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3,-adrenergic receptor polymorphisms confer differential
function and predisposition to heart failure

Jeanne Mialet Perez!4, Deborah A Rathz?*, Natalia N Petrashevskaya®, Harvey S Hahn!, Lynne E Wagoner!,
Arnold Schwartz3, Gerald W Dorn 1112 & Stephen B Liggett!-?

Catecholamines stimulate cardiac contractility through (3;-adrenergic receptors (3;-ARs), which in humans are polymorphic at
amino acid residue 389 (Arg/Gly). We used cardiac-targeted transgenesis in a mouse model to delineate mechanisms accounting
for the association of Arg389 with human heart failure phenotypes. Hearts from young Arg389 mice had enhanced receptor
function and contractility compared with Gly389 hearts. Older Arg389 mice displayed a phenotypic switch, with decreased
[-agonist signaling to adenylyl cyclase and decreased cardiac contractility compared with Gly 389 hearts. Arg389 hearts

had abnormal expression of fetal and hypertrophy genes and calcium-cycling proteins, decreased adenylyl cyclase and Go
expression, and fibrosis with heart failure This phenotype was recapitulated in homozygous, end-stage, failing human hearts.
In addition, hemodynamic responses to 3-receptor blockade were greater in Arg389 mice, and homozygosity for Arg389 was
associated with improvement in ventricular function during carvedilol treatment in heart failure patients. Thus the human
Arg389 variant predisposes to heart failure by instigating hyperactive signaling programs leading to depressed receptor
coupling and ventricular dysfunction, and influences the therapeutic response to (3-receptor blockade.

Despite recent treatment advances, mortality from heart failure is
[50% within 5 years!. A potential role for common genetic variants in
susceptibility, progression and response to treatment is suggested by
familial clustering of phenotypes, reduced penetrance in familial car-
diomyopathies and marked interindividual variations in progression
and treatment outcomes!=3. (3,-ARs are the predominant cardiac
receptors for the catecholamines norepinephrine and epinephrine;
along with a smaller contribution by 3,-ARs, they represent the major
mechanism whereby cardiac output is increased by the sympathetic
nervous system. However, prolonged activation of [3;-ARs ultimately
worsens ventricular function regardless of the initial cause of failure.
This is the presumed basis for the therapeutic efficacy of B-blockers! in
heart failure®>.

We identified nonsynonymous polymorphic variations in the
human (3;-AR gene (ADRBI) at nucleotide 1165 of the coding region,
resulting in either Arg or Gly as amino acid 389 (ref. 6). Although Gly
is the minor allele, with a frequency of [25-45% (ref. 7), it has been
the reference receptor for recombinant functional studies. Based on
the crystal structure of bovine rhodopsin®, this nonconservative varia-
tion is predicted to lie within a conformationally sensitive G, coupling
domain in the intracellular helix between transmembrane domain 7
and the palmitoylated cysteine(s) in the intracellular tail of the recep-
tor. Initial studies with human (3;-ARs expressed in fibroblasts support
this notion®. We recently reported that the Arg389 (3,-AR, when pres-
ent with a polymorphic 0,.-AR that regulates presynaptic norepi-
nephrine release, is a risk factor for human heart failure®. In addition,

3,-AR variants at this position are proposed to be associated with
intermediate heart failure phenotypes'® and hypertension!'! (which
itself can predispose to heart failure). As such, this polymorphic varia-
tion may be useful for risk assessment and tailoring therapy. However,
a molecular and physiologic basis for the aforementioned observa-
tions is lacking, so the specific pathogenic roles of the 3;-AR variants
are not known and a treatment strategy cannot be formulated based
on genotype. Here we report targeted transgenic overexpression of
both (3;-AR variants in mouse ventricles, revealing an allele-specific
cardiac phenotype that was recapitulated in human heart failure.

RESULTS
Arg389 (3;-AR causes an early hypercontractile state
To assess the potential role of these 3;-AR variants in the development
of heart failure, transgenic mice were made to express human Arg389
or Gly389 B,-ARs in the ventricles, under the control of the o-myosin
heavy-chain promoter. This overexpression approach has been a useful
model for examining adrenergic signaling in the heart because it pro-
vides persistent subtype- and cell-type-specific activation of a specific
signal transduction pathway*!%13. We generated several mouse lines
expressing various levels of these two receptors, as determined by radi-
oligand binding. Except where noted, we used two lines with equiva-
lent expression of the two receptors in the heart (1.0 + 0.17 and
1.2+ 0.21 pmol receptor per mg protein, respectively).

To examine cardiac function under consistent loading conditions
independent of systemic neurohumoral influences, work-performing
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isolated heart preparations were studied in 3- and 6-month-old mice
(Fig. 1). At 3 months of age, both Arg389 and Gly389 transgenic hearts
showed increased cardiac contractility (+dP/dt, ) compared with
those of nontransgenic littermates (Fig. 1a). However, Arg389 hearts
had significantly greater (P < 0.01) basal and [3,-agonist-stimulated
contractility compared with Gly389 hearts. Baseline heart rates were
also higher for Arg389 mice, although both ultimately reached the same
maximal agonist-stimulated rates (Fig. 1b). Agonist-stimulated adeny-
Iyl cyclase activity was determined in ventricular membranes (Fig. 2).
At 3 months of age, activity measured in Arg389 hearts showed
enhanced stimulation by the partial 3;-AR agonist GW805415, com-
pared with Gly389 hearts; a similar trend was noted for the full agonist
isoproterenol (Fig. 2a). Expression of the fetal, calcium-cycling and
hypertrophy-associated genes encoding myosin 0- and [3-heavy chains,
atrial natriuretic factor, sarcoplasmic endoplasmic reticulum calcium
ATPase-2 (SERCA-2a) and phospholamban (PLN) was examined using
dot blots of ventricular mRNA (Fig. 3). At 3 months of age, no differ-
ences in transcript expression were noted in Arg389 or Gly389 hearts, as
compared with nontransgenic hearts (Fig. 3a). In addition, histopatho-
logic sections of the ventricles (data not shown) were normal in both
sets of transgenic mice at this early age.

Age-dependent contractile failure in Arg389 mice
By 6 months of age, a marked contractile impairment of Arg389
hearts to B-agonist stimulation became evident. Although baseline

Figure 2 Phenotypic switching of Arg389 and Gly389 3;-AR signaling

in mouse and human ventricles. (a) B-AR stimulation of adenylyl cyclase
activity by the agonists GW805415 (GW) and isoproterenol (Iso) undergoes a
marked decrease between the ages of 3 and 6 months, in Arg389 ventricular
membranes of mice. Similarly, forskolin (Forsk)-stimulated activities are
reduced in an age-dependent fashion in Arg389, but not Gly389, mice.

*, P<0.02 for 3 months compared with 6 months, within genotype;

#, P< 0.02 between genotypes of the same age (n = 5-9). (b) Membranes
from homozygous B1-AR variant human end-stage failing hearts show
depressed function of the Arg389 variant. Stimulation of Arg389
membranes with isoproterenol and forskolin (Forsk/50, values divided

by 50) show decreased signaling compared with Gly389 membranes.

** P<0.01 for Arg389 versus Gly389. (n =6 in each group).
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Figure 1 Functional consequences of polymorphic 3;-AR expression in
transgenic mouse hearts. (a,b) Work-performing heart studies at 3 months
of age reveal enhanced contractility (+dP/dt,,,,) a) and heart rates

(b) at baseline, and an enhanced contractile response to the B;-AR agonist
dobutamine (n=5, P< 0.01 for Arg389 compared with Gly389 ;-AR
transgenic mice). (c,d) Studies at 6 months of age of contractile (c) and
heart rate (d) responses reveal a loss of contractile responses to agonist in
Arg389, but not Gly389, B;-AR transgenic mice (P< 0.01, n=5).

NTG, nontransgenic. Symbols in b—d are same as in a.

dP/dt,,,, remained greater for the Arg389 mice, a positive inotropic
response to the B-agonist dobutamine was no longer observed
(Fig. 1c). Despite this, the Arg389 mice showed a small but consis-
tent chronotropic response to dobutamine (Fig. 1d). This loss of
cardiac B-AR inotropic responsiveness to agonist is a hallmark of
human heart failure'* and is related to ventricular function as well
as the improvement in function after treatment with 3-blockers. To
address these issues, we conducted studies in transgenic mice and
in humans with various 3;-AR genotypes (Fig. 4). We used nonin-
vasive echocardiography to longitudinally assess in vivo function in
the mice (Fig. 4a). By 9 months of age (Table 1), the Arg389 mice
had markedly reduced fractional shortening at rest compared with
Gly389 mice (26 * 2% versus 42 = 4%, respectively; P = 0.02).
Cardiac gene expression profiles also revealed allele-specific
changes in the older mice (Fig. 3b,c). At 6 and 9 months, the fetal
pattern of expression of the myosin - and [-heavy chain genes
was apparent in ventricles expressing the Arg389, but not the
Gly389, variant. In addition, atrial natriuretic factor was increased
and SERCA-2a and PLN were decreased, again only in the Arg389
mice. Histopathology of sections from 9-month-old mice revealed
myocyte loss with replacement fibrosis in the Arg389 mice, which
was not apparent in the Gly389 or nontransgenic mice (Fig. 4b). No
evidence of apoptosis in ventricles from either Gly389 or Arg389
mice was detected (data not shown). The phenotype associated
with the Arg389 genotype was explored in additional transgenic
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Figure 3 Cardiac gene expression profiles from polymorphic ;-AR transgenic mice. (a-c) RNA dot blot
analysis showed no differences in transcript expression between Arg389, Gly389 and nontransgenic
hearts at 3 months of age (a). At 6 months (b) and 9 months (c) Arg389, but not Gly389, hearts
showed differences in transcript expression compared to nontransgenic hearts of fetal, calcium-cycling
and hypertrophy-associated genes (P < 0.05, n=4-6). a- and B-MHC, a- and B-myosin heavy chains;

ANF, atrial natriuretic factor. NTG, nontransgenic.

mouse lines, where a gene-dose response was evident. At expression
levels of 2.8 + 0.05 pmol/mg of the Arg389 variant, young mice had
markedly elevated ventricular atrial natriuretic factor transcript
expression and died of massive cardiomegaly. In mice expressing
1.0 £ 0.17 pmol/mg of the Arg389 variant, the enhanced early
responsiveness was followed by a decline observed at 6 months, as
shown in Figure la,c. However, in mice expressing the Arg389 or
Gly389 variants at [0.4 pmol/mg, enhanced +dP/dt,,, at baseline
and in response to dobutamine was observed at 3 months but did
not progress to a depressed functional response by 6 months
(maximal dobutamine-stimulated +dP/dt,,,, was 10,500 * 700 for
Arg389 and 8,020 £ 600 mm Hg/s for Gly389).

Altered force-frequency and calcium-cycling proteins

Work-performing isolated heart studies examining the force-fre-
quency relationships in 6-month-old Arg389 and Gly389 mice were
carried out to assess non-receptor-mediated contractile parameters.
For these experiments, hearts were paced from baseline rates up to
800 beats per minute (b.p.m.), with +dP/dt,,, determined at multiple
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Figure 4 Allele-specific features of Arg389 and Gly389 B;-AR in transgenic

mice and human heart failure. (a) In mice, echocardiographic analyses revealed

decreased fractional shortening only in Arg389 hearts at 9 months of age
(n=4). (b) Histopathologic sections of 9-month-old mice showed no
abnormalities in nontransgenic (NTG) or Gly389 hearts, whereas Arg389

ventricles had extensive myocyte loss and fibrosis. (c) The physiologic response

to acute administration of the B-blocker propranolol differed by genotype in
4-month-old mice, with Arg389 mice showing enhanced sensitivity and

maximal response to propranolol (n = 4). (d) In 224 patients with heart failure,

response to the B-blocker carvedilol was associated with B;-AR genotype, with

significant improvement in LVEF in Arg389 homozygotes compared with Gly389

homozygotes. *, P< 0.01; #* P<0.02 for Arg389 versus Gly389; n= 4.
ESD, end-systolic dimension; EDD, end-diastolic dimension.

0
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intervals. Neither transgenic heart showed an
ascending limb (early increase in contractility
with increased heart rate) because their base-
line heart rates and +dP/dt,,,, were already
increased. At higher-paced rates, however, the
threshold for a decrease in +dP/dt,,
(descending limb) occurred at 475 =*
50 b.p.m. for Arg389 mice, in contrast to 725
+ 70 b.p.m. for Gly389 mice (the threshold for
nontransgenic mice was 600 = 80 b.p.m.).
These results suggested aberrant calcium
cycling, potentially because of altered expres-
sion of PLN or SERCA-2a. Western blots were
done using ventricular lysates, to assess
expression of calcium-cycling proteins and
B-AR signaling elements (Fig. 5). The phos-
phorylated form of PLN was markedly
decreased in 6-month-old Arg389 mice compared with Gly389 mice,
with total PLN levels being slightly lower (Fig. 5a), consistent with
decreased B-AR responsiveness in intact hearts. SERCA-2a levels were
also depressed in an allele-specific manner in 6-month-old mice. In
contrast, only a small decrease ([115%) in SERCA-2a was observed at
3 months in the Arg389 ventricles compared with Gly389, with
no other allele-specific changes in phosphorylated PLN or total PLN
protein expression (data not shown).

Phenotypic switching of Arg389 and Gly389 3;-ARs

The decreased cardiac (;-AR-mediated stimulation observed in
human heart failure is caused by a downregulation of receptor expres-
sion and by a functional desensitization of receptor—adenylyl cyclase
coupling'®. These events can be considered adaptive in nature, as they
may protect the failing heart with limited contractile reserves from
persistent inotropic stimulation by elevated norepinephrine levels.
Agonist-promoted downregulation of 3;-AR is the result of decreased
transcription and increased receptor protein degradation!®. In hearts
from Gly389 mice, a [74% loss of [3;-AR expression was observed over
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Table 1 Echocardiographic indices of 9-month-old mice

NTG Gly389 Arg389
LVEDD (mm) 3.34+0.13 3.25+0.14 4.23+0.12*
LVESD (mm) 2.16 £0.12 1.19+0.19 3.12 +0.04*
Rate (b.p.m.) 442 + 58 484 + 17 500 + 53
H/R 0.34 +£0.01 0.47 £ 0.04 0.24 £ 0.02*
Vcf (circ/s) 6.1 +0.85 8.23+0.86 5.21 + 0.34*
FS (%) 35.1 £4.04 41.7 £ 4.05 26.1 +1.52*

LVEDD and LVESD, left-ventricular end-diastolic and end-systolic dimensions,
respectively; H/R, ratio of wall thickness to left-ventricular radius; Vcf, velocity of
circumferential fiber shortening; FS, fractional shortening; NTG, nontransgenic
littermates; circ, circumference. *, P < 0.02 compared with Gly389.

time (from 1.19 = 0.21 at 3 months to 0.31 * 0.04 pmol/mg at
6 months). In contrast, the Arg389 3;-AR underwent only [44%
downregulation over the same time period (1.02 + 0.17 at 3 months
versus 0.56 * 0.04 pmol/mg at 6 months; n = 4, P < 0.01 for Arg389
compared with Gly389). These data indicate that the Arg389 variant is
impaired in this important protective event, and that the absence of
contractile responsiveness to a [3-agonist, observed at 6 months, is not
caused by a paucity of receptors. 3-AR coupling was assessed by ago-
nist-stimulated adenylyl cyclase assays in ventricular membrane
preparations. At 3 months, both types of transgenic mice had
enhanced stimulation of cardiac adenylyl cyclase compared with non-
transgenic mice (Fig. 2a). By 6 months, however, a marked decrease in
agonist-stimulated activity was observed in Arg389 mice compared
with 3-month-old Arg389 mice, despite having relatively preserved
receptor expression (Fig. 2a). In comparison, Gly389 mice showed lit-
tle age-dependent decrease in [3-AR signaling to adenylyl cyclase. This
desensitization of the Arg389 receptor was true for both the partial
(GW805415) and full (isoproterenol) agonists used in the assay.
Forskolin-stimulated activities, a measure of expression and function
of adenylyl cyclase, were not different between 3-month-old and 6-
month-old Gly389 mice. In contrast, Arg389 mice showed an age-
dependent decrease of [B0% in forskolin-stimulated activities over the
same period of time (Fig. 2a). Western blots showed that type V adeny-
Iyl cyclase was ~40% less abundant in 6-month-old Arg389 ventri-
cles compared with Gly389 ventricles (11,073 + 890 versus 15,697
653 pixels; P < 0.01; Fig. 5b). Similarly, G0, expression was lower in
Arg389 ventricles compared with Gly389 ventricles, but only at
6 months of age (12,008 + 738 versus 22,607 * 119 pixels; P < 0.01;
Fig. 5b). Sodium fluoride—stimulated adenylyl cyclase activities were
[B0% less in 6-month-old Arg 389 ventricular membranes, compared
with those from Gly389 mice (62 2.2 versus 88 + 11.7 pmol/min/mg,
respectively; P < 0.05), consistent with allele-specific downregulation
of Ga,. We also examined expression of G-protein-coupled receptor
kinase-2 (GRK-2) and Gai;, known to contribute to B-AR dysfunction
in various rodent models of hypertrophy or heart failure, and in the
human syndrome!”~21. We found a marked increase in the expression
of both proteins, but this increase was not different between Arg389
and Gly389 hearts (Fig. 5b). Taken together, the loss of agonist-pro-
moted contractile responsiveness is partially explained by decreased
function of B-AR in an allele-specific fashion, as well as decreases in
the abundance of Ga, and type V adenylyl cyclase, the next two ele-
ments in the signaling pathway. This physiologic desensitization of
Arg389 hearts at 6 months also involves distal components, as indi-
cated by alterations in calcium cycling and PLN and SERCA-2a expres-
sion that are only observed in mice with that genotype.

Because enhanced agonist-promoted function is evident in Arg389
B,-AR-transfected cells®, intact hearts (Fig. la) and ventricular
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membranes (Fig. 2a) of young (3-month-old) Arg389 transgenic mice,
the temporal events leading to depressed function suggest a ‘pheno-
typic switch. We explored whether this reversed phenotype is also
present in end-stage human heart failure, using explanted hearts from
idiopathic dilated cardiomyopathy patients (six of each homozygous
genotype). As expected, ventricular B,-AR was markedly reduced in
Arg389 hearts compared with Gly389 hearts (12.0 £ 5.2 and 9.6 + 3.8
fmol/mg, respectively). This trend was of the same magnitude and
direction as in the transgenic mouse data, but was not statistically sig-
nificant. However, functional responses showed a substantial differ-
ence when stratified by receptor genotype. Agonist-stimulated
adenylyl cyclase activity in ventricular membranes from hearts of
patients bearing the Arg389 3,-AR variant were markedly lower com-
pared with the Gly389 variant (Fig. 2b). In addition, and also consis-
tent with the mouse data, forskolin-stimulated activities were lower in
membranes from hearts with the Arg389 variant.

Arg389 predicts [3-blocker response in mice and humans

-AR antagonists are used in the treatment of human heart failure,
where they are thought to partially relieve the compromised heart of
the forced inotropic and chronotropic effects of elevated norepineph-
rine. However, there is marked interindividual variability in the
response to 3-blockade?, which may be based on genetic variability in
B3,-AR, the target of these agents. We sought to ascertain whether a dif-
ferential response to B-blockade, in terms of sensitivity or maximal
responsiveness, was present in the transgenic mice. Acute and chronic
responses to the B-AR antagonist propranolol were assessed. Acute
responses were studied in 4-month-old hearts by measuring the
decrease in +dP/df,,,,, and heart rate with increasing concentrations of
infused propranolol. Gly389 hearts showed no decrease in contractil-
ity except at the highest dose of propranolol (Fig. 4c). In contrast,
Arg389 hearts were highly sensitive to acute B-blockade, displaying a
steep linear response and a greater decrease in contractility (Fig. 4c).
The heart-rate response in these acute studies also indicated a greater
sensitivity to propranolol for Arg389 compared with Gly389 hearts
(slopes were —45 * 1.8 versus —26 + 4.7, respectively; P < 0.01; data not
shown). To study the chronic response, heart rates were determined in
young mice by echocardiography, before and at the end of a 5-week
period, in untreated mice and mice treated orally with propranolol. In
the Gly389 mice, there was no difference in heart rates between those
treated with chronic propranolol and the untreated controls (541 £

NTG Gly389 Arg389
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Figure 5 Altered expression of calcium-cycling and B-AR signaling proteins in
6-month-old Arg389 hearts. (a) Phosphorylated PLN (P-PLN), total PLN
(T-PLN) and SERCA-2a were all reduced in ventricular membranes from Arg389
compared with Gly389 transgenic mice. (*, P< 0.01, n=3-5) (b) Expression
of ventricular Gog and type 5 adenylyl cyclase (ACV) was reduced in Arg389
compared with Gly389 transgenic hearts (P < 0.01, n=4). GRK-2 and Ga;
were increased in hearts from both lines of transgenic mice, with no evidence of
differential regulation by 3;-AR genotype. NTG, nontransgenic.
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45 versus 534 + 23 b.p.m., respectively; n = 4). The Arg389 mice, how-
ever, showed a [J165-b.p.m. decrease in heart rate in response to pro-
pranolol, compared with untreated Arg389 mice (415 + 21 versus 580
* 31 b.p.m., respectively; n = 4, P < 0.005).

This allele-specific response suggested that the protective effect of
B-blockade against chronic catecholamine stimulation of cardiac
,-ARs in human heart failure would be more likely to occur in
patients expressing the Arg389 variant. This would result in a greater
therapeutic response from Arg389 patients, as represented by
improvement in left-ventricular function (LVEF). To address this,
224 patients with heart failure were treated with a standardized dosing
regimen of the B-blocker carvedilol*? and genotyped at codon 389 of
the 3,-AR locus. Ventricular function before treatment was not differ-
ent between Arg389 and Gly389 homozygotes (LVEF of 26 * 8.6% ver-
sus 25 * 0.9%, respectively); nor was the final, stable dose of carvedilol
different between the two groups (54 * 2.9 versus 56 * 7.4 mg/d,
respectively). However, [3;-AR genotype was associated with improve-
ment in LVEF during B-blockade (Fig. 4d). Arg389-homozygous
patients showed a substantially greater improvement in LVEF (8.7
1.1%) compared with Gly389-homozygous patients (0.93 £ 1.7%; P <
0.02). Heterozygotes showed an improvement similar to that of
Arg389-homozygous patients (7.02 £ 1.5%).

DISCUSSION

These studies reveal that Arg389 ,-AR, as compared with Gly389 3,-
AR, the other allelic variant found in the human population, causes
enhanced signaling at an early age, but evokes a program that ulti-
mately leads to decreased signaling and heart failure. In young mice,
the Arg389 genotype does not cause abnormalities in hypertrophy or
fetal gene expression, proximal or distal signaling elements, or histol-
ogy. By 6 months of age, however, multiple alterations are evident only
in Arg389 mice, representing potentially adaptive and maladaptive
events. At this age, Arg389 hearts lack contractile responsiveness to
f3;-AR stimulation (Fig. 1). Depressed 3;-AR stimulation in vivo, ex
vivo and in vitro are well-established features of human heart fail-
ure!%1>23, Downregulation of 3,-AR is also evident in the human syn-
drome, although there is marked interindividual variability in both
B,-AR desensitization and downregulation!®, suggesting that there
may be a genetic basis for such variations in phenotype.

We show here that mice overexpressing either the Arg389 or Gly389
f3;-AR undergo age-dependent downregulation of receptor density.
This has not been observed in hearts of (3,-AR-overexpressing mice,
and this subtype-specific response has also been observed in human
heart failure!>23. In the current study, however, we found a significant
difference in the extent of downregulation between the two polymor-
phic B;-ARs, with Arg389 mice showing less downregulation than
Gly389 mice. Despite this greater expression at 6 months, (3;-AR sig-
naling to adenylyl cyclase is depressed at this age in Arg389 mice,
which correlates with decreases in G, and type V adenylyl cyclase
expression. The greater propensity for the Arg389 receptor to undergo
desensitization by GRKs?4, as well as the increase in GRK-2 expression,
may further contribute to these proximal signaling perturbations. At
more distal elements of the agonist-contractile response pathway,
phosphorylated PLN, total PLN and SERCA-2a protein expression is
reduced, and the fetal-like pattern of myosin heavy-chain gene expres-
sion is observed. By 9 months, Arg389 mice develop depressed ventric-
ular function and pathologic fibrosis, which are not observed in
Gly389 mice. Taken together, these results suggest that the Arg389
polymorphism may predispose an individual to heart failure. In sup-
port of this concept, several studies have shown associations between
Arg389 ,-AR and cardiovascular phenotypes. These include a syner-

gistic gene-gene interaction with the o,.-AR, which modulates presy-
naptic norepinephrine release®, and hypertension in patients in the
absence!! or presence!? of heart failure. Prior to the current study, the
molecular basis for such observations was not clear, nor was the time-
dependent phenotypic switch a consideration. We also show here that
the two lines of transgenic mice respond differently to the B-blocker
propranolol. In the human syndrome, the therapeutic response to
-blockade shows a high degree of interindividual variability that is
not readily accounted for by clinical status?. In our study, we found
that propranolol has a greater effect in Arg389 compared with Gly389
mice, in the settings of acute and chronic administration. This suggests
that heart-failure patients with the Arg389 3,-AR variant may repre-
sent those more likely to respond to B-blockade. Indeed, in our retro-
spective study of 224 heart failure patients, we report a clinically
significant LVEF enhancement in Arg389, but not Gly389, homozy-
gotes during long-term B-blockade. Thus, the risk-factor allele also
seems to be associated with a favorable clinical response, but a
prospective trial will be necessary to confirm this.

The current work in transgenic mice also indicates a time-dependent
component, suggesting that phenotypes may have ‘windows’ when
clinical characteristics or responses to therapy in patients with heart
failure can be predicted and acted upon. Early in the syndrome,
patients with Arg389 may have improved function and exercise toler-
ance, or fewer symptoms, compared with those with Gly389. In later
stages, however, these phenotypes seem to be reversed. This age-
dependent phenotypic switch (which was also present in transplanted
human hearts; Fig. 2b) may define a period in which functional status
or response to therapy in human heart failure could also change. The
Arg389 variant, which seems to predispose an individual to heart fail-
ure, could ultimately be associated with a better prognosis because of
its acquired ‘auto-P-blocked’ state that develops over time as a result of
counter-regulatory events. If these phenotypic associations are borne
out with additional human studies, an argument could be made for
early 3,-AR genotyping of all heart failure patients (or healthy individ-
uals with other risk factors) for assessing risk or prognosis, or for indi-
vidual tailoring of pharmacologic therapy.

METHODS

Transgenic mice. The cDNAs encoding the human Arg389 or Gly389 B,-ARs
(GenBank accession nos. AF169007 and J03019, respectively) were subcloned
into the full-length mouse 0-myosin heavy-chain promoter. Briefly, the intron-
less B1-AR cDNAs, including 94 base pairs of the 5" and 51 base pairs of the
3' flanking sequences, were subcloned into the Sall site of the polylinker of the
a-myosin heavy-chain promoter construct!?. Transgenic mice (FVB/N strain)
were created at the University of Cincinnati Transgenic Core using methods
similar to those described in detail elsewhere!2. The study was approved by the
Animal Use and Care Committee of the University of Cincinnati. Genomic
incorporation of the transgene was identified by Southern blot analysis of tail-
clip DNA using a 32P-labeled probe that spans the junction of the promoter and
the 3;-AR open reading frame. Selected F; mice were killed and cardiac 3,-AR
expression was determined by radioligand binding (see below). Mouse lines
with equivalent expression of the Arg389 or Gly389 variants were propagated.

Cardiac physiology. M-mode echocardiography was done in sedated mice as
previously described?. In some studies, echocardiography was done before and
after 4-month-old mice were treated with 0.5 mg/ml of propranolol in their
drinking water for 5 weeks. For W-mode work-performing heart studies, mice
were administered a lethal dose of pentobarbital and heparinized, and their
hearts were removed. The heart was rapidly excised and the aorta cannulated
with a 20-gauge needle, followed by retrograde perfusion with a modified
Krebs-Henseleit solution (118 mM NaCl, 2.5 mM CaCl,, 4.7 mM KCl, 1.2 mM
MgSO,, 1.2 mM KH,PO,, 0.5 mM Na,EDTA, 25 mM NaHCOj; and 11 mM
glucose). The buffer was equilibrated with 95% O, and 5% CO,, with a pH of
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7.4, and maintained at 37 °C. A PE-50 catheter was inserted into the left atrium
and advanced into the left ventricle, and the tip was advanced through the ven-
tricular apex. The proximal end of the catheter remained in the left ventricle,
with the distal end connected to a pressure transducer. Antegrade perfusion was
established and studies were carried out with a workload of 250 mm Hg
ml/min, which was achieved using a custom micrometer-controlled venous
return of 5 ml/min and an aortic pressure of 50 mm Hg, as described?.
Contractility and relaxation were assessed as derivatives of intraventricular
pressure. After establishment of the baseline, responses to infusion of the 3,-AR
agonist dobutamine by a microperfusion pump (MasterFlex) were measured at
the indicated concentrations for 2 min. For the B-blockade studies, hearts that
had not been exposed to agonist were perfused with varying concentrations of
propranolol for 10 min. Heart rate, left-ventricular pressure (systolic, diastolic
and end-diastolic), left-atrial pressure and mean coronary perfusion pressure
were continuously monitored and digitized; the maximal response was deter-
mined using BioBench software (National Instruments).

Cardiac gene expression and histology. Total RNA was prepared from ventri-
cles using Triazol (Gibco-BRL), and 5 pg were loaded onto a dot-blot apparatus
for quantitative expression of the indicated genes using *?P-labeled probes, as
described in detail elsewhere!?. Results were normalized to glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) expression. Paraffin-embedded heart
sections fixed in 10% formalin were stained with Masson trichrome and exam-
ined by light microscopy. Apoptosis was determined by a TUNEL and fluores-
cence apoptosis detection system (Promega).

B-AR expression and adenylyl cyclase activation. Mice were killed, hearts
were extracted and ventricular membranes were prepared as described!?. For
human hearts, a left-ventricular section was taken from explanted hearts
during cardiac transplantation and frozen in liquid nitrogen, and mem-
branes were prepared at the time of the assays. Receptor expression was
determined by radioligand binding using ['°I]cyanopindolol, with nonspe-
cific binding determined with 10 UM alprenolol!. Adenylyl cyclase activities
were determined as described?” by incubating membranes with 2 mM Tris
(pH 7.4), 0.8 mM EGTA, 5 mM MgCl,, 2.8 mM phosphoenolpyruvate,
0.06 mM GTP, 0.12 mM ATP, 0.1 mM cyclic adenosine monophosphate
(cAMP), 4 U/ml myokinase, 10 U/ml pyruvate kinase, 0.1 mM ascorbic acid
and 3 x 10° c.p.m. [0-2P]ATP. Activities were determined in the presence of
water (basal), 10 UM isoproterenol, 10 UM GW805415 (Glaxo Wellcome),
10 mM NaF or 100 UM forskolin at 37 °C for 10 min. [*?P]cAMP was sepa-
rated by chromatography over alumina columns and recovery was normal-
ized to a [*’H]cAMP tracer.

Western blots. Cardiac lysates were prepared as described?”. The following anti-
bodies were used for western blots by enhanced chemiluminescence: AS/7 and
RM/1 (1:1,000; New England Nuclear); adenylyl cyclase-5/6 and GRK-2
(1:200; Santa Cruz Biotechnology); T-PLN and SERCA-2a (1:1,000; Affinity
Bioreagents); and phosphorylated PLN (1:500, Upstate Biotechnical).

Carvedilol response by genotype in human heart failure. The study was
approved by the University of Cincinnati Institutional Review Board and
patients gave informed consent. We examined 224 patients (ages 40-65) with
ischemic or dilated cardiomyopathy and LVEF < 35%. The patients were
treated with the B-blocker carvedilol using a standard up-titration dosing regi-
men described in detail elsewhere?2. LVEF was determined by radionuclide
ventriculography before initiation of drug treatment and after a maintenance
period of >6 months on a stable dose. The change in LVEF was reported as the
difference between values before and after drug treatment. Patients were geno-
typed at the B;-AR 389 locus as described?®. The distribution of genotypes
(16 Gly389 homozygotes, 95 Gly389/Arg389 heterozygotes and 144 Arg389
homozygotes) was in Hardy-Weinberg equilibrium. After stratification of
patients by genotype, the change in LVEF was compared by nonparametric
tests. Potential effects of age, sex, race, etiology, baseline LVEF or carvedilol dose
were assessed by multiple regression techniques®.

ACKNOWLEDGMENTS
This work was supported by National Institutes of Health grants HL22619,
HL52318 and ES06096.

ARTICLES

COMPETING INTERESTS STATEMENT
The authors declare that they have no competing financial interests.

Received 24 June, accepted 20 August 2003
Published online at http://www.nature.com/naturemedicine/

1. Givertz, M.M. Underlying causes and survival in patients with heart failure.
N. Engl. J. Med. 342, 1120-1122 (2000).

2. van Campen, L.C., Visser, F.C. & Visser, C.A. Ejection fraction improvement by
beta-blocker treatment in patients with heart failure: an analysis of studies pub-
lished in the literature. J. Cardiovasc. Pharmacol. 32 (suppl. 1), S31-S35 (1998).

3. Franz, W.-M., Mtller, 0.J. & Katus, H.A. Cardiomyopathies: from genetics to the
prospect of treatment. Lancet 358, 1627-1637 (2001).

4. Engelhardt, S., Hein, L., Wiesmann, F. & Lohse, M.J. Progressive hypertrophy and
heart failure in betal-adrenergic receptor transgenic mice. Proc. Natl. Acad. Sci.
USA 96, 7059-7064 (1999).

5. Liggett, S.B. B-adrenergic receptors in the failing heart: the good, the bad, and the
unknown. J. Clin. Invest. 107, 947-948 (2001).

6. Mason, D.A., Moore, J.D., Green, S.A. & Liggett, S.B. A gain-of-function polymor-
phism in a G-protein coupling domain of the human [;-adrenergic receptor. J. Biol.
Chem. 274, 12670-12674 (1999).

7. Moore, J.D., Mason, D.A., Green, S.A., Hsu, J. & Liggett, S.B. Racial differences in
the frequencies of cardiac PB;-adrenergic receptor polymorphisms: analysis of
c145A>G and c1165G>C. Hum. Mutat. 14, 271-271 (1999).

8. Palczewski, K. et al. Crystal structure of rhodopsin: a G protein-coupled receptor.
Science 289, 739-745 (2000).

9. Small, K.M., Wagoner, L.E., Levin, A.M., Kardia, S.L.R. & Liggett, S.B. Synergistic
polymorphisms of 3;- and a,c-adrenergic receptors and the risk of congestive heart
failure. N. Engl. J. Med. 347, 1135-1142 (2002).

10. Wagoner, L.E. et al. Polymorphisms of the B,-adrenergic receptor predict exercise

capacity in heart failure. Am. Heart J. 144, 840-846 (2002).

. Bengtsson, K. et al. Polymorphism in the B;-adrenergic receptor gene and hyper-
tension. Circulation 104, 187-190 (2001).

.D’Angelo, D.D. et al. Transgenic Ggq overexpression induces cardiac contractile
failure in mice. Proc. Natl. Acad. Sci. USA 94, 8121-8126 (1997).

. Liggett, S.B. et al. Early and delayed consequences of B,-adrenergic receptor over-
expression in mouse hearts. Circulation 101, 1707-1714 (2000).

14. Bristow, M.R. et al. Decreased catecholamine sensitivity and B-adrenergic-receptor
density in failing human hearts. N. Engl. J. Med. 307, 205-211 (1982).

. Bristow, M.R., Hershberger, R.E., Port, J.D., Minobe, W. & Rasmussen, R. ;- and
B,-adrenergic receptor-mediated adenylate cyclase stimulation in nonfailing and
failing human ventricular myocardium. Mol. Pharmacol. 35, 295-303 (1988).

. Dunigan, C.D., Hoang, Q., Curran, P.K. & Fishman, P.H. Complexity of agonist- and
cyclic AMP-mediated downregulation of the human B,-adrenergic receptor: role of
internalization, degradation, and mRNA destabilization. Biochem. 41, 8019-8030
(2002).

.Dorn, G.W.I., Tepe, N.M., Wu, G., Yatani, A. & Liggett, S.B. Mechanisms of
impaired B-adrenergic receptor signaling in Gyq-mediated cardiac hypertrophy and
ventricular dysfunction. Mol. Pharmacol. 57, 278-287 (2000).
18.Bohm, M. et al. Desensitization of adenylate cyclase and increase of Gi alpha in

cardiac hypertrophy due to acquired hypertension. Hypertension 20, 103-112
(1992).

19. Ungerer, M., Bohm, M., Elce, J.S., Erdmann, E. & Lohse, M.J. Altered expression
of beta-adrenergic receptor kinase and Pl-adrenergic receptors in the failing
human heart. Circulation 87, 454-463 (1993).

20.Bohm, M. et al. Increase of G; alpha in human hearts with dilated but not ischemic
cardiomyopathy. Circulation 82, 1249-1265 (1990).

. Eschenhagen, T. et al. Increased messenger RNA level of the inhibitory G protein a
subunit Giq_» in human end-stage heart failure. Circ. Res. 70, 688-696 (1992).

. Packer, M. et al. Effect of carvedilol on the morbidity of patients with severe
chronic heart failure: results of the carvedilol prospective randomized cumulative
survival (COPERNICUS) study. Circulation 106, 2164-2166 (2002).

23. Bristow, M.R. et al. B;.and By-adrenergic-receptor subpopulations in nonfailing
and failing human ventricular myocardium: coupling of both receptor subtypes to
muscle contraction and selective B;-receptor downregulation in heart failure.
Circ. Res. 59, 297-309 (1986).

24.Rathz, D.A., Gregory, K.N., Fang, Y., Brown, K.M. & Liggett, S.B. Hierarchy of poly-
morphic variation and desensitization permutations relative to B,- and B,-adrener-
gic receptor signaling. J. Biol. Chem. 278, 10784-10789 (2003).

25.Yussman, M.G. et al. Mitochondrial death protein Nix is induced in cardiac hyper-
trophy and triggers apoptotic cardiomyopathy. Nat. Med. 8, 725-730 (2002).

26. Serikov, V.B., Petrashevskaya, N.N., Canning, A.M. & Schwartz, A. Reduction of
[Ca2+]i restores uncoupled beta-adrenergic signaling in isolated perfused trans-
genic mouse hearts. Circ. Res. 88, 9-11 (2001).

27.Tepe, N.M. et al. Altering the receptor-effector ratio by transgenic overexpression of
type V adenylyl cyclase: enhanced basal catalytic activity and function without
increased cardiomyocyte B-adrenergic signalling. Biochemistry 38, 16706-16713
(1999).

28.Small, K.M., Rathz, D.A. & Liggett, S.B. Identification of adrenergic receptor poly-
morphisms. Methods Enzymol. 343, 459-475 (2002).

29. Wagoner, L.E. et al. Polymorphisms of the B,-adrenergic receptor determine exer-
cise capacity in patients with heart failure. Circ. Res. 86, 834-840 (2000).

1

—

1

N

1

w

1

o1

1

(o))

1

~

2

—

2

N

NATURE MEDICINE VOLUME 9 | NUMBER 10 | OCTOBER 2003

1305



