurred in response to
endogenous catecholamine (norepinephrine) stimulation.

While this research has provided important advances in the
comprehension of a1AR signaling in the heart, there are many questions
remaining. Of primary interest, is to further define and clarify the signaling
pathway starting from o1AR stimulation and ending with inhibition of AR-
triggered cAMP production. One of the first tasks is to confirm which a1AR

isoforms are involved in the signaling pathway. In cardiac myocytes, the a1aAR
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and a18AR isoforms are expressed'®®. Studies involving transgenic mice and
pharmacologically specifically stimulated receptor subtypes have shown that the
a1AR subtypes have differential effects, especially in regards to contractile
properties’247_|t has been suggested that a.1aARs are the isoform responsible
for the a1AR inhibition of BAR functional effects. Therefore, repeating several key
experiments from the study described in Chapter 2 using isoform specific
pharmacological agents could help confirm if the a.1aAR isoform is also
responsible for the a1AR regulation of CAMP.

Once the subtype of a1AR at play is identified, the specific type of G-
protein coupling to these receptors can be determined as well. As previously
described, the Gq G-proteins are commonly accepted as the main G-proteins
coupled to a1AR receptors. However, evidence has been found that a1/ARs may
also couple to Gy, G-proteins#%248, These observations would suggest several
possible avenues of G-protein signaling. However, a prior study demonstrated
that the a1AR inhibition of BAR induced functional effects is insensitive to
pertussis toxin (PTX), which inhibits Gi, signaling’’®. Additionally, another
functional study demonstrated that the a1AR effect persisted in the presence of
PKC inhibition'”3. These two observations would indicate that the method of G-
protein signaling is a non-PKC Gq pathway. Confirmation of these results in
cAMP studies and further investigation to determine the responsible pathway are

still needed.
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The results in Chapter 2 demonstrated that the a1AR regulation of cAMP
involves tyrosine kinase (TK) signaling, but the specific TKs involved still need to
be ascertained. A useful first step would be to identify whether the TK is receptor
or non-receptor in form?*°. The inhibitors used in the experiments of Chapter 2
(lavendustin A and genistein) are non-selective for receptor and non-receptor
TKs?0. Therefore, future experiments should employ more specific inhibitors to
help differentiate among the types and families of TKs.

Trying to predict the TK signaling pathway(s) involved with the currently
available evidence is a daunting task. A multitude of TKs exist in the heart, each
forming elaborate signaling networks with intricate regulatory mechanisms?".
Making matters more complicated, receptor coupled G-protein regulation of many
different TK signaling pathways is well documented?®2. As previously discussed,
determining the G-protein coupled to the a.1AR in this case would be very useful.
Ggq has been shown to activate the ERK1/2, JNK, p38MAPK, p38MAPKY/ERK®G,
ERKS tyrosine kinase pathways. G;, on the other hand, has been shown to
stimulate ERK1/2 (through a or By subunits) and JNK. Without further clarification
on the type of coupled G-protein, focusing on the four best characterized
mitogenic activated protein kinase (MAPK) pathways (ERK1/2, JNK, p38, ERKS5)
would be a solid starting point. Another approach to determining which TKs are
involved would be to investigate receptor tyrosine kinases (RTKs) directly. RTKs,
such as the insulin and insulin-like growth factor-1 receptor, have been shown to
directly phosphorylate B2ARs leading to inhibition of B2AR function'®*. Narrowing

down which TK pathways and/or receptors are involved could be performed



95

through pharmacological or genetic manipulation of individual TKs in each
pathway.

Beyond expanding the basic science understanding of cardiac signaling,
discovering the modality behind a1AR regulation of BAR induced cAMP could
have important consequences for the treatment of heart failure. a1ARs are
largely believed to mediate cardioprotective physiological responses in cases of
heart failure including adaptive hypertrophy, increased inotropy, ischemic
preconditioning, and cardiac myocyte survival**. This is in contrast to chronic
BAR stimulation in heart failure, which leads to deleterious cardiac results®. As
seen in the results from Chapter 2 of this dissertation, the a1AR inhibitory effect
of BAR cAMP activity occurs in response to the endogenous catecholamine
norepinephrine (NE). Therefore, it is possible that the cardioprotective effects of
o1AR signaling could be tied to its inhibition of BAR signaling. Validation of this
concept could be initially tested through NE and NE + Prazosin FRET
experiments, similar to the ones performed in Chapter 2, utilizing cardiac
myocytes from animals with induced heart failure. These experiments could
reveal whether the a1AR inhibition of BAR cAMP still occurs or even possibly
increases in the setting of heart failure. If this signaling pathway still occurs, it
could be possibly leveraged through the application of a.1AR agonists as a
therapeutic treatment.

While studies focusing on direct receptor mediated regulation of cAMP

have provided for a strong basis in sympathetic signaling research, recent



96

investigation in the field has been heavily focused on understanding cAMP
compartmentation and its role in creating receptor-dependent functional
responses. The relatively recent advent and optimization of cAMP-sensitive
FRET biosensors has allowed for a never before opportunity to investigate
intracellular cardiac cAMP dynamics at unprecedented levels of spatiotemporal
sensitivity. The application of these biosensors has revealed striking
heterogeneity of CAMP control within cells, further illuminating and complicating
the picture of cAMP regulation and signaling in the heart.

In Chapter 3 of this dissertation, a novel targeted-FRET probe, Epac2-
oKAP, was characterized and validated for measuring cAMP activity near non-
junctional sarcoplasmic reticulum (jSR) in cardiac myocytes. Moreover, specific
stimulation of 1ARs or B2ARs resulted in unique cAMP response that were
measured in the general cytosol with Epac2-camps and in the non-jSR with
Epac2-aKAP. The pattern of the results indicated that the B2AR response was
most likely compartmentalized, which could explain differences between the
functional effects elicited by specific $1AR or B2AR stimulation. Further
experiments revealed differential levels of cAMP regulation through various PDE
isoforms. Interestingly, PDE2 and PDE3 appeared to play a role in
compartmentalizing the p2AR cAMP response detected by Epac2-a KAP.

The research in Chapter 3 shed important light on the cAMP signaling
domain surrounding SERCAZ2 (non-jSR region). As a result, subsequent
questions emerged. Of foremost importance is how the cAMP signaling

translates to cardiac functional changes. The lack of a lusitropic effect due to
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B2AR specific stimulation in cardiac tissue under normal conditions was a key
observation that led to the premise of this investigation'4. Therefore, some of the
experiments performed in Chapter 3, involving specific BAR subtype stimulation
and PDE inhibition, should be repeated using techniques that measure the
changes in cardiac myocyte functional properties, such as contraction and Ca?*
transient recording. A key experiment would be to determine if there is an
increase in the rate of relaxation and Ca?* transient decay in the presence of
B2AR specific stimulation with additional PDE2 or PDES inhibition contrasted with
no change in relaxation or decay rates to solely 32AR specific stimulation. These
experiments are especially important as there is possibly conflicting data that has
been previously published by other groups suggesting that PDE3 and/or PDE4
but not PDEZ2 regulates functional cardiac lusitropic change due to B2AR specific
stimulation?'":213,

PDEs are an important part of cAMP regulation, but they cannot be the
sole compartmentation mechanism in cardiac myocytes'?. Other factors such as
cAMP buffering, export, localized production, and physical intracellular barriers
have been proposed to also be involved in compartmentation®'. A further
interesting application of the Epac2-a KAP biosensor would be to investigate
iffnow physical intracellular barriers affect cAMP compartmentation in cardiac
myocytes. Specifically, studies involving whether the dyadic cleft, the 10-12 nm
intracellular space between the t-tubular sarcolemma and the jSR, leads to a

compartmentalized B1AR or B2AR cAMP signal could be tested with the Epac2-
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oKAP biosensor. Appendix 1 documents initial attempts at disrupting the dyadic
cleft to allow for these investigations.

The results from the research in Chapter 3 not only validated a new FRET
biosensor but also provided evidence for possible pharmacological therapeutics.
The treatment of heart failure, specifically a subtype known as heart failure with
preserved ejection fraction (HFpEF), has been incredibly difficult due to a lack of
viable treatment options?%3. In HFpEF, which accounts for 40-50% of heart failure
cases, there is a decrease in the relaxation of the left ventricle, which results in
inadequate blood pumping activity due to inadequate prior filling?*2%. In Chapter
3, it was demonstrated that f2AR selective stimulation was able to produce a
cAMP signal in the SERCA region with the simultaneous application of PDE2 or
PDES3 inhibitors. This would theoretically lead to an increase in lusitropy (rate of
relaxation), which could relieve the decrease in relaxation seen in HFpEF.

The application of PDE inhibitors as a treatment for heart failure is not a
novel approach as milrinone, a PDES3 inhibitor, is approved for acute treatment of
heart failure, but contraindicated for chronic use due to high risk of cardiac
complications?*6. Many other PDE inhibitors have been tested and had promising
results but were sidelined due to safety and efficacy concerns?¢. The
combinatorial approach of B2AR selective stimulation plus PDEZ2 or PDE3
inhibitors may provide a new approach to treat HFpEF. However, specific pre-
clinical investigations need to be conducted into whether the reported arrhythmic
effects of selective B2AR stimulation still occur in the presence of PDE2 or PDE3

inhibition?”. With 1 in 5 men and women developing heart failure during their
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lifetime?%8, the health burden and cost to society will only keep increasing as the
general population ages. Therefore, any insight into the treatment of heart failure
cannot be ignored. The research included in this dissertation provides several
advancements and discoveries in the field of cAMP signaling, which are in
themselves important from a basic science understanding of cardiac autonomic
signaling. However, the application of the included research also has greater

ramifications in the overall picture of the treatment of heart failure.



100

Appendix 1

Cardiac Dyadic Cleft Disruption
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A.1.1 Abstract

Computer modeling studies have suggested that cAMP compartmentation
in adult cardiac myocytes requires not only phosphodiesterase catabolic activity
and distinct signaling protein localization, but a further factor that reduces the
cAMP diffusion rate. We hypothesize that physical intracellular barriers due to
anatomical structures inside cardiac myocytes could be part of this mechanism of
reducing cAMP diffusion. We suspect that cardiac dyadic clefts, 10-12 nm
junctional membrane complexes created by the close placement of the junctional
sarcoplasmic reticulum and t-tubule plasma membrane, are sites of cCAMP
compartmentation partially due to being a tightly physically restricted intracellular
location. Previous studies where the structural protein junctophilin 2 (JPH2) had
been knocked down led to dysregulated dyadic clefts. Therefore, three different
approaches were employed to knockdown or disrupt JPH2, so that the
importance of restricted physical spaces as a means of CAMP compartmentation
could be tested. The first approach utilized JPH2-targeting morpholinos, synthetic
oligonucleotides which bind to complementary mRNA and prevent translation.
Morpholino exposure led to unhealthy cardiac myocytes and could not be
conclusively shown to be knocking down JPH2 expression. The second
approach used a commercial JPH2-targeting shRNA adenovirus. Although cell
quality and transduction rate was greatly improved compared to morpholinos, it
was again inconclusive on whether JPH2 was being knocked down. The final
method took a different approach and utilized a peptide to inhibit JPH2 binding to

the plasma membrane. Ca?* transient and shortening studies found some
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changes to cardiac myocyte functional properties, but the benchmark decrease in
Ca?* transient magnitude consistently seen in previous dyadic cleft disruption
studies was not present. While each method utilized resulted in varying levels of
success, a definitive approach to disrupt dyadic clefts was not found. Continued

experiments with an adapted adenoviral shRNA are in progress.

A.1.2 Introduction

Until recently, the distinct distribution of the B-adrenergic receptor (BAR)
subtypes (B1AR: all throughout; B2AR: t-tubules/lipid rafts) in cardiomyocytes was
believed to be one of the primary reasons for unique functional responses to
selective adrenergic stimulation?®®. However, recent data in rat HF
cardiomyocytes has shown that f2AR cAMP compartmentation was decreased
before the redistribution of B2ARs from their traditional locations in the t-tubules to
the sarcolemma crests?®°. This would indicate that other factors play a crucial
role in creating a compartmentalized B2AR signal ultimately responsible for
unique functional responses. In Chapter 3, | showed that this was the case
through phosphodiesterases (PDEs), specifically PDE2 and PDES, playing an
important role in creating a compartmentalized B2AR cAMP response. Yet,
modelling studies have predicted that PDEs do not fully explain the segregation
of the cAMP signaling domains. These modeling studies demonstrated that to
have unique cAMP responses, cAMP must be produced in distinctly different

locations and travel at a significantly slower rate than free diffusion'49227.261, To



103

explain this criteria for compartmentation, we hypothesized that physical
restriction of cCAMP through intracellular anatomical barriers in combination with
receptor location and PDE activity is necessary for cAMP compartmentation.

We decided to test this hypothesis by investigating cCAMP
compartmentation in dyadic clefts, which are 10-12 nm intracellular gaps created
by the close placement of t-tubules and junctional sarcoplasmic reticulum (jSR) in
cardiac myocytes?®2. Junctophilin 2 (JPH2), a structural protein and the most
common junctophilin isoform in cardiomyocytes, tethers the jSR and t-tubule
sarcolemma at a set distance to maintain the tight spacing of the dyadic cleft?®3.
This allows for normal cardiac excitation-contraction (EC) coupling?®*. The
downregulation of JPH2 leads to the disruption of dyadic clefts?®. The disruption
of dyadic clefts in cardiomyocytes causes many pathophysiological issues
including T-tubule disorganization?%6.267 destabilization of ryanodine receptors?®,
and decreases in excitation-contraction (EC) coupling through the suppression of
Ca?*-induced Ca?* release (CICR)?%%270_ We therefore hypothesized that the
disruption of dyadic clefts would also disrupt cAMP compartmentation, especially
B2AR cAMP compartmentation, in the region.

The experiments in Chapter 3 had shown that B2AR cAMP was
compartmentalized and that it could not be detected by the Epac2-aKAP FRET
probe. Prior research confirmed that f2ARs are located in caveolin-enriched lipid
raft plasma membrane fractions in t-tubules indicating that 32AR cAMP

compartmentation could be occurring in the dyadic clefts'%. We theorized that
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disrupting dyadic clefts would allow for the detection of a B2AR cAMP signal with
the Epac2-aKAP biosensor indicating a loss of compartmentation similar to the

PDE inhibition experiments in Chapter 3 (Figure 1).

free SR

<

jSR free SR

Figure 1: Schematic diagram of select B-AR signaling complexes in a
cardiac myocyte
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(A) Before and (B) after 2-AR cAMP compartmentation loss due to dyadic cleft
disruption. (aKAP = Epac2-aKAP FRET biosensor; 1 = B1AR; B2 = B2AR; free
SR = free sarcoplasmic reticulum; JPH2 = junctophilin 2; jSR = junctional
sarcoplasmic reticulum; LTCC = L-type Ca?* channels; PLN = phospholamban;
RyR = ryanodine receptor; SERCA = sarco/endoplasmic reticulum Ca2+-
ATPase)

The first step to test these hypotheses was to develop a method to disrupt
dyadic clefts. Due to the prior research showing that JPH2 knockdown disrupted
dyadic clefts, we first focused on methods to knockdown JPH2 protein in our

isolated ventricular myocyte model.

A.1.3 Morpholinos

Ouir first approach to knockdown JPH2 in guinea pig ventricular myocytes
(GPVMs) was through morphpolinos due to my previous experience with the
technique®’'. Morpholinos are stable, nuclease-resistant, highly specific, and low
toxicity antisense oligonucleotides specifically designed to sterically bind to a
target mRNA sequence and prevent protein translation (https://www.gene-
tools.com/). A vivo-morpholino is a morpholino bound to an octaguanidine
dendrimer delivery moiety to allow for in vivo delivery of morpholinos. Vivo-
morpholinos also work in cell culture and have the advantage of not needing a
delivery reagent to transport morpholinos to the cellular cytosol.

To determine if vivo-morpholinos would be a viable technique to
knockdown protein expression in isolated cardiac myocytes, a
carboxyfluorescein-labelled control vivo-morpholino (no mRNA target) was

cultured with isolated GPVMs for 24 to 72 hours. Concentrations of vivo-
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morpholino ranging from 100 nM to 5 uM were tested. Verification of cardiac
myocyte uptake of the vivo-morpholino was performed with a laser scanning
confocal microscope (60x 1.4 numerical aperture oil immersion objective lens).
Images of live cardiac myocytes cultured with vivo-morpholinos were taken at 24
hr, 48 hr, and 72 hr time points. As can be seen in Figure 2, the cardiac
myocytes that did appear to take up the vivo-morpholino appeared
morphologically unhealthy. They looked boxy and granular with blebby
fluorescent patterns. Increasing culture time and vivo-morpholino concentration
helped increase the fluorescence intensity and the likelihood of vivo-morpholino
uptake in the cultured cell populations but at the cost of cell quality and viability.
A regular control morpholino conjugated with a lissamine rhodamine
fluorophore was therefore tested to determine if better quality cells and
fluorescence could be achieved with a non-vivo morpholino. Endo-porter, a
peptide delivery system (https://www.gene-tools.com/endo_porter) and
Lipofectamine 3000 transfection reagent were used to transfect the morpholinos
into the cells. While cell quality was greatly improved, the level of fluorescence
was quite low with a puncta-like pattern, which increased in intensity with longer

culture times (Figure 2).
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Figure 2: Fluorescently-labeled morpholino uptake in cardiac myocytes

Guinea pig ventricular myocytes were cultured with 1 uM control
carboxyfluorescein-labeled vivo-morpholino (top row), 10 uM control lissamine
rhodamine-labeled morpholino with Endo-Porter delivery reagent (middle row), or
no morpholino (bottom row) for 48 hours. Confocal images were then taken of
the live GPVMs in PBS at 2x (left column) and 5x (middle column) zoom using
488/510 nm excitation/emission for carboxyfluorescein and 543/598 nm for
lissamine rhodamine and control GPVMs. Bright field images (right column)
taken at 2x with the 488nm channel for vivo-morpholino and 543 nm channel for
morpholino and control.

Based on the better transfection efficiency, albeit less healthy cells, of the
vivo-morpholinos, vivo-morpholinos targeted to the mRNA sequence of JPH2
were applied to isolated GPVMs in culture to knockdown JPH2 protein

expression. Traditional Western blots and Wes Simple Westerns were performed
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to ascertain if JPH2 knockdown was occurring. Between the two protein
qguantifications methods, no conclusive proof could be found that the vivo-
morpholinos were consistently knocking down protein expression.

Figure 3 is an example of a traditional Western blot that was performed on
protein isolated from guinea pig cardiomyocytes that were incubated with JPH2
targeted vivo-morpholinos for various time lengths. As can be seen in Figure 3A,
the JPH2 bands appear to decrease due to vivo-morpholino knockdown at 48 hr
and 72 hr. However, when the JPH2 bands are normalized to GAPDH (Figure
3B), there actually is an increase in JPH2 protein with vivo-morpholinos. This is
in contrast to the 24 hr vivo-morpholino sample, which appears to have a drastic
JPH2 knockdown effect when normalized to GAPDH. When Western blots and
Simple Westerns were repeated, the results varied each time, preventing a

conclusion from being drawn on the JPH2 knockdown effect of vivo-morpholinos.
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Figure 3: Quantifying JPH2 protein expression in cardiac myocytes treated
with vivo-morpholinos

(A) Example Western blot probed for JPH2 and GAPDH. Protein lysate samples
from guinea pig ventricular myocytes (GPVMs) cultured with JPH2-targeted vivo-
morpholinos (Morph) for 24 hr (blue), 48 hr (red), or 72 hr (green) paired with
time matched controls (Cont). (B) Quantification of JPH2 protein levels in (A) with
GAPDH as a loading control for GPVM without (solid color) or with morpholino
(diagonal color) treatment.

Even studies where immunocytochemistry and confocal imaging were
performed to visualize JPH2 in vivo-morpholino transfected GPVM, no solid
evidence that JPH2 knockdown occurred could be gathered. Unfortunately, RT-
gPCR could not be performed as an alternative to determine JPH2 mRNA

inhibition due to the method of action of morpholinos.

A.1.3 Ad-JPH2-shRNA Virus

The lack of clear JPH2 knockdown due to vivo-morpholino application
along with the resulting poor cell quality prompted us to attempt another JPH2
knockdown approach. After researching various other means of knockdown, an

adenoviral short hairpin RNA (Ad-shRNA) approach was decided upon. Ad-
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shRNA is an RNA interference technology where an adenovirus vector delivers a
shRNA coding sequence into the nucleus?’2. The sequence is then transcribed
into shRNA, which is processed into an siRNA. The siRNA then inhibits or
degrades the target mMRNA sequence leading to downregulation of the target
protein. This knockdown approach is widely used and generally successful when
appropriately applied?’3. Furthermore, the adenoviral delivery system was
amenable to our lab expertise and facilities.

As we had changed animal model systems in the lab from guinea pig to
rat, we were going to develop an Ad-shRNA targeted to rat JPH2. Instead, we
found a premade Ad-shRNA designed to knockdown mouse JPH2 for a lower
cost and faster delivery time. The shRNA targeting region was 100% conserved
in rat JPH2, so we decided to purchase Ad-RFP-U6-rm-JPH2-shRNA (Ad-JPH2)
from Vector Biolabs. In addition to producing JPH2 targeted shRNA under the U6
promoter, the adenovirus also produced the dsRed RFP monomer under the
CMV promoter so we could track cellular viral transduction. Although the virus
was uncited in published scientific literature, in-house Vector Biolabs testing had
shown that the Ad-shRNA was capable of ~50% knockdown of JPH2 at the
protein level in a cardiac cell line (HL-1 cells).

Upon receiving the virus, | expanded it in HEK293 cells and tested what
quantities of virus were needed to achieve RFP expression in ARVMs.
Consistent ~6% of all cells (~42% live cell) RFP expression was achieved in the
ARVMs after 72 hr of culture. While these transduction rates were fine for single

cell microscopy experiments, such as FRET or confocal imaging, we were
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worried we would run into issues where it would be impossible to determine
JPH2 knockdown due to all the other non-transduced cells muddling the
protein/RNA quantification results. Therefore, we decided to perform
Fluorescence Activated Cell Sorting (FACS) to isolate a live and Ad-JPH2
transduced population of myocytes. FACS is a form of flow cytometry where cells
can be sorted based on their fluorescent properties?’. In this case, we attempted
to sort our transduced cardiac myocytes based on the presence of RFP
fluorescence and Hoechst 33258 staining. The RFP fluorescence detected Ad-
JPH2 transduction and the Hoechst stain detected cell viability so that our
isolated population of cells would ideally be live transduced (RFP expressing)
cardiac myocytes.

Unfortunately, the FACS was unsuccessful even after three attempts
spread over multiple days and cell preparations. When observed under a
brightfield and epifluorescent microscope, the supposed RFP/live sorted cell
populations only contained a few cells and cell fragments that in almost all cases
were not RFP expressing. The other collected cell populations (no RFP and
middle ground) contained similar cell conditions. RNA isolation from the sorted
RFP/live cell population was unsuccessful, most likely due to the low cell count
and poor cell quality. Epac2-camps transduced cardiac myocytes were used for
the final FACS run and even with a different fluorescent indicator, the sort
resulted in the same issues as with the Ad-JPH2 ARVMs. Based on the
unsuccessful sorting regardless of the fluorescence indicator and resulting cell

fragments, we suspected that the cardiac myocytes were shearing in the FACS
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sorting nozzle. This would not only reduce the number of viable myocytes, but
also disrupt proper sorting of the myocytes that did make it through the nozzle
intact. The largest FACS nozzle available at the UNR FACS Core is 130 um,
which could be problematic as it is recommended to have a nozzle that is 5x the
cell size. As ARVM cell length is ~120 um, the utilized nozzle size clearly falls
well outside of the recommendation?’®. The UC Davis FACS Core used a 200 um
nozzle at a minimum for their cardiac myocyte sorting indicating that the smaller
nozzle size here at UNR is most likely an issue.

In tandem with the FACS experiments, | isolated mRNA from unsorted
control and Ad-JPH2 expressing populations of ARVMs. RT-qPCR analyzing
JPH2 mRNA levels was then performed on these samples, but returned mixed
results. Some of the mRNA samples indicated Ad-JPH2 transduction led to an
increase in JPH2 mRNA while others indicated a decrease. Therefore, alternative
cell sorting methods were explored to help achieve consistent JPH2
qguantification results.

First, laser microdissection (LMD) was attempted to sort the fluorescent
cells. By placing populations of transduced ARVM on a special dissection slide,
the individual fluorescent cells could be theoretically identified and then collected
with a LMD system. However, LMD is primarily designed for fixed tissues, which
meant the collection of live cardiac myocytes was very difficult, tedious, and
generally unsuccessful. Therefore, another sorting method was attempted with
patch pipettes. Transduced ARVM were diluted and placed on a epifluorescent

microscope. Fluorescently expressing ARVM were then manually aspirated with
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a large bore patch pipette pulled from capillary glass. This method was by far the
most successful resulting in the collection of populations of RFP expressing
ARVM. RNA was then collected from these sorted populations of cells, but the
quality/quantity of RNA collected from these sorted populations was not sufficient
to perform standard cDNA synthesis and RT-qPCR. A microplate dilution sorting
method was also attempted to increase the number of fluorescent cells collected
by each sort, but this method proved to be less effective compared to the manual
patch pipette collection technique. To address the low quantity of RNA being
retrieved from the sorted Ad-JPH2 cells, a specialized low cell gPCR kit (TaKaRa
CellAmp™ Whole Transcriptome Amplification Kit (Real Time), Ver. 2) was
acquired. Even with the specialized kit, JPH2 transcript levels could not be
determined in the sorted cell populations.

Two Hail Marys were attempted at this point through confocal imaging and
FRET experiments. First, the fluorescence of immunolabeled JPH2 in Ad-JPH2
expressing ARVMs was compared to control JPH2-labeled ARVMs. This
approach is highly subjective and therefore a striking difference in JPH2
fluorescence between the two groups must be seen to suggest JPH2
knockdown. Unfortunately, the striking difference needed to indicate knockdown
was not present overall. Second, FRET experiments were performed on ARVMs
transduced with Ad-JPH2 and Epac2-a KAP. The Epac2-aKAP detected cAMP
levels due to B2AR stimulation were slightly higher in Ad-JPH2 transduced ARVM
compared to control ARVM, which could indicate dyadic cleft disruption.

However, the results were not significantly different.
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At this point, my attempts at knocking down JPH2 with Ad-JPH2 was put
on hold and a research scientist in our lab took over this endeavor. He
reamplified Ad-JPH2 and was able to get even greater levels of Ad-JPH2
transduction in ARVMs (Figure 4A). He then performed protein extractions from
these ARVM populations followed by Western blots examining JPH2 protein
levels. Similar to previous successful RT-qPCR experiments, these Western
blots showed inconclusive results with occasional slight JPH2 knockdown to no
knockdown in Ad-JPH2 treated ARVMs (Figure 4B and C). | performed 2AR
stimulation FRET experiments again with Ad-JPH2 + Epac2-aKAP expressing
ARVM with the newly amplified Ad-JPH2 and a scrambled shRNA + Epac2-
oKAP as the control comparison. Unfortunately, there again was no significant

difference between the Ad-JPH2 and Ad-Scrambled (control) cells.
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Figure 4: Adenoviral JPH2 shRNA expression and JPH2 protein knockdown
quantification

(A) Representative live cell confocal image of dsRed RFP expression in isolated
adult rat ventricular myocytes (ARVMs) transduced with 20 MOI Ad-JPH2 after
48 hr. (B) Example Western blot of ARVMs transduced with a control scrambled
shRNA adenovirus (Ad-SCR) or Ad-JPH2 for 48 hr (red) or 72 hr (green). (C)
Quantification of JPH2 in (B) with a tubulin loading control in Ad-SCR (solid color)
and Ad-JPH2 treated (diagonal color) ARVMs. Bars represent the JPH2/Tubulin
densitometry average of the two replicate bands for each test condition. Data
provided by Karni Moshal, PhD.

A.1.4 TAT-MORN Peptide

As the chances of success with the Ad-JPH2 approach dwindled, a
peptide approach at disrupting ARVM dyadic clefts was attempted. JPH2
contains eight N-terminal Membrane Occupation and Recognition Nexus
(MORN) motifs, which cause JPH2 to bind to the sarcolemma?’®. Previous
research by the Earley lab, demonstrated that that an inhibitory peptide
homologous to the MORN domain of JPH2 caused a decrease in spontaneous
transient outward current (STOC) frequency in murine vascular smooth muscle
cells (SMCs)?’. This decrease in STOC frequency was attributed to the

disruption of peripheral coupling sites located between the SR and plasma
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membrane of SMCs normally held together by JPH2. Therefore, we
hypothesized that this MORN peptide could also dysregulate dyadic clefts by
disrupting JPH2 in cardiac myocytes.

In the previously mentioned SMC experiments, the MORN peptide was
delivered directly into the cell through a patch pipette during electrophysiological
recordings. Our FRET experiments do not utilize a patch pipette, so we wanted
to develop a cell permeable version of the MORN peptide. We decided to utilize
the transactivator of transcription (TAT) sequence from HIV-1, a common cell
penetrating peptide?’®. We designed a TAT-MORN peptide, which utilized the
TAT sequence attached to the same MORN sequence used by the Earley lab
(GRKKRRQRRRC[s-s]CYEGTWNNGLQDGYGTETYAD). The two sequences
were connected by a disulfide bond so that the bond would be reduced by
intracellular glutathione upon cellular entry. The free MORN peptide would then
be able to inhibit JPH2/plasma membrane binding with less risk of steric
hindrance and inappropriate localization due to the TAT sequence?’.

A commercial FITC-labeled TAT peptide (Anaspec, 47-57) was purchased
to determine TAT peptide loading conditions for freshly isolated ARVMs. Many
different TAT loading protocols for ARVMs and other cell types were tested and
none showed much success at loading the fluorescent TAT peptide into healthy
live ARVMs or HEK293 cells. Using an epifluorescent microscope, | observed
that dead cells appeared to be taking up the peptide and, under certain
conditions, some unhealthy but alive ARVMs appeared to take up the peptide

slightly. Although less than ideal, the most successful peptide loading technique,
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which was adapted from MacDougall et al.?®, was then employed so that a
comparative ARVM Ca?* transient and shortening study could be performed.
While a control scrambled-TAT peptide would have been the ideal control group
for these experiments, the cost of acquiring one was quite high and we wanted to
collect some preliminary results before investing more resources.

Previous studies had shown that Ca?* transient amplitude was decreased
when dyadic clefts were disrupted due to JPH2 knockdown?®®. As can be seen in
Figure 5, the peptide treatment caused a significant decrease in ARVM
shortening magnitude, but no significant change to the time to 50% relaxation.
More importantly, the Ca?* transient amplitude of TAT-MORN peptide treated
ARVMs was less than control ARVMs on average but not significantly decreased,
in contrast to previous dyadic cleft disruption studies where there had been a
clear and significant decrease in Ca?* transient amplitude. Interestingly, the time
to 50% decay of the Ca?* transient was significantly decreased in our
experiments. This decrease in time to 50% decay mirrors the findings found in
another study where JPH2 was knocked down in HL-1 cells (cardiac cell line)?%.
However, this HL-1 study also found a prominent decrease in Ca?* transient

amplitude not seen in our current study.



118

== Control
== Peptide

o
w
1

- -

o (3, ]

1 1
e

* * ]
.

o

-

[3,]
1
o
N
1

to.5 relaxation (s)

o
-

Sarcomere Length (%change)

== Control
== Peptide

150+

1004

Transient Amplitude (%change)

Figure 5: Effects of the TAT-MORN peptide on adult rat ventricular myocyte
(ARVM) Ca?* transients and shortening

Representative 2 Hz electric field stimulated sarcomere shortening (A) or Ca?*
transient (D) tracings in freshly isolated ARVM either treated with 10 uM TAT-
MORN peptide (purple) or no peptide (black) for 30 min at 37°C. Vertical scale
bars: 0.05 uM (shortening) or 0.1 Fura-2 fluorescence ratio (Ca?* transient).
Horizontal scale bars: 0.1 sec (both). Average cell shortening (B) and time to
50% shortening relaxation (C) for control (black, n/N: 35/4) and peptide treated
(purple, n/N: 47/6) ARVMs. Average Ca?* transient magnitude responses (E) and
time to 50% decay (F) for control (black, n/N: 35/4) and peptide treated (purple,
n/N: 47/6) ARVMs. Statistical significances determined through two-tailed
Student’s t-tests with * = p < 0.05 and ** = p < 0.005.

The TAT-MORN experiments were therefore put on hold as the main Ca?*
transient benchmark consistently seen in previous JPH2 knockdown and dyadic
cleft disruption studies (significantly/dramatically decreased Ca?* transient

amplitude) was not seen in our dyadic disruption approach. While we found some
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potentially promising results, such as the decrease in Ca?* transient decay time,
there was not enough positive evidence to continue with this line of

experimentation.

A.1.5 Conclusion

Examining the published scientific literature reveals that investigation into
cAMP compartmentation through intracellular physical barriers is far less
common than studies investigating the contribution of phosphodiesterase and
intracellular signaling protein location to cAMP compartmentation. One reason for
this trend, that is now apparent, is the difficulty in directly perturbing some of
these cardiac intracellular structures, such as dyadic clefts.

The morpholino technique used in this study was probably the least
successful of the methods tried. The unhealthy myocytes that resulted from vivo-
morpholino exposure most likely led to some of the difficulties in attaining
consistent results when assaying levels of JPH2 knockdown. As can be seen in
the GAPDH bands at 48 and 72 hr in Figure 3, the vivo-morpholino treated
loading control bands are much lighter than the time matched loading control
bands. This could indicate a lower quality protein cell lysate from vivo-morpholino
treated cells due to an increased level of cell death. While investing more time
into this technique is not recommended due to other more promising techniques,
varying the cell culture protocol could possibly improve vivo-morpholino loading

and the resulting cell quality. Alternatively, using normal morpholinos or a



120

different JPH2 targeting sequence could possibly improve the level of JPH2
knockdown.

The adenoviral shRNA method attempted in this study displayed the most
promise. High levels and frequency of Ad-JPH2 uptake visualized by RFP
expression was achieved in populations of ARVMs. Unfortunately, inconsistent
JPH2 knockdown was confirmed by two researchers working independently. Due
to the high transduction rate and high quality cell populations used in collecting
protein, the most likely culprit for inconsistent JPH2 knockdown is the JPH2
inhibiting shRNA sequence. Therefore, the current approach to knockdown JPH2
and disrupt dyadic clefts being employed in our lab is a refinement of the Ad-
shRNA technique. The lab has identified multiple new shRNA coding sequences
targeting JPH2, which are now being loaded into adenoviral vectors. Exposing
ARVMs to several different JPH2 targeting shRNAs simultaneously will hopefully
give a greater chance of knocking down JPH2.

An additional consideration that may be leading to the difficulty in knocking
down JPH2 through mRNA disruption (morpholinos and shRNA) may be a low
turnover in JPH2 protein in ARVMs. Increasing culture time may help alleviate
this concern, but the increased culture time will eventually lead to phenotypical
changes in ARVM properties?®. Therefore, a precarious balancing act between
JPH2 knockdown and culture time would have to be employed using this
refinement.

Utilizing a peptide to block JPH2 plasma membrane interaction

approaches dyadic clefts disruption from a different angle compared to the
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MRNA interference techniques previously attempted. The success of the MORN
peptide in the Earley lab indicates that this is still possibly a viable approach. The
key differences between our study and the previous successful research was the
difference in cell type, functional measurement technique used, and peptide
design. Changing the cell type we use would change the research question, so
focusing on changing the measurement of dyadic cleft disruption and peptide
design would be preferred. Performing electrophysiological patch clamping
experiments is an option to measure changes in functional effects, but the ideal
current to measure in this situation, L-type Ca?* channel current (Ica), would not
be advisable as it has been shown to remain constant after dyadic cleft
disruption?®®. Trying to directly visualize dyadic cleft disruption through electron
microscopy or super resolution fluorescence studies is another option, but both of
these techniques require fixing the cells, which could lead to unrepresentative
results due to the method of action of the peptide. Lastly, changing the peptide
structure could be an option for improvement, as one of the key issues from
these experiments was achieving good levels of peptide loading. Using a
different linker between the TAT sequence and MORN peptide or attaching
another cell penetrating peptide to the MORN peptide could prove successful.
The downside to these modifications are that new peptides would have to be
synthesized, which could prove to be very costly.

If the proposed changes to the previously attempted techniques prove
unsuccessful, more drastic measures could be taken such as changing the

research model animal or intracellular anatomical region. Changing our animal
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model to mouse would allow us to use a characterized transgenic mouse with
conditional knockdown of JPH22%%, Even though this model has been previously
characterized, it has been only utilized in several studies indicating a possible
difficulty of use. Furthermore, mouse cardiac myocytes compared to rat
cardiomyocytes are even less similar to human cardiac myocytes in terms of
physiological properties?®. A possible compromise would be the development of
a transgenic rat that has a conditional JPH2 knockdown. However, this would be
extremely costly to develop and labor intensive to manage and utilize.

Finally, other locations of tight intracellular anatomical spacing and
possible cAMP compartmentation in cardiac myocytes could be a better model
for disruption. The spacing between cardiac sarcoplasmic reticulum (SR) and
mitochondria has been estimated to be 10-50 nm indicating that this may be a
location worth investigating®®'. Additionally, these SR-mitochondrial spaces are
held together by tethering structures, which could be targeted for disruption?2.
While these more radical approaches of changing model organisms or
intracellular locations may work, adjusting one of the previously attempted
approaches taken in this appendix would most likely be the best chance at

success while remaining economically prudent.
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