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Augmenting b receptors in the heart: Short-term gains offset by
long-term pains?
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The rate and strength of beating of the heart is under the
reciprocal control of the adrenergic (sympathetic) and cholin-
ergic (parasympathetic) systems. Increased strength (inotropy)
in cardiac beating in response to blood-borne epinephrine or
to neurally delivered norepinephrine is mediated by b-adren-
ergic receptors. These G protein-coupled receptors have
served as a key model for defining the molecular events linking
receptor occupancy to effector regulation via G proteins.

As shown schematically in Fig. 1, occupancy of b-adrenergic
receptors by agonist ligands, such as the endogenous cat-
echolamines epinephrine and norepinephrine, facilitates in-
teractions with heterotrimeric G proteins. These functional
encounters accelerate GTP binding to the a subunit of the G
protein, leading to two potential regulators of effector func-
tion: GTP-liganded a subunits or dissociated bg subunit
complexes. For b-adrenergic receptors, a principal effector is
adenylyl cyclase, and the G protein that couples receptor
activation to stimulation of adenylyl cyclase is termed Gs.
Depending on the isoform of adenylyl cyclase expressed in the
target cell, either the a subunit of Gs or the bg complex, or
both, leads to the enhanced synthesis of cAMP. Cyclic AMP
serves as the second messenger for epinephrine by activating
cAMP-dependent protein kinase within the cell and effecting
a variety of phosphorylation-dependent changes in electrical
and chemical functions. Activation of the b-adrenergic recep-
tor system is terminated either by dissociation of the agonist
from the receptor or by a number of autoregulatory events,
referred to as desensitization or tachyphylaxis (1).

The study of the molecular events underlying desensitization
of the b-adrenergic receptor-adenylyl cyclase system has been
driven by the realization that a variety of diseases, particularly
in the cardiovascular system, manifest diminished responsive-
ness to catecholamines. Cellular studies have revealed that
desensitization of the b-adrenergic receptor system results
from functional uncoupling of the receptor from Gs as a result
of receptor phosphorylation. The receptor can be phosphor-
ylated by cAMP-dependent protein kinase on a residue in the
third intracellular loop of the receptor (2); this can occur as a
result of activation of only a trivial fraction of the receptor
population, because of amplification in the cAMP signaling
cascade, and can account for half of the desensitization that
occurs in a target cell (3). However, considerably more exper-
imental attention has been focused on b-adrenergic receptor
phosphorylation in the C terminus of the receptor catalyzed by
a unique receptor directed kinase, dubbed bARK. The sub-
strate for bARK is the agonist-occupied receptor (1). bARK-
catalyzed phosphorylation of the b-receptor leads to receptor
association with yet another protein, dubbed b-arrestin, which
in turn leads to receptor hyperphosphorylation and functional
uncoupling from G proteins. In vitro studies have suggested
that arrestin interaction with the b-adrenergic receptor serves
as an adapter for receptor endocytosis via clathrin-coated pits;
this internalization fosters receptor dephosphorylation and
serves as a prelude to recycling to the surface for reactivation.

At some point, receptor entry via endocytosis is not followed
by resensitization and recycling but, rather, leads to receptor
trafficking to lysosomes and ultimate receptor degradation.
However, agonist-elicited decreases in receptor density,
termed ‘‘down-regulation,’’ do not contribute in a quantita-
tively significant way to acute desensitization responses when
compared with the profound effect of phosphorylation-
dependent functional uncoupling of b-receptors from G pro-
teins (3).

Diminished responsiveness of the b-adrenergic receptor
system to catecholamines has been unequivocally demon-
strated in chronic congestive heart failure, a life-threatening
disease affecting more than 4 million Americans. Heart failure
can be defined as a decline in heart function below that
required for maintaining adequate cardiac output to meet the
metabolic demands of body tissues. Classic literature suggests
that a fully functioning b-adrenergic system is not essential to
achieve normal cardiac function in healthy hearts performing
under ‘‘basal’’ conditions (4). In contrast, the b-adrenergic
system is essential for response to stress and for supporting
circulatory function in heart failure. The decreased respon-
siveness in the b-adrenergic system in heart failure, despite
elevated circulating levels of catecholamines, has been corre-
lated with changes in a number of the molecular players in the
b-adrenergic system or their interactions (cf. Fig. 1). The
molecular changes noted in failing human hearts include
diminished receptor density (5), especially for the b1-
adrenergic receptor subtype and its mRNA template (6);
reduced stimulation of adenylyl cyclase by b-adrenergic ago-
nists without changes in enzyme content or activation by
agonists at other receptors (5); an increase in the mRNA,
protein, and catalytic activity levels of bARK kinase (6); and
an increase in Gi, the G protein that mediates the functional
antagonism of cAMP production (7). Many of these phenom-
ena are recapitulated in animal models of congestive heart
failure, such as that achieved by electrical pacing in chronically
instrumented rabbits (8) or dogs (9).

Strategies for therapeutic intervention could target either
the underlying cause of heart failure or the consequences of
that failure. Diminished b-adrenergic responsiveness, al-
though certainly a hallmark of the disease, is not necessarily
the precipitating dysfunction. Reduction in the sensitivity of
the arterial baroreflex response to blood pressure, and result-
ant decline in tonic baroreflex suppression of central nervous
system-dependent sympathetic activity, lead to sustained ele-
vation in plasma norepinephrine. This elevated norepineph-
rine is a likely candidate for evoking desensitization of the
b-adrenergic system characteristic of the disease state. Al-
though the introduction of b-adrenergic receptor blockers in
the treatment of heart failure was initially based on nonintui-
tive empirical evidence from clinical trials (10), protection
against sustained activation of the b-adrenergic receptor sys-

PNAS is available online at www.pnas.org.

The companion to this Commentary begins on page 7059 in issue 12
of volume 96.
†To whom reprint requests should be addressed. e-mail: lee.
limbird@mcmail.vanderbilt.edu.

7125



tem (and concomitant desensitization of that system) may very
well contribute to the therapeutic efficacy of these agents.

Transgenic mice have provided an opportunity to test
hypotheses regarding the molecular changes that precipitate
congestive heart failure, and those that might represent useful
therapeutic interventions, by, for example, gene therapy (11).
Milano et al. (12) reported the development of transgenic
mouse lines overexpressing the b2-adrenergic receptor by 55-
to 195-fold in the heart, driven by the cardiac selective
a-myosin heavy chain promoter. This expression increased in
a nearly linear manner over the first 2 months of life, in parallel
with a-myosin heavy chain expression (12). Receptor overex-
pression was paralleled by increased basal- as well as agonist
(isoproterenol)-induced adenylyl cyclase activity. These ani-
mals manifested increased left atrial isometric tension and
increased left ventricular function when assessed within '2
months of age. In fact, baseline cardiac function was elevated
to that characteristic of control animals treated with isopro-
terenol, suggesting that the increased basal cAMP production
was sufficient to induce a maximal inotropic response. Ele-
vated baseline responses appeared to be attributable to recep-
tor isomerization into an active state (i.e., capable of activating
G proteins) in these animals dramatically overexpressing the
b2-adrenergic receptor in the heart, even in the absence of
agonist. The interpretation of these studies was that augment-
ing adrenergic function by in vivo gene transfer might represent

a viable, therapeutic alternative for the treatment of patients
suffering from congestive heart failure. In fact, adenoviral-
mediated in vitro gene transfer of either the human b2-
adrenergic receptor or an inhibitor of bARK into isolated
myocytes from rabbits chronically paced to produce hemody-
namic failure resulted in a restoration of agonist-stimulated
cAMP production to these target cells (8), providing credence
to the hypothesis that increasing the effectiveness of the
b-adrenergic receptor signaling pathway may improve the
functional performance of the heart.

This conclusion, however, seems difficult to reconcile with
the clinical experience that b-adrenergic receptor blockade
inhibits the clinical progression of disease and improves out-
comes in this patient population (13). In contrast, b-adrenergic
receptor agonists are useful only for the short-term support of
the circulation in patients with advanced heart failure, pre-
sumably because of the development of tolerance (i.e., desen-
sitization) to these agents. Why, then, would cardiac-specific
overexpression of b-adrenergic receptors appear to offer such
desirable consequences, such as increased inotropy of the
heart, even considering that these results were obtained in an
otherwise healthy animal?

This enigma is partly resolved by the recent findings of
Engelhardt et al. (14). These investigators used the a-myosin
heavy chain promoter to achieve cardiac-specific expression of
the b1-adrenergic receptor subtype in transgenic animals, at

FIG. 1.
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levels (5- to 15-fold) greater than normal levels but consider-
ably less than those attained for the b2-adrenergic receptor
subtype by Milano et al. (12). Overexpression of receptors led
to the expected increases in heart rate and contractility when
compared with control animals at 12 weeks. However, mor-
phological analysis indicated that marked myocyte hypertro-
phy accompanied by fibrosis developed in the transgenic
hearts within a few weeks after birth. Perhaps as a consequence
of these morphological changes, the increase in myocardial
performance noted early in life declined beyond the time point
of 16 weeks to a level well below 50% of that seen in wild-type
animals by 35 weeks of age. Loss of contractility measured in
35-week-old transgenic mice was paralleled by a reduction of
left ventricular function measured by MRI and by the devel-
opment of evidence of heart failure in mice at later dates. This
study affirms the widely held perception that the damaged
myocardium has limited response. The precise mechanism
through which increased b1-adrenergic receptor expression
leads to myocardial hypertrophy, fibrosis, and dysfunction over
time is unclear but likely involves calcium-dependent pathways
recently recognized to play an essential role in the develop-
ment of cardiac hypertrophy and failure (15). These findings,
which also may have been observed with overexpression of
b2-adrenergic receptors had the studies of Milano et al. (12)
been extended beyond 8–10 weeks of age, suggest that the
long-term b-adrenergic stimulation is in fact toxic to the
myocardium. Consequently, the attenuated cardiac responses
to catecholamines achieved by reduction in receptor density
and enhanced desensitization are actually cardioprotective!

What general principles, then, do these studies offer for the
rational selection of therapeutic targets in chronic diseases that
may be initiated by a series of molecular events distinct from
those that cause the symptoms of the disease and may have
arisen to compensate for the precipitating events? In this
example, the b-adrenergic receptor system appears to have
been optimally designed for ‘‘fight or flight’’: i.e., acute re-
f lexes. The beneficial effects of activation of this system
achieved in the short term are not realized over the long term,
where compensatory responses prevail. An analogous example
is the renin–angiotensin system, where long-term inhibition of

this system has more beneficial therapeutic effects than acti-
vation, which has only short-term benefit (16). Rational se-
lection of therapeutic targets requires deciding whether it is
wiser to modify signaling pathways mediating short-term re-
sponses or to influence the activity of chronic compensatory
responses to achieve the desired clinical outcome.
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