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Abstract

Adrenergic receptors are critical regulators of cardiac function with profound effects on cardiac
output during sympathetic stimulation. Chronic stimulation of the adrenergic system of the heart
under conditions of cardiac stress leads to cardiac dysfunction, hypertrophy, and ultimately failure.
Emerging data have revealed that G protein coupled receptors in intracellular compartments are
functionally active and regulate distinct cellular processes from those at the cell surface. p2
adrenergic receptors internalize onto endosomes in various cell types where they have recently
been shown to continue to stimulate cAMP production to selectively regulate gene expression.
Other studies have identified f1 adrenergic receptors at the nuclear envelope and the Golgi
apparatus. Here we discuss data on signaling by p1 and B2 adrenergic receptors in the heart and
the possible influence of their subcellular locations on their divergent physiological functions in
cardiac myocytes, and in cardiac pathology. Understanding the relative roles of these receptors at
these locations could have a significant impact on pharmacological targeting of these receptors for
the treatment of heart failure and cardiac diseases.

Introduction

The sympathetic nervous system (SNS) has a fundamental role in maintaining cardiac
output by regulating heart rate, cardiac contractility, and vascular resistance. The activity of
SNS is mainly regulated by catecholamines including epinephrine (Epi) and norepinephrine
(NE). These sympathetic neurotransmitters bind to p-adrenergic receptors (BARS) in the
heart!. BARs are G protein coupled receptors (GPCRs) and have been extensively studied as
paradigms for overall GPCR function, trafficking and structure. They are critical regulators
of cardiac functions and are important therapeutic targets for treatment of cardiovascular
diseases. The major focus of this review is on recent advances in our understanding of

the different spatiotemporal features of 1 and 2 AR signaling, and how differential
localization and trafficking may relate to distinct physiological and pathological roles in
cardiac myocytes. We begin with an overview of the regulation of cardiac physiology by
these receptors and then discuss potential location specific roles that may contribute to
adrenergic physiology and pathology in the heart.
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B-adrenergic receptor subtypes in the heart.

There are three subtypes of BARs present in the human heart, B1AR, B2AR, and B3AR.
The healthy human heart comprises 80% B1ARs and 20% B2ARs, and lower expression

of B3ARs 23, B1ARs and B2ARs share high homology (57% full-length identity)*, and
both stimulate Gag and cAMP production. Epi and NE bind to BARs in the heart with
different affinities with NE targeting LARs with approximately 10-fold higher selectivity
relative to B2ARs whereas Epi is non-selective for 1- and B2ARs®. Catecholamine-induced
stimulation of BARSs acutely improves cardiac performance in healthy human hearts by
increasing heart rate (chronotropy) and contractility (inotropy). The simplistic view is that
these receptors act at cell surface generating second messengers that diffuse throughout the
cell to regulate cardiac cell physiology. This view has come under scrutiny in recent years.
Cardiac myocytes have unique structural features that require a more detailed understanding
of subcellular locations and functions of these GPCRs to establish a mechanistic picture of
how they are involved in cardiac regulation and pathophysiology.

B-Adrenergic receptor subtypes in cardiac contraction and hypertrophy

Human Heart failure.

Heart failure is a complicated syndrome where the ability of the heart to pump blood
declines over time due to chronic stress, resulting from hypertension or left ventricular
dysfunction, leading to an inability to meet the metabolic demands of the body. It is
well-recognized that hyperactivated adrenergic signaling, due to prolonged elevation of
catecholamines and other neurohumoral factors, leads to the progression of maladaptive
cardiac hypertrophy, myocyte apoptosis, fibrosis, and eventually heart failure likely
accounting, at least in part, for the effectiveness of p-blockers in treatment of heart failure.
In failing hearts, B1ARs are reduced from 80% of total BAR population to approximately
50% depending on disease severity, whereas the B2AR population remained unchanged®.

Mouse models of cardiac function and failure.

The first transgenic mice with cardiac-specific overexpression of B2ARs were created by
Milano et al. in 19947, These mice exhibited enhanced atrial contractility and left ventricular
function even in the absence of agonists possibly due to an increased level of receptors

with basal constitutive activity. Later studies confirmed this observation8-19, however, high
level over-expression of B2ARs, 300-fold over endogenous receptors, has detrimental effects
on cardiac performance in the long termL. These long-term adverse consequences require
B2ARs to be present at a high level while the positive inotropic effects from B2ARs

possibly involve low to moderate level of B2ARSs overexpressionl2, In contrast, studies

on B1ARs consistently demonstrate that mice with increased (15-45 fold) cardiac-specific
overexpression of B1ARs had enhanced cardiac contractility at young age but developed
significant myocyte hypertrophy and reduced contractility as they aged!3 14,

B1AR knockout mice, B2AR knockout mice or B1/B2AR double knockout mice have also
been generated. The majority of mice lacking BLARs die prenatally, but those that survive
have blunted chronotropic and inotropic responses to isoproterenol (Iso), despite normal
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expression of B2ARs!5. B2AR knockout mice, on the other hand, had normal resting

heart rate and blood pressure, no prenatal death, and the chronotropic response to Iso

was normall®, These studies indicated that B1ARs play a predominant role in regulating
heart rate and contractility. Dual BAR knockout prevented increases in inflammatory
cytokine production, fibrosis, and cardiac hypertrophic responses in a pressure overload
transverse aortic constriction model (TAC)Y?. Zhao et al. confirmed that TAC-induced
cardiac hypertrophy was abolished in the dual knockout micel8. Interestingly, they also
found distinct regulation by these subtypes in pressure overload-induced hypertrophy8.
Specifically, mice with B1AR deletion had similar hypertrophic responses compared to
wild type, whereas, B2AR deletion led to development of exaggerated hypertrophy?8.

This indicated that coordination of signaling between these two subtypes is essential in
mediating cardiac remodeling®8. It is clear that B1ARs and B2ARs elicit markedly different
outcomes in cardiac pathology, however, definitive answers as to the molecular mechanisms
underlying these phenomena have not been fully elucidated.

Differential p1 and B2 adrenergic receptor signaling, internalization, and

locations.

The marked differences in physiological and pathological outcomes downstream or either
B1 or B2ARs occur despite the fact that they stimulate the same core signaling pathway
(Gas-AC-cAMP) and share overall sequence and structural homology. A large body of
research has sought to decipher their different or even opposite effects on cardiac function.
Possible mechanistic explanations include differences in BLAR and B2AR sarcolemmal
microdomain distribution in the cardiac myocyte, subcellular trafficking and location,
scaffolding interactions, and signal transduction. Some of these data are described below.

Bl and B2AR-dependent signaling pathways and contractility.

cAMP signaling downstream of BLAR stimulation increases CaZ* transient amplitudes,

at least in part, through PKA-dependent phosphorylation of a variety of intracellular
proteins such as the type 2 ryanodine receptor (RyR2), phospohlamban, cardiac myosin
binding protein-C (cMyBP-c) and Cav1.2 (L-type) Ca2* channels. Our laboratory and others
identified roles of EPAC proteins in adrenergic regulation of contractility, independent from
PKA19.20 EPAC is an exchange factor for the small GTPase Rap, activated by directly
binding cAMP2L, Our studies indicated that EPAC-activated Rap directly binds to, and
stimulates, a specific phospholipase (PLC) isoform, PLCe, leading to PKC activation,
diacylglycerol (DAG) production and activation of Ca2*/calmodulin kinase Il (CaMKI1)22
ultimately resulting in phosphorylation of RyR219:20 and potentially other proteins to
modulate Ca2* transient amplitudes. Work by another group found that this pathway
regulates SR Ca?* leak?®.

Compared to B1ARs, B2AR activation elicits a significantly smaller effect on cardiac
inotropy23-24. Both receptors stimulate cAMP production although with different
characteristics. B2AR-stimulated cCAMP is highly compartmentalized whereas p1AR-cAMP
signaling is more far-reaching and diffuse in cardiac myocytes? (Fig. 1A). One hypothesis
is that the cAMP produced downstream of B2AR cannot access PKA and EPAC to regulate
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the machinery involved in contraction. The relatively minor B2ARs-dependent increases
in intracellular Ca2* transient amplitudes are independent from cAMP-mediated protein
phosphorylation?3 or EPAC activation.

Another significant signaling difference between p2 and B1ARs is that B2ARs couple

to both Gs and Gi proteins while B1ARs couple primarily to Gs. Functional studies in
neonatal rat cardiac myocytes indicated that the initial transient contractile response to p2
activation is suppressed by a switch to Gi couplingZ®. Pertussis toxin treatment revealed a
sustained contractile response in response to B2AR stimulation?6:27. Activation B1ARs in
the same system resulted in sustained signaling that was not affected by PTX treatment.
Thus, differences in signaling properties (ie. coupling to different G proteins and pathways)
of the receptors themselves could be responsible for some of the observed physiological
differences.

Differential internalization of Bl vs. p2ARs.

In transfected cells B2 adrenergic receptors robustly internalize while 1ARs also do but to
a lesser extent?8, Initial studies in NRVMs isolated from B1/82 AR double knockout mice
transduced with either flag epitope tagged-p1 or f2 ARs indicated that p2ARs robustly
internalize into endosomes but B1ARs do not2%:30, This difference was demonstrated

to result from differential scaffolding via PDZ interacting proteins at the C-termini of
BARs. Subsequent studies presented conflicting results in NRVMs where flag-B1ARs were
observed to internalize3!. Both studies explored the role of scaffolding via a PDZ ligands at
the C-terminus.

Neonatal myocytes are a very useful model system for studying cardiomyocyte function

but do not have the complex subcellular architecture of a mature adult myocyte. In
particular, mature myocytes have a highly organized network of T-tubules that are extended
invaginations of the sarcolemma. This network of tubules contains L-type Ca2* channels
directly opposed to Ryr2 in the SR where excitation-contraction coupling occurs. A

recent study examined the location of B1ARs in adult ventricular myocytes (AVMs) with
adenoviral mediated expression of flag-p1ARs32. Here, under non stimulated conditions

B1 ARs were broadly expressed at the cell surface but not in T-tubules (Fig. 1B). Upon
stimulation with a high concentration of 1so (10 pM), flag-p1 ARs redistributed to T-tubules
without any visible receptor internalization into endosomes (Fig. 1C). p2ARs were not
examined in this study. More recently, studies were done with a novel fluorescent derivative
of the BAR antagonist carazolol to label BARs expressed at native levels in mature

cardiac myocytes33. Current antibodies against BLARs are not reliable in the detection of
endogenous receptors. Using sophisticated image analysis, it was shown that endogenous
B1ARs are present at the cell surface and in T-tubules. On the other hand, f2ARs are present
only at the T-tubules consistent with a restricted pool of CAMP generated at this location.
Due to the nature of ligand used for these studies, agonist-dependent changes in receptor
location could not be monitored. Interestingly the results with native receptors had important
differences from those with expressed receptors where expressed B2ARs were observed at
both the cell surface and in T-tubules emphasizing the importance of examining endogenous
receptors where possible.
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BARs in caveolae

Caveolae are microdomains in the plasma membrane enriched in sphingolipids and
cholesterol and caveolin. These microdomains promote interactions between signaling
proteins that sort into these domains based in part on their lipid modification. Cardiac
myocytes are enriched in caveolae and adrenergic receptor subtypes differentially sort

into these domains with B2ARs selectively partitioning into caveolae, while the majority

of B1ARs excluded from these domains3#35, Experimental manipulations that disrupted
caveolae led to stronger coupling of B2ARs to cCAMP production suggesting that residence
in caveolae limits cAMP signaling from B2ARs3°. Caveolar compartmentation of BARs has
been reviewed in detail elsewhere34.

Signaling by internalized BARs from endosomes.

While internalization of GPCRs has been observed for many years, it had been assumed that
the purpose of internalization was to desensitize the receptor. Development of genetically
encodable nanobody-based sensors3¢ or engineered Ga. subunits (fluorescent protein tagged
miniG proteins) 37 has enabled direct monitoring of the activation state of BARS in

living cells at a subcellular level. Using Nanobody 80 fused to GFP (NB80-GFP), which
detects activated BARs, and Nb37-GFP, which detects active Ga, Irannejad et al. found
activated B2ARs coupled to Gag activation at early endosomes. Using inhibitors of receptor
internalization it was shown internalized receptors contributed to the overall CAMP response
to an agonist in some cell types36. Following up on this work, it was found that signaling
from internal receptors was selectively associated with expression of a subset of genes38.
Ferrandon et al. also identified roles for intracellular GPCRs in regulation of sustained
cAMP generation downstream of parathyroid hormone receptors3®. The existence or role of
signaling by internalized activated B2ARs has not been investigated in cardiac myocytes, or
in the heart.

Resident Intracellular B1ARs

Nuclear Envelope-—Initial evidence for intracellular localization of BARS in
cardiomyocytes was reported by Boivin et al. in 200640, Using immunocytochemistry

in adult cardiomyocytes they showed that in addition to cell surface and T-tubules
localizations, B1ARs but not 2ARs were localized on the periphery of nuclear envelope®C.
These intracellular B1ARs activated AC and stimulated RNA synthesis in isolated nuclear
fractions possibly through Ga*? or other signaling pathways including ERK1/2 and
p384L. Interestingly these investigators also identified B3ARs on the nuclear envelope
where 3 but not B1ARs regulated NO production®2. Other GPCRs have been found at
the nuclear envelope in CMs including endothelin and a.1-adrenergic receptors and have
been demonstrated to stimulate phospholipase C activation and subsequent nuclear Ca2*
increases*3:44,

Golgi apparatus.—In 2017, Irannejad et al. found a functional pool of B1ARs at

Golgi apparatus that is not delivered via receptor endocytosis in HelLa cells?®, However,
B2ARs were not detected at this location. This suggests an additional possible mechanism
underlying the divergence in BAR subtype functions in the heart. Activation and signaling
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from Golgi-B1AR was independent from receptors at the cell surface?8. In cardiac myocytes,
our laboratory demonstrated activation of a signaling pathway downstream of Golgi

resident BLARs* (Fig. 2A). These studies arose from the observation that the relatively

cell impermeant B-AR agonist, 1so (partition coefficient (LogP) = —0.24) was unable to
stimulate activation of a muscle specific AKAP (MAKAP)/EPAC/PLCe complex at the
nuclear envelope/Golgi interface*6, while cAMP analogs and forskolin robustly activated
this pathway. It was previously shown that this complex regulates cardiac hypertrophy

and hypertrophic gene expression®’. This suggested that there may be a local site of

cAMP generation deeper within the myocyte, and indeed, stimulation with a cell permeant
BAR agonist, dobutamine (LogP = 3.0), revealed activation of the endogenous mAKAP/
EPAC/PLCe pathway that results in hydrolysis of phosphatidylinositol 4-phosphate (P14P)
at the Golgi to produce local diacylglycerol. This involved B1ARs and not B2ARs since

a selective B2AR antagonist had no effect in these experiments. Finally, specific blockade

of BAR signaling at the Golgi with a Golgi-targeted BAR inhibitor, Nanobody 80 (NB80),
demonstrated that endogenous Golgi p1ARs were required for stimulation of cardiomyocyte
hypertrophy by NE or dobutamine®®. These studies specifically examined the intracellular
MAKAP/EPAC/PLCe pathway, but it is possible or even likely, that other pathways are
regulated downstream of Golgi resident p1ARs (Fig. 2A). This pathway remains to be
investigated in animal models of hypertrophy and heart failure.

Organic Cation Transporters provide access of catecholamines to intracellular
receptors.—For intracellular adrenergic systems to operate physiologically they must be
accessed by endogenous neurotransmitters. The endogenous catecholamines, Epi and NE,
are ligands of BARs but are membrane impermeant. How these physiological relevant
ligands access their intracellular targets in the Golgi and elsewhere must be explained. A
particular organic cation transporter subtype, OCT3, has been shown to facilitate the uptake
of catecholamines across the plasma membrane/sarcolemma, and is also found in the Golgi,
and nuclear membranes of cultured cardiac cells*4. An OCT3-dependent mechanism has
been previously reported to be involved in uptake of NE into cardiac myocytes for regulation
of a-adrenergic receptors located at the nuclear envelope 44. In our studies of Golgi B1ARs,
activation of the EPAC/PLCe pathway by NE required OCT3, both in NRVMs and AVMs.
We have also shown that blockade of OCT3 prevents catecholamine-induced cardiomyocyte
hypertrophy#® in NRVMs and, as discussed below, blunts the contractile response in cardiac
myocytes and in animals*8,

These data support a physiologically relevant role of intracellular BARs and provide a
mechanism by which catecholamines can cross the membranes to act on the intracellular
receptors. Interestingly, corticosterone released by the adrenal gland blocks OCT3 activity in
vitro. It is possible that corticosterone might exert direct effects in cardiomyocytes in vivo by
inhibiting OCT3 activity® thereby regulating intracellular B-AR-related cardiac functions.
Supporting this view, clinical evidence suggests that adrenal insufficiency is associated with
cardiac dysfunction®0:51,

In our in vitro studies Iso was poorly membrane permeant®2. However, it is possible Iso
could be transported into cells through OCT3 and potentially engage internal B1ARs at a
high concentration. This, at least in part, could account for its ability to induce cardiac
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hypertrophy /n vivo. In vitro, a non-permissive temperature for the transporter, a lack of
sufficient transporter expression, or low concentrations of Iso could explain the failure to
observe internal BAR activation.

Physiological roles for 1AR compartmentation.—What is the physiological
significance of having separate pools of B1AR at the Golgi apparatus or nuclear envelope,
and the sarcolemma? A possible function might be to separate short term sympathetic
stimulation from changes in gene expression. In this scenario, during fight or flight
responses, acute catecholamine release would access receptors at the cell surface but would
be insufficient in duration and magnitude to access intracellular pathways through OCT3.
The kinetics of Golgi B1AR activation in cardiac myocytes and Hela cells are significantly
slower than activation of these receptors at the cell surface?8:45 perhaps due to the kinetic
properties of the transporter. The efficiency and rate of uptake of catecholamines depend
on the Km, k¢4t and expression level of OCT3. The Km’s of OCT3 for Epi and NE are

in the high uM range (~500-1000 uM) 53 while affinities for the BARs are in the low pM
range (1-15 uM)>°. One might expect that during acute stimulation, surface B1ARs would
be rapidly stimulated but NE or EPI may not reach sufficient concentrations long enough
for significant uptake by OCT3. Under chronic cardiac stress and sustained catecholamine
elevation, NE and Epi could achieve sufficient concentrations long enough to accumulate
intracellularly and access the Golgi pool of B1ARs to regulate gene expression through

the mMAKAP/EPAC/PLCe pathway. This mechanism would prevent inappropriate activation
of PLCe-dependent cardiac hypertrophic responses to acute catecholamine exposure. Also,
with sustained sympathetic stimulation and development of heart failure p1AR signaling
from plasma membrane is significantly blunted. Under these conditions Golgi-B1AR
mediated signaling may become more prevalent. Having separate internal B1AR pools also
likely to allows cells to generate precise signals that regulate specific cellular responses
instead of activating uncontrolled global signal events. These speculations remain to be
experimentally verified.

Sarcoplasmic reticulum.—A recent study showed that a population of B1ARs was
localized to the SR, and regulated contractility through local PKA activation (discussed
below) and phospholamban phosphorylation®* (Fig. 2A). It was also shown that B1ARs
coimmunoprecipitated with SERCA2 supporting an SR location, although it is possible
these interactions could be in other compartments or between compartments (Fig. 2A). Here,
OCT3 knockout animals had blunted contractile responses to Iso and NE supporting the idea
that OCT3 transporters have physiological significance beyond neurotransmitter clearance.

Compartmentalized cAMP signaling in cardiac myocytes.

cAMP microdomains.

The accumulating evidence discussed above support the emerging concept of functional
pools of BARs at various subcellular compartments that contribute to cAMP
compartmentalization to optimally exert physiological cardiac outcomes. There is ample
evidence that cAMP is tightly regulated at a nanodomain level, rather than simply diffusing
from the site of generation, to optimally regulate different downstream effectors. Early in
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1980s, the working hypothesis of cAMP compartmentalization and subcellular pools of
cAMP-dependent protein kinases downstream of B-AR activation in cardiomyocytes was
proposed®. This concept became generally accepted when optical probes (fluorescence
resonance energy transfer, FRET-based reporters) were exploited to visualize distinct
subcellular cAMP pools®857. By targeting the sensors to specific subcellular locations in
living cells or even in living animals, intracellular cAMP levels could be measured in a
real-time, quantitative, and spatiotemporal manner. This tool is extremely useful especially
in the architecturally complicated cells like ventricular cardiac myocytes. In one series of
experiments a modified FRET sensor “CUTie” was targeted to the different sites known to
regulate cardiac excitation-contraction coupling (ECC) including the sarcolemma, SR, and
myofilaments in isolated cardiac myocytes®®. They found distinct regulation of cAMP pools
at these sites with significantly smaller and delayed response at myofilaments compared to
sarcolemma and SR8, Importantly, they also showed that when cAMP compartmentation
was abolished using phosphodiesterase (PDE) inhibitors the inotropic response was blunted
in cardiomyocytes, indicating the importance of the precise control of local cCAMP level in
the contractility8,

These approaches were also employed to study cAMP generation by BARs located at the
SR>4. In these experiments blockade or knockout of OCT3 inhibited NE-dependent cAMP
generation detected by an SR-targeted PKA regulated FRET reporter (SR-AKAR). This
implied, but did not directly show, that BARs localized to the SR are responsible for local
cAMP production at the SR. Targeting the BAR inhibitor, NB80, to the SR would more
directly address a role for BARs at the SR. Similar studies have not yet been used to monitor
CAMP production downstream of Golgi localized BARs.

cAMP PDEs control cAMP microdomains.

Where cAMP signaling is terminated is a major contributor to restricting microdomains

of cCAMP. The enzymes responsible for cAMP degradation, cAMP-phosphodiesterases
(PDEs), consist of 11 members (PDE1-11). Different PDE isoforms have unique subcellular
locations, substrate specificity and regulatory mechanisms, therefore, localization of specific
PDE isoforms to specific myocyte subdomains shape cAMP signaling locally leading to
specific biological outcomes without broadly altering cAMP concentration within cells.
PDEs 1-5 and 8-10 are reported to be expressed in the heart>®. Dysregulation of PDE
isoform expression level, subcellular sites and activation have been implicated in cardiac
diseases.

PDEs are selectively anchored to signalosomes via anchoring proteins including A kinase
anchoring proteins (AKAPs), which also bring together PKA, adenylyl cyclase (AC), and
other cAMP-effectors in many cell types including the heart. For example, mAKAPS,
scaffolds PDE4D3, AC5, PKA, EPAC, PLCe, protein kinase (PKD), and other proteins,

at the nuclear membrane, to regulate cardiac hypertrophy®%-62. AKAP12 scaffolds PDE4D
and p2ARs53:64, B2 AR-dependent cAMP production is limited by PDEA4, since blockade
of PDE4D results in sustained cCAMP production5%. PDES5 also binds to B2ARs under
conditions of diabetic cardiomyopathy%6. B1AR-dependent cAMP signaling has also been
shown to regulated through scaffolding to PDE4DS’. Thus, PDE scaffolding to BARs
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modulates cAMP production downstream of both receptor subtypes, but likely does so to
different extents.

PDEs limit access of CAMP generated at the cell surface to the mAKAP/EPAC/PLCe
signaling pathway at the Golgi-nuclear envelope interface.

As discussed above, treatment of cells with the cell impermeant agonist 1so is unable to
stimulate activation of mMAKAP/EPAC/PLCe at the Golgi/nuclear envelope interface. This
indicates that something must be restricting access of cAMP to this complex. We identified
PDES3 as a key PDE preventing access of CAMP to the mAKAP/EPAC/PLCe complex in
cardiac myocytes®2 (Fig. 3). Inhibition of PDE3 revealed activation of PLCe at the NE/Golgi
interface in the absence of ligand stimulation and led to development of cardiomyocyte
hypertrophy in NRVMs. Treatment with 1so in combination with PDE3 inhibitor led to

an enhanced response. A second pool of cAMP controlled by PDEs 2 and 9A, opposed
activation of PLCe at the Golgi through a PKA-dependent mechanism which would be
predicted to oppose hypertrophy (Fig. 3). This evidence again emphasizes the importance
of balanced cAMP compartmentalized signaling in cardiac functions and shows that cCAMP
signaling can be either detrimental or protective depending on where or how it is regulated
in the heart.

Conclusions and future directions.

It is well established that under both normal and pathologic conditions, BARs play an
important role in initiating and regulating signaling pathways involved in cardiac function.
Due to the inhibitory effects of B-blockers on myocardial contractility, they were initially
considered as contraindicated in the treatment of heart failure. In mid 1970s, small-scale
trials were conducted to show an improved outcome of B-blockers in patients with cardiac
dysfunction®.69, Today, B-blockers such as carvedilol, bisoprolol, and metoprolol along
with other medications are amongst first-line treatment used in patients with stable, mild,
moderate, and severe heart failure, even though the exact mechanism of action of B-blockers
remain incompletely understood. Studies have shown several potential mechanisms of
B-blockers that contribute to their beneficial effects on heart failure. The mechanisms
include but are not limited to antagonizing neurohormonal stimulatory effects of hyper-BAR
mediated hypertrophic and proapoptotic effects on cardiomyocytes, slowing heart rate,
lowering blood pressure, reducing myocardial oxygen consumption, and restoring the ratio
of B1ARs and B2ARs’%71, A large body of evidence shows favorable effects of p-blockers
in heart failure and reversal of cardiac remodeling. However, not all p-blockers showed the
same beneficial effects. Currently available B-blockers are divided based on their different
interactions with f1 and B2 subtypes. Bisoprolol, metoprolol, and nebivolol are p1-selective
blockers while carvedilol is a non-selective g-blocker. In addition to subtype selectivity, a
new principle for functional selectivity could be based on the accessibility to the subcellular
locations. Bisoprolol, carvedilol and metoprolol which show beneficial effects in heart
failure tend to be hydrophobic while sotalol, a membrane impermeant p-blocker, is not

used to treat heart failure. Hydrophobicity might be an important factor for a clinically
effective p-blocker based on the discovery of functional roles of intracellular BAR signaling
in cardiac contractility, hypertrophy, and subsequent heart failure. Furthermore, elucidation
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of the distinct signaling properties of BAR signaling at the cell surface vs. the interior of the
cell, and the balance between cardiac protective versus toxic effects could provide critical
insights into the development of new strategies for heart failure.

A genetically encoded, and nanobody based B-AR blocker, NB80, has been recently utilized
to specifically target BARs intracellularly2845 by fusing different targeting sequences to

its N terminus. This approach combined with adeno-associated virus (AAV) based gene
delivery system opens the possibility of targeting select subcellular pools of receptors with
a high specificity in specific cell types. Investigation of BARs at various compartments

and their common or unique physiological roles will provide substantial and comprehensive
information of the roles of BARs in cardiac functions.
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Figurel.
Discrete cAMP signals and microdomain distributions of ARs. A) B1AR-induced cAMP

signaling is far-reaching, whereas f2AR-induced cAMP signaling is locally confined and
Internalized B2ARs may continue to signal in myocytes. B) In healthy cardiomyocytes,
B1ARs distribute widely across the cell surface33:34, while B2ARs are localized to T-tubules
and caveoli. C) Stimulation with a BAR agonist induces a redistribution of B1ARs into
T-tubules®2 and possible internalization into endosomes, although this has not been directly
confirmed in mature cardiac myocytes.
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Figure2. Intracellular B1AR activation and signaling.
A) BLARs are resident in the plasma membrane, Golgi apparatus and sarcoplasmic

reticulum. Activation of Golgi-B1ARs generates a local cAMP pool that induces
cardiomyocyte hypertrophy through mAKAP/EPAC/PLCe pathway*®. Golgi b1 ARs likely
also regulate PKA and may contribute to contractile or other processes. p1ARSs at
sarcoplasmic reticulum modulate contractility through PKA-dependent phospholamban
phosphorylation®4. Plasma membrane resident B1ARs can aksi regulate contractility via
PKA, or CamKII downstream of EPAC20. B) The organic cation transporter, OCT3 facilitate
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the uptake of the membrane impermeant endogenous catecholamines across the sarcolemma
and Golgi membrane as well as the nuclear envelope membrane (not shown). Dobutamine, a
membrane permeant agonist, does not rely on OCT3 to across the membrane.
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Figure 3. Balancing pools of cAMP signaling to PL Ce by PDE isoforms.
Distinct cAMP pools are differentially controlled by PDEs 2/9 and PDE3. PDE3 prevents

cAMP diffusion to the nuclear envelope/Golgi limiting activation of PLCe at that location.
A distinct pool of cAMP regulated by PDEs 2/9 at plasma membrane opposes the activity of
PLCe through a PKA dependent mechanism“6.
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