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o.1-Adrenergic receptors prevent
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An o0y-adrenergic receptor (0;-AR) antagonist increased heart failure in the Antihypertensive and Lipid-
Lowering Treatment to Prevent Heart Attack Trial (ALLHAT), but it is unknown whether this adverse result
was due to 0;-AR inhibition or a nonspecific drug effect. We studied cardiac pressure overload in mice with
double KO of the 2 main 0,;-AR subtypes in the heart, 0,4 (Adrala) and o, (Adralb). At 2 weeks after trans-
verse aortic constriction (TAC), KO mouse survival was only 60% of WT, and surviving KO mice had lower
ejection fractions and larger end-diastolic volumes than WT mice. Mechanistically, final heart weight and
myocyte cross-sectional area were the same after TAC in KO and WT mice. However, KO hearts after TAC
had increased interstitial fibrosis, increased apoptosis, and failed induction of the fetal hypertrophic genes.
Before TAC, isolated KO myocytes were more susceptible to apoptosis after oxidative and -AR stimulation,
and -ARs were desensitized. Thus, 0;-AR deletion worsens dilated cardiomyopathy after pressure over-
load, by multiple mechanisms, indicating that o;-signaling is required for cardiac adaptation. These results
suggest that the adverse cardiac effects of 0;-antagonists in clinical trials are due to loss of 0;-signaling in
myocytes, emphasizing concern about clinical use of 0;-antagonists, and point to a revised perspective on

sympathetic activation in heart failure.

Introduction

oy-Adrenergic receptors (a-ARs) are G protein-coupled receptors
activated by the endogenous catecholamines norepinephrine and
epinephrine. 0;-ARs were discovered through their physiological
effect to increase smooth muscle contraction, and o;-AR antago-
nist drugs are used commonly to treat disorders with increased
smooth muscle contraction, such as hypertension and prostate
enlargement with urinary symptoms. However, more recent stud-
ies find a;-ARs in the heart and document a variety of beneficial
cardiac effects of myocyte 0;-AR stimulation, including physio-
logical hypertrophy, preconditioning, protection from apoptosis,
and increased contractility (1-4). If a;-signaling has an adaptive
role in cardiac myocytes, then aj-antagonist drugs might have
negative side effects on the heart.

One arm of the Antihypertensive and Lipid-Lowering Treat-
ment to Prevent Heart Attack Trial (ALLHAT) in hypertension
tested the o-antagonist doxazosin versus the diuretic chlortha-
lidone in 24,335 men and women with cardiac risk factors (5).
This arm of the trial was stopped prematurely, because doxazo-
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sin doubled the incidence of heart failure, and further detailed
analyses indicated a doxazosin effect to increase heart failure
that was not seen with other antihypertensive medications (5-8).
Similarly, in the Vasodilator-Heart Failure Trials (V-HeFT), the
oj-antagonist prazosin did not improve survival as did other
vasodilators and even tended to increase mortality (9). Doxa-
zosin and prazosin are piperazinyl quinazolines, which at high
doses can cause apoptosis in heart and other tissues indepen-
dent of 04-ARs (10, 11), and also have relatively high affinity for
az-AR subtypes B and C (12, 13). Thus, it remains controversial
whether the adverse results in the ALLHAT and V-HeFT trials
were due to a;-AR inhibition itself, or a nonspecific drug effect.
This question has important therapeutic implications, given the
large number of patients treated with a-antagonists for hyper-
tension or prostate disease. Indeed, a recent editorial suggested
that over 7 million American men aged 65 and over with pros-
tate enlargement would benefit from this type of drug (14).

Recently, we characterized a mouse with double KO of the 2
main 0;-AR subtypes, aia and op (Adrala and Adralb), named
the ABKO mouse (1). The ABKO eliminated heart a;-AR bind-
ing, decreased myocardial and myocyte Erk activity, and mark-
edly reduced physiological heart and myocyte hypertrophy dur-
ing postnatal development. In addition, the ABKO mouse had
reduced survival after pressure overload by transverse aortic
constriction (TAC) (1).

In the current study, we examined the response to pressure
overload in ABKO mice. The TAC model of pressure overload
magnifies a pathological stimulus that simulates hypertension
in patients, and compresses the stimulus into a short time. We
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Figure 1

Dilated cardiomyopathy after TAC by echocardiography. Conscious mice were studied 2 weeks after TAC or
sham operation. Ventricular volumes (A and B) were calculated by the cubed method (volume = 1.047 x LV
internal dimension3), where LV internal dimension is defined as the distance between the LVFW and
the IVS on a 2-dimensionally guided M-mode echocardiogram, and ejection fraction (C) was deter-
mined by the formula (end-diastolic volume — end-systolic volume)/end-diastolic volume x 100 (85, 86).

Numbers of mice are indicated.

find that double KO of the aa- and o;3-ARs worsens dilated
cardiomyopathy after pressure overload, and we identify several
potential cellular mechanisms of maladaptation, all of which
can be related to the loss of a;-ARs in cardiac myocytes. These
results show that ay-signaling is required for cardiac adaptation
and caution against the use of a;-antagonist drugs. The results
also provide a potential explanation for the recent surprising
adverse effects of sympathetic blockade in heart failure (15-18)
and thus suggest that the current neurohormonal paradigm
in heart failure, that all sympathetic activation is harmful and
should be blocked, might not be correct.

Results

Worse dilated cardionvyopathy after TAC in the ABKO. To test whether
a1-ARs were required for an adaptive response to pathological
pressure overload, we performed TAC on adult male, congenic, WT
and ABKO mice, which have no detectable a;-AR binding in the
heart (1). As reported previously in a somewhat smaller cohort (1),
survival to 2 weeks after TAC was markedly reduced in the ABKO
(61%, 11 of 18, P < 0.05) versus WT (100%, 18 of 18), or versus
sham-operated mice of either genotype (100%, 6 of 6). ABKO mice
died at 5-8 days after TAC, with signs of heart failure at autopsy
(1). Pressure gradients at 2 weeks after TAC were not significantly
different (WT, 98 + 5, n=18; ABKO, 108 + 8, n =11, P=NS), indi-
cating that imposed loads were similar. Thus, deletion of o;-ARs
caused a highly maladaptive response to pressure overload.

To test for maladaptive remodeling in the ABKO after TAC, we
studied mice that survived at least 2 weeks, using echocardiogra-
phy in conscious mice. In WT mice, TAC caused decreased ejection
fraction (P < 0.05 versus WT sham-operated mice) and increased
end-diastolic and end-systolic volumes (P < 0.05), demonstrating
pathological ventricular remodeling (Figure 1, A-C, and Table 1).
In surviving ABKO mice after TAC, ejection fraction was decreased
even further (77% of WT TAC ejection fraction, P < 0.05), and end-
diastolic and end-systolic volumes were even larger (128% and
183% of WT TAC volumes, P < 0.05). In addition, lung weight/
body weight ratio, an index of heart failure, tended to increase in
surviving ABKO mice after TAC (193% versus sham, 143% versus
WT TAC, both P=0.1). In summary, the ABKO mice that survived
2 weeks had a worse dilated cardiomyopathy after TAC.

Remodeling after TAC in ABKO mice that survived or died. To test
whether the ABKO mice that died after TAC had a phenotype
different from that of the ABKO mice that survived, we did seri-
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were obtained before TAC and
at days 3 and 7 after TAC in a
cohort of 8 male ABKO mice.
Four of these ABKO mice died
between 1 and 3 weeks after
TAC (50% mortality). As shown
in Figure 2, development of
dilated cardiomyopathy dur-
ing the first week after TAC
was the same in the 4 ABKO
mice that ultimately died, as
compared with the 4 ABKO
mice that survived, with a sig-
nificant decrease over time in
ejection fraction, and signifi-
cant increases in LV volumes (Figure 2, A-C). Extension of the
curves for an additional week would produce values very similar
to those of the ABKO survivors at 2 weeks, shown in Table 1.
Heart rate and cardiac output tended to be lower in ABKO mice
that later died (P = NS; Figure 2, D-F). The pressure gradient
was identical in the dying and surviving groups (Figure 2G)
and increased with time after TAC, as reported previously
(19). Because ABKO mice typically died at night, we could not
determine whether death was due to progressive heart failure
or arrhythmia, but some mice had fluid in the body cavities at
autopsy, indicating heart failure. In patients with heart failure
in clinical trials, similar to the ABKO mice, some survive and
some do not, despite equally low ejection fractions and enlarged
LV volumes (20-22). In summary, these data suggested that
both dead and surviving ABKO mice had a similar phenotype.
Therefore, we considered worse dilated cardiomyopathy to be
the major abnormality in the ABKO after pressure overload, and
we studied the cellular mechanisms of cardiomyopathy in ABKO
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mice that survived 2 weeks.

Heart and myocyte size after TAC. One potential mechanism
for worse dilated cardiomyopathy in the ABKO after TAC was
“inadequate hypertrophy,” or failure of heart and myocyte size
to increase sufficiently. Increased size is thought to be an adap-
tive response to increased afterload, and inadequate hypertrophy
causing heart failure is observed in some animal models and in
humans (23-25). However, as shown in Figure 3A and Table 1,
both the ABKO and the WT mice had significant hypertrophy
after TAC, and final heart weight/body weight ratio (HW/BW)
was the same in the 2 genotypes. In fact, because baseline HW/BW
was smaller in the ABKO mouse than in the WT (P < 0.05; see
sham in Figure 3A and Table 1), confirming our previous report
(1), the percentage increase in HW/BW was even greater in the
ABKO (179% in ABKO versus 152% in WT). Myocyte cross-sec-
tional area, an index of myocyte size, mirrored the changes in
HW/BW (Figure 3B and Table 1). In summary, the worse dilat-
ed cardiomyopathy in the ABKO was not due to an inadequate
increase in heart or myocyte size per se.

Fibrosis after TAC. The hypertrophic response to a pathological
stimulus often includes increased fibrosis (26). Fibrosis detected
by Sirius red staining for collagen was negligible in hearts from
sham-operated ABKO and WT mice (Table 1). In TAC hearts,
interstitial fibrosis and perivascular fibrosis were prominent.
Interstitial fibrosis in WT hearts after TAC was 7-10% of the
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Table 1
Echocardiography and pathology after TAC

WT
Sham TAC TAC/Sham (%)

Echocardiography
n 6 18
EDV (ul) 532 868 162~
ESV (ul) 60 29:6 4834
SV (ul) 47 2 56 +2 119
HR (bpm) 7166 664 + 15 93
CO (ml/min) 34+2 371 109
EF (%) 88+ 1 703 79A
PG (mmHg) 985
Pathology
BW 25+1(5) 29 +1(10) 116
HW/BW 5.0£0.1(5) 7.6+0.7(10) 152~
MC CSA (um?) 162 + 30 (3) 345 + 54 (6) 213A
Lung wt/BW 6.6 +0.2 (5) 84+13(10) 127
Fibrosis (% area)

LVFW 0 102 (8)

IVS 0 7+2(8)

RV 0 2+2(8)
mRNAs (n=3)

ANF 0.79+01 570+2.3 721

alMyHC 1.45+0.1 1.28+0.1 88

BMyHC 141+02 6.60 + 0.7 468~

SERCA 1.58 £ 0.1 0.96 +0.2 61

SkAct 0.50+01 3.25+04 6504
TUNEL (% cells) 0.06 £0.01(3) 0.35+0.03(5) 583*
PKCS (n=3)

Full-length 107 £12 276 + 25 257A

Cleaved 7517 217+ 21 2904

research article

ABKO KO/WT (%)
Sham TAC  TAC/Sham (%) Sham TAC
6 9

573 1107 1938 107 128¢
61 53+9 8838 100  183¢
512 58+5 114 108 104
694 £7 600 + 20 868 97 90¢

35+2 35+3 100 103 95
90 £1 54 +6 608 102 77¢
108+ 8 110

24 +1 (4) 282 (11) 117 9 97
46+02(4) 82+10(11) 1788 920 108
1055 (3) 297 + 75 (4) 2838 65> 86
62+10(4) 12.0+23(8) 193 94 143
0 263 (4) 260°
0 26+ 9 (4) 371¢

0 1+1(4) 50

0.81+£0.2 1.86 + 0.1 230 102 33

1.22+0.0 091+0.2 75 84 71
1.19+0.3 1.42+0.2 119 84 22C
0.99+0.1 0.63+0.2 64 63 66
0.34 +0.1 0.74+0.2 218 68 23¢
0.08+0.04(3) 1.31+£0.34(4) 16388 133 374¢
150 + 11 359+ 34 2408 140 130
1324 3128 2368 1760 144C

Two-dimensionally guided M-mode echocardiography and pathology were done 2—4 weeks after TAC or sham surgery in ABKO and WT mice. The methods
were as in the legends to Figures 1-5. EDV, end-diastolic volume; ESV, end-systolic volume; cardiac output (CO) = heart rate (HR) x stroke volume (SV);
EF, ejection fraction; PG, pressure gradient across the TAC; MC CSA, myocyte cross-sectional area. Ventricle mRNA levels are density units normalized to
18S. Ventricle phospho-PKC5 levels are density units (x 10-3) normalized to total protein. Values are mean + SEM. The number of mice or hearts is given or
in parentheses. P < 0.05 for AWT TAC versus sham, BABKO TAC versus sham, CABKO TAC versus WT TAC, and PABKO sham versus WT sham.

area of the LV free wall (LVFW) endocardium and papillary
muscle and the interventricular septum (IVS) base and midpor-
tion (Figure 3C and Table 1), similar to the findings of others
in this model (27). In the ABKO TAC heart, interstitial fibrosis
was increased to 26% of the LVFW and IVS, or 260% to 371%
greater than in the WT TAC heart (P < 0.05). ABKO hearts also
had a notable increase in interstitial fibroblasts in H&E-stained
LV sections, but few inflammatory cells (white blood cells; data
not shown). In contrast, perivascular fibrosis in ABKO and WT
hearts was the same, averaging 25% of the area of microscopic
fields containing intramural arteries with approximately 20 wm
lumen diameter. In the nonloaded RV, fibrosis after TAC was low
and was the same in both genotypes (Table 1). In summary, the
ABKO heart after TAC had significantly greater LVFW and IVS
interstitial fibrosis than the WT heart, but LV perivascular fibro-
sis and RV interstitial fibrosis were the same as in the WT.

Fetal gene induction after TAC. Pressure overload and other patho-
logical stresses typically cause induction of the fetal hypertrophic
gene program, which is correlated with pathological ventricular
remodeling (28). In WT hearts, as expected, TAC robustly increased
the mRNA levels of the fetal genes atrial natriuretic factor (ANF),
B-myosin heavy chain (BMyHC), and a-skeletal actin (SkAct; Figure 4
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and Table 1). In ABKO mice, in marked contrast, TAC did not induce
BMyHC or SkAct (P = NS versus sham, P < 0.05 versus WT TAC)
and increased ANF much less than in WT (Figure 4 and Table 1).
Also, in the ABKO, TAC tended to decrease further the mRNAs for
oMyHC and sarcoplasmic reticulum calcium ATPase 2a (SERCA; Figure 4
and Table 1). In summary, the ABKO impaired the transcriptional
response to pressure overload.

Apoptosis in heart after TAC. We tested for apoptosis after TAC,
since cell death by apoptosis has emerged as a causative factor in
cardiomyopathy (29, 30). First, we used a TUNEL assay that gives
approximately 100% nuclear labeling in positive controls treated
with DNase (31). In WT hearts 2 weeks after TAC, apoptotic cells
identified by TUNEL were increased by 583% versus hearts from
sham-operated mice (P < 0.05; Figure 5, A and B, and Table 1). In
ABKO hearts after TAC, apoptotic cells were further increased
by 1,638% versus hearts from sham-operated mice (P < 0.05) and
374% versus hearts from WT TAC mice (P < 0.05). Hearts from
sham-operated mice of both genotypes had the same numbers of
apoptotic cells (Figure 5B).

Second, we tested for cleavage of PKCJ, a target for activated
caspases in apoptosis. TAC for 1 week increased the protein levels
of full-length phospho-PKC8 in ABKO and WT myocardium by
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Remodeling in ABKO mice that survived and that died after TAC. Echocardiography was done on 8 conscious ABKO mice before TAC (day 0)
and on days 3 and 7 after TAC. Of the 8 ABKO mice, 4 survived at least 3 weeks, and 4 died between 1 and 3 weeks. Echocardiography results
from surviving and dying mice over the first week are shown and were compared by 2-way ANOVA. End-diastolic volume (A), end-systolic vol-
ume (B), ejection fraction (C), and pressure gradient (G) changed significantly over time in both groups (*P value given), but heart rate (D), stroke
volume (E), and cardiac output (F) did not change. There were no significant differences between the 2 groups on any day.

257% and 240% versus the respective shams (P < 0.05; Figure 5C
and Table 1). Others also see an increase in phospho-PKC9 levels
after pressure overload (32). Cleaved phospho-PKC9, presumed
to reflect caspase activation, was somewhat higher in hearts
from sham-operated ABKO mice (176% versus WT, P < 0.05).
After TAC, cleaved PKC9 increased in both WT and ABKO hearts
(290% and 236% versus their shams, P <0.05), and the level of cleaved
PKCd was higher in the ABKO (144% versus WT TAC, P < 0.05;
Figure 5C and Table 1). As observed by others (33), we saw cleavage
of PKC$ in the ABKO cardiomyopathy (Figure 5C), but not cleavage
of PARP (not shown). In summary, the ABKO heart had increased
apoptosis after TAC by histological and biochemical criteria.
Apoptosis in cultured myocytes. To test whether ABKO myo-
cytes were more susceptible to apoptotic stimuli that typically
increase with pressure overload, which might explain increased
apoptosis in ABKO hearts after TAC, and to be certain that
apoptosis involved myocytes (Figure 5), we measured apoptosis
in cardiac myocytes isolated from hearts not subjected to TAC.
We treated cultured myocytes for 2 hours with reactive oxygen
species (H,0,) and B-adrenergic catecholamines, both of which
are increased in hypertrophy and heart failure (34-37), and
assayed annexin V staining as an early marker for apoptosis. In
WT cultures, annexin V-positive myocytes tended to increase
with H,O,, norepinephrine (NE), and isoproterenol (ISO; 114%
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to 145% versus vehicle, P =NS; Figure 6, A and B). In ABKO myo-
cytes, apoptosis was the same as in WT with vehicle but increased
much more than in WT with all apoptotic stimuli (207% to 249%
versus vehicle, P <0.05; 157% to 197% versus WT with the same
stimulus, P < 0.05; Figure 6). In summary, ABKO myocytes were
more susceptible than WT myocytes to apoptotic stimuli that
are increased after pressure overload.

B-ARs in heart and nryocytes. Increased apoptosis of ABKO myo-
cytes with B-adrenergic catecholamines (Figure 6) raised the pos-
sibility of -AR upregulation in ABKO myocytes. To test this, we
measured $-AR levels and signaling in hearts and myocytes not
subjected to TAC (Figure 7). ABKO hearts had no changes in
B-AR binding normalized per mg protein, in the fraction of $,-ARs
by competitive binding, or in B; and f mRNAs by RNase
protection (Figure 7A). The absolute values for $-AR bind-
ing in heart were 41 + 3 fmol/mg protein for ABKO and 36 + 2
for WT (n = 3; P = NS). The percentage 3, binding was
25% + 4% for ABKO (1 = 6) and 23% + 6% for WT (n = 5, P = NS).
The ['2%T]-cyanopindolol Kd was the same in ABKO (72 + 18 pM)
and WT (108 + 22 pm; P = NS).

However, the isolated, perfused ABKO heart had marked desen-
sitization (increase in ECsp) of the ISO-stimulated increase in LV
systolic pressure (LVSP) and decrease in LV end-diastolic pres-
sure (LVEDP) (Figure 7, A, C, and D). In the isolated, perfused
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Figure 3

Heart and myocyte size and fibrosis. Measurements were made 2 weeks after TAC or sham
surgery. (A) Left: Heart coronal sections stained with H&E. Magnification, x25. Right: Heart wet
weight/body weight ratio (HW/BW). (B) Left: Ventricular sections stained with FITC-conjugated
wheat germ agglutinin and Hoechst 33342. Magnification, x400. Right: Myocyte cross-sectional
area from at least 200 myocytes per heart in randomly selected fields. (C) Left: Ventricular sec-
tions stained with fast green and Sirius red for collagen. Magnification, x400. Right: Interstitial
fibrosis as a percentage of total microscopic area from at least 12—14 fields per heart. Numbers

of hearts are indicated on the bars.

heart, the ECs for ISO stimulation of LVSP (with 95% confi-
dence limits) was 4 nM (2-8 nM) for ABKO (n = 7) and 0.8 nM
(0.5-1 nM) for WT (n = 6; P < 0.0001). The ECso for LVEDP was
3 nM (1-7 nM) for ABKO (n =7) and 0.4 nM (0.2-0.8 nM) for WT
(n=6; P <0.0001). However, heart levels of GRK2 (BARK1) and
Gp were unchanged by Western blot (data not shown). Thus, the
ABKO heart had B-AR desensitization without changes in 3-AR
levels or some signaling components.

In contrast with heart, ABKO myocytes had a significant 44%
reduction in $-AR binding normalized per cell, a significant 54%
decrease in maximum ISO-stimulated cAMP per myocyte, with
no significant change in the ECso, and a 50% reduction in ISO-
stimulated phosphorylation of phospholamban on serine 16, the
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cAMP in myocytes was 33 nM (14-76 nM)
for ABKO and 22 nM (8-63 nM) for WT
(2 curves; P = NS).

Downregulated cAMP signaling in myo-
cytes was not corrected by inactivation of
Gai with pertussis toxin (PTX) (Figure
7B), and forskolin-stimulated cAMP was
identical in ABKO and WT myocytes,
suggesting normal postreceptor signal-
ing. The cAMP (fmol/20,000 cells) with
ISO plus PTX was 15,033 for ABKO and
42,923 for WT (n = 2). The cAMP with
forskolin was 64,367 for ABKO and 65,696 for WT (n = 2). Also,
by Western blot, G proteins in myocytes (GRK2, GRK2/3, Gas,
Goo, Gog, and G) were mildly reduced (data not shown), in
proportion to the 25% reduction in myocyte size (1).

In summary, these data show clearly that $-AR protein and
mRNA levels and cAMP signaling were not increased in the
ABKO heart and myocytes prior to TAC, but that, instead, $-AR
function was desensitized in ABKO heart and downregulated
in ABKO myocytes. Interestingly, female ABKO mice also had
desensitization of ISO-stimulated contraction, even though
female ABKO mice are less affected than male ABKO mice (1),
and female mice of both genotypes were less sensitive to ISO
than males of both genotypes. In female mouse hearts stimu-
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lated with ISO, the ECs for ISO stimulation of LVSP was 18 nM
(8-38 nM) for ABKO (n = 6) and 5 nM (2-13 nM) for WT (n = 5;
P <0.004). The ECso for LVEDP in females was 10 nM (6-19 nM)
for ABKO (n = 6) and 4 nM (2-8 nM) for WT (n = 5; P < 0.0001).
Locomotor activity. To test whether baseline differences in physical
activity might have altered the ABKO response to TAC or changed
B-AR signaling, we measured home cage locomotion continuously
for 3 days. There were no differences in locomotor activity levels in
ABKO versus WT mice (n = 8-9 per genotype, data not shown).

Discussion

The key finding of this study is that deletion of the 14- and oup-AR
subtypes in the ABKO heart caused a maladaptive response to
pressure overload. Pressure overload by TAC in the ABKO resulted
in high mortality due to heart failure, and a worse dilated cardio-
myopathy, with more depressed ejection fraction and larger ven-
tricular volumes. Thus, the ABKO phenotype after TAC was a more
maladaptive pathological hypertrophy. Increases in heart and myo-

Figure 5

Apoptosis in heart. (A) Hearts at 2 weeks after TAC or sham surgery
were analyzed by TUNEL staining. TUNEL-positive nuclei in TAC
hearts are stained pink (arrows); membranes are green (FITC-con-
jugated wheat germ agglutinin), and nuclei are blue (Hoechst 33342).
Magnification, x400. (B) TUNEL staining was quantified in 3,000
nuclei from 10 or more randomly selected fields per heart. Numbers
of hearts are indicated, and matched areas from the LV, IVS, and RV
were sampled in every heart. (C) Phospho-PKCd was assayed 1 week
after TAC or sham surgery by Western blot on extracts from 3 hearts
per group. An antibody against total PKCd gave the same pattern,
but background was higher (data not shown). Full-length and cleaved
PKC$ are indicated.

1010 The Journal of Clinical Investigation

htep://www.jci.org

Figure 4

Fetal gene induction after TAC. (A) Total RNA extracted from 3 hearts
in each group 4 weeks after TAC or sham surgery was used in ribo-
nuclease protection assay for ANF, aMyHC, fMyHC, SERCA, SkAct,
and 18S RNAs. (B) Phosphorlmager values for the mRNA levels in A,
normalized to 18S.

cyte mass were preserved in the ABKO, but several cellular mecha-
nisms were activated that might have contributed to the worse
ABKO cardiomyopathy, including failed myocyte gene induction,
increased myocyte apoptosis, increased interstitial fibrosis, and
B-AR desensitization. As discussed below, each of these mecha-
nisms can be related to the absence of 0,1-ARs in myocytes. There-
fore, these results define an adaptive and protective role for a;-ARs
after a pathological stimulus to cardiac hypertrophy.

The results have 2 important clinical implications. First, they
suggest a plausible mechanism for the harmful cardiac outcomes
with oy-antagonists in the ALLHAT and V-HeFT clinical trials (5, 9).
Our data suggest that the loss of adaptive a;-AR signaling in car-
diac myocytes might underlie the adverse outcomes in ALLHAT
and V-HeFT, and that these outcomes are not nonspecific
drug effects (11). In this regard, the results emphasize concern
about the widespread use of aj-antagonists to treat hyperten-
sion or prostate enlargement (14), especially in patients with
heart disease. Extrapolation from mice to humans is consid-
ered problematic, but KO mice are in fact proving to be effec-
tive predictors of drug effects in humans (39). Therefore, the
parallel is noteworthy between the adverse cardiac outcomes
in the aj-antagonist patients in the ALLHAT trial and in the
ABKO mice. A second clinical implication of our results is that
the neurohormonal paradigm of sympathetic toxicity in heart
failure should be reassessed. Indeed, adverse outcomes with dox-
azosin in ALLHAT and with NE reduction in the Moxonidine
Safety and Efficacy (MOXSE) trial, the Moxonidine Congestive
Heart Failure (MOXCON) trial, and the Beta-Blocker Evalua-
tion of Survival Trial (BEST) (40-42) have raised concerns about
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Apoptosis in cultured myocytes. (A) Cultured adult mouse myocytes from WT and ABKO hearts without prior TAC were treated for 2 hours with
200 nM NE or vehicle and visualized by phase-contrast or fluorescence microscopy for annexin V staining, a marker for apoptosis. Magnification,
x100. Note for ABKO myocytes the overall smaller myocyte size by phase contrast and the increased annexin V staining after NE. (B) Annexin V-
positive myocytes were quantified as percentage of total myocytes after treatment for 2 hours with 10 uM H>O,, 1 uM ISO, or 200 nM NE. Values
are from 2 (H20,) or 3 (ISO, NE) experiments with myocytes from different hearts.

the limits of sympathetic inhibition in heart failure (15-18).
Our results raise the intriguing possibility that sympathetic
activation of a;-ARs might be beneficial in heart failure.

We identified several potential cellular mechanisms of worse
dilated cardiomyopathy in the ABKO, involving gene transcription,
apoptosis, fibrosis, and f-ARs. Each of these cellular mechanisms
could be predicted from the known actions of a,;-ARs in myocytes,
suggesting a direct link between the KO and the phenotype.

Impaired transcription of sarcomeric genes could explain the
characteristic finding of reduced myofibrils in myocytes from
human and animal cardiomyopathy (43-45), and pMyHC and
other sarcomeric mRNAs are reduced in the failing human heart
and are rescued by LV assist device therapy (46, 47). In the ABKO
heart after TAC, impaired induction was most prominent for
the highly induced fetal genes ANF, BMyHC, and SkAct, but
there was also a trend to lower aMyHC and SERCA (Figure 4 and
Table 1), consistent with the observation that a;-ARs activate
transcription in cultured cardiac myocytes of both constitutive
and inducible mRNAs, plus ribosomal and transfer RNAs (48).
ai-ARs were the first receptors linked to fetal gene induction
in a model of cardiac hypertrophy (48-50), and o-stimulation
is used widely to study transcriptional regulation. The present
results show that no other receptor(s) can compensate to acti-
vate fetal genes when a;-ARs are missing.

Apoptosis is now recognized as one mechanism of cardiomy-
opathy (29, 30). Increased apoptosis in the ABKO heart after TAC
and in ABKO myocytes (Figures 5 and 6) is explainable by acute
and chronic effects of a-signaling. Acute a;-AR inhibition of
myocyte apoptosis is well documented (51-54), and the mecha-
nisms include activating Erk and inactivating BAD, stimulating
adenosine production, increasing glucose metabolism, and reduc-
ing intracellular acidity (3, 4). Besides these acute effects, a.;-ARs
chronically upregulate antiapoptotic factors, such as superoxide
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dismutase and iNOS (55, 56). Similarly, preliminary DNA array
experiments identify several genes related to apoptosis that are
regulated significantly in a;-AR KO myocytes (P. Simpson et al.,
unpublished observations). Thus, increased apoptosis in the
ABKO has multiple likely mechanisms.

Interstitial and perivascular fibrosis are characteristic of car-
diomyopathy (26), but only interstitial fibrosis was greater in the
ABKO heart after TAC (Figure 3C). Increased interstitial fibrosis
can be explained by paracrine mechanisms, since o;-ARs are not
expressed in cardiac fibroblasts (57). First, ANF induction was
markedly less in the ABKO after TAC (Figure 4), and the natri-
uretic peptides inhibit fibrosis by direct effects on fibroblasts
(58-62). Thus, impaired upregulation of ANF could partly explain
increased fibrosis. Second, increased apoptosis in the ABKO could
itself contribute to increased fibrosis, since cardiac interstitial
fibrosis is observed in models where apoptosis is the primary
mechanism (30), and apoptosis is recognized as a cause of intersti-
tial fibrosis in other organs (63, 64).

Finally, B-ARs were desensitized in the ABKO heart, even before
pressure overload (Figure 7). Myocyte B-AR desensitization is a
classical finding in early cardiomyopathy and heart failure but
might be a double-edged sword, protecting against f-AR-mediat-
ed apoptosis but also reducing adaptive B-AR contractile effects
(65). Interestingly, ABKO myocytes had increased B-AR-mediated
apoptosis, even when B-ARs and signaling were downregulated
(Figures 6 and 7). B-AR desensitization in the ABKO heart might
have been caused by a classical mechanism of B-AR phosphory-
lation and internalization (66), perhaps secondary to increased
sympathetic activity in the ABKO from reduced cardiac output
(1), as observed in the single a14-AR KO (67). Alternately, -AR
desensitization in the ABKO heart might have been caused by
the reduction in $-AR levels and -mediated cAMP and protein
kinase A signaling in each ABKO myocyte (Figure 7). Although
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B-ARs in heart and myocytes. (A and B) -AR mRNA and protein levels and cAMP signaling were
assayed in ABKO hearts (A) and isolated myocytes (B) without prior TAC, and ratios of mean values
are plotted (ABKO/WT). (C and D) Dose-response curves for ISO stimulation of LVSP (C) and LVEDP
(D). The ratios of ECsq values are plotted in A. See Results for absolute values.

ABKO myocytes had unchanged B-AR proteins and mRNAs per
unit of protein or RNA (Figure 7B), the total heart f-ARs would
have been reduced, simply because the myocytes were smaller.

In summary, the cause of worse cardiomyopathy in the ABKO
was likely multifactorial, including failed myocyte gene induc-
tion, increased myocyte apoptosis, increased interstitial fibrosis,
and PB-AR desensitization. Another possibility not tested is that the
ABKO impaired myocyte renewal, a possibility based on the fact
that bone marrow mesenchymal stem cells express o;-ARs before
differentiation into cardiomyocytes (68).

A phenotype qualitatively similar to that of the ABKO,
impaired growth in a model of “physiological” hypertrophy (nor-
mal development) associated with a more maladaptive response
in a model of “pathological” hypertrophy (aortic constriction),
is also observed in genetic mouse models with reduced insulin
receptor/PI3K signaling (69-73). These phenotypes suggest that
different signaling pathways regulate physiological and patho-
logical hypertrophy. However, a.;-ARs and insulin receptors reg-
ulate distinct signaling modules, at least in part, since o;-ARs
activate Erk, whereas the insulin receptor activates PI3K. Thus,
a1-ARs might be one of a few key mechanisms for physiological
hypertrophy signaling, which might be beneficial to activate and
harmful to inhibit. It will be important to test whether activa-
tion of the different physiological hypertrophy signaling path-
ways can be used to treat pathological hypertrophy and heart
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insight into the neurohormonal
paradigm in heart failure and
raise the possibility that a;-AR
agonists might be therapeutic can-
didates in heart failure.

Methods
Mice. a.15-AR and as-AR double KO (ABKO) mice were generated as
described previously (1). Most experiments used sixth- and seventh-gen-
eration congenic male C57BL/6] mice, age 10-12 weeks. Mice with KO
of B1-ARs or [3,-ARs were a generous gift of Daniel Bernstein (Stanford
University, Stanford, California, USA) (75). Animal care and use in these
experiments was approved by the Animal Care Committees at the San
Francisco Veterans Affairs Medical Center and the University of South
Dakota (Vermillion, South Dakota, USA).

Transverse aortic constriction. TAC was done without intubation under
anesthesia with isoflurane (1), and the surgeon was blinded to genotype.
The pressure gradient across the stenosis at 2 weeks was estimated by
echocardiography in conscious mice, which predicts the gradient mea-
sured by catheterization (19).

Echocardiography. Echocardiography was performed on conscious, gently
restrained mice, with an Acuson Sequoia C256 (Siemens) using a 15-MHz
linear array transducer, and ventricular dimensions were measured from
2-dimensionally guided M-mode echocardiograms (19, 76). The echocar-
diographer was blinded to genotype.

Heart histology. Hearts were cannulated through the LV apex in situ,
cleared by perfusion with PBS at 70 mmHg, arrested in diastole with 60 mM
KCl, fixed by perfusion with 4% paraformaldehyde, embedded in paraffin,
and sectioned at 8 um. For myocyte cross-sectional area, coronal sections
were deparaffinized and stained for membranes with fluorescein-conjugated
wheat germ agglutinin (Invitrogen Corp.) and for nuclei with Hoechst
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33342 (Calbiochem), and myocyte area was measured by fluorescence
microscopy at x400 magnification (Nikon Eclipse E600; Nikon Inc.) using
NIH Image (1). For fibrosis, coronal sections were stained for collagen with
Sirius red and for cells with fast green, and red-stained area was measured
by phase microscopy at x400 magnification (Nikon Eclipse E600) using
Image-Pro software (MediaCybernetics). Operators were blinded to geno-
type and treatment group.

RNase protection assay for myocyte mRNAs. The mRNAs for MyHC, SkAct,
SERCA, ANF, and 18S (Ambion Inc.) were detected by ribonuclease pro-
tection assay (RPA III; Ambion Inc.) with rat labeled RNA probes, using
3 ug of rotal ventricular RNA isolated from sham-operated and TAC
mice after 4 weeks (TRIzol; Invitrogen Corp.). Bands were quantified
using a PhosphorImager (Bio-Rad Laboratories) and normalized to 18S
(Ambion Inc.) (77).

Apoptosis in intact heart. Apoptosis was measured by TUNEL assays on par-
affin-embedded sections using the ApopTag Red In Situ Apoptosis Detec-
tion Kit (Serologicals Corp.), with the exception that sections were treated
with 0.1% saponin and 1 mM EGTA before TUNEL staining (31). Count-
ing of TUNEL-positive cells was done blinded to genotype and treatment.
PKCd cleavage was measured in ventricular extracts by Western blot, using
antibodies against total PKCO (no. 610397; BD Biosciences — Clontech)
and phospho-PKCd T505 (no. 9374; Cell Signaling Technology). Bands
were detected by chemiluminescence (Amersham Biosciences) and quanti-
fied using ImageQuant software (Amersham Biosciences).

Isolation and culture of adult mouse cardiac myocytes. Ventricular myocytes
were isolated by perfusion with collagenase, plated at 50 rod-shaped cells per
square millimeter on laminin-coated 35-mm dishes or 2-well slides, and cul-
tured in MEM with HBSS and 0.1 mg/ml BSA at 2% CO; and 37°C (1, 78).

Apoptosis in isolated myocytes. Cultured myocytes were treated for 2
hours with agonists, and apoptosis was measured using anti-annexin
V antibody (Annexin-V-FLUOS; Roche Diagnostics Corp.). H,O,, L-NE
bitartrate, L-ISO HCI, and ascorbic acid (vehicle, 100 uM final) were
from Sigma-Aldrich.

B-AR binding in bearts and myocytes. Binding assays used both total
homogenates of freshly isolated myocytes, and membranes prepared
from ventricles and myocytes by homogenization (0.25 M sucrose, 30 mM
histidine, 1 mM EDTA [pH 8.0], PMSF, protease inhibitors) and centrif-
ugation twice at 100,000 g (79). Saturation analyses used 0.04-1.2 uM
[!2°T]cyanopindolol (PerkinElmer), with 1 uM DL-propranolol (Sigma-
Aldrich) to define nonspecific binding (80). Total receptor number (Biax)
and binding affinity (Kq) were calculated by nonlinear regression with
GraphPad Prism (version 4.0b; GraphPad Software). The percentage ,-ARs
was estimated by competition for [12°T|cyanopindolol binding (50 pM)
by ICI-118,551 (1 nM-50 uM), using an F test to test whether a 2-site
model was significantly better fit than a 1-site model, and to compute the
percentage of sites with high affinity for ICI-118,551 (B,-ARs) (GraphPad
Prism version 4.0b; GraphPad Software).

B-AR and G protein Western blot. For 3-ARs, membranes were prepared
from hearts and myocytes the same as for binding. Membrane proteins
(50-100 ug) were resuspended in Tris-EDTA with PMSF and protease
inhibitors, and loaded, without boiling, onto 10% SDS-polyacrylamide
gels. Membrane proteins for f,-AR assay were first treated with peptide
N-glycosidase F, using a kit from New England Biolabs Inc. (no. P0704S)
(81, 82). Separated proteins were transferred to nitrocellulose, blocked,
and probed with rabbit polyclonal antibodies from Santa Cruz Biotech-
nology Inc., SC-568 (V-19) for the B;-AR and SC-570 (M-20) for the
B2-AR. For G proteins, hearts or myocytes were lysed and blotted with
antibodies from Santa Cruz Biotechnology Inc. against GRK2 (C-15,
sc-562), Gas (K-20, sc-823), Goo (K-20, sc-387), Gaq (E-17, sc-262), and
Gai (C-10, sc-262). An antibody against Gf (06-238) was from Upstate
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USA Inc., and an antibody against GRK2/3 (G8972) was from United
States Biological Inc.

B-AR mRNAs in heart and myocytes. Ribonuclease protection assay for
B;- and P-AR mRNAs used 15 ug total RNA (TRIzol) from hearts or
isolated myocytes, with sequence-verified labeled probes. A ;-AR probe
was amplified from a human heart cDNA library (no. 780612; Strata-
gene) using the following primers: sense at bp 411, 5'-AGATGTGCT-
GTGTGTGAC-3'; and antisense at bp 701, 5""-TAGAAGGAGACGACG-
GAC-3'. A mouse B,-AR probe was from Brian Kobilka and Timothy
Angelotti (Stanford University, Stanford, California, USA). Quantita-
tive RT-PCR for B;-, B2, and f3-AR mRNAs used total myocyte RNA
(TRIzol and RNeasy Mini Kit; QIAGEN) treated with TURBO DNase
(Ambion Inc.). One microgram RNA was reverse-transcribed with oligo-
dT primers and SuperScript II Reverse Transcriptase (Invitrogen Corp.).
Five percent of the cDNA product was used in quantitative PCR with
SYBR Green and an ABI PRISM 7900 Sequence Detection System.
PCR was 94°C for 4 minutes, then 35 cycles of 94°C for 2 minutes,
55°C for 1 minute, and 72°C for 2 minutes, followed by 72°C for 10
minutes. Data were analyzed with SDS software version 2.1 (Applied
Biosystems). PCR products were also evaluated on gels for primer-
dimers or other nonspecific bands, which were further excluded by a
dissociation protocol at the end of cycling. f1-AR primers were vali-
dated using tissues from the 3;-AR KO mice (data not shown). Mouse
B-AR primers were designed on PrimerQuest (Integrated DNA Tech-
nologies Inc.) with accession numbers and coordinates as follows:
Bi-AR forward, NM_007419 (641 AGTGCTGCGATTTCGTCAC-
CAACA 664); B1-AR reverse, NM_007419 (787 GCTCGCAGCTGTC-
GATCTTCTTTA 764); f,-AR forward, NM_007420 (912 ATCT-
GAAGGAAGATTCCACGCCCA 935); B2-AR reverse, NM_007420 (1060
AGAGGGTGAATGTGCCCATGATGA 1037); B5-AR forward, NM_
013462 (888 TGCGCACCTTAGGTCTCATTATGG 911); f5-AR reverse,
NM_013462 (998 AAACTCCGCTGGGAACTAGAGAGG 975).

cAMP and phospholamban in myocytes. Myocytes were cultured overnight
and treated for 10 minutes with 1 nM-1 uM ISO (7 doses) or vehicle, with
duplicate dishes for each dose in each experiment. Intracellular cAMP was
extracted and assayed by ELISA (Biotrak; Amersham Biosciences). Curves
were fit to sigmoidal dose-response curves and compared with an F test
(GraphPad Prism version 4.0b; GraphPad Software). Some cultures were
pretreated with 1 ug/ml PTX (List Biological Laboratories Inc.) for 12-16
hours at 37°C, then stimulated with 1 uM ISO for 10 minutes. Other cul-
tures were treated with 1 uM forskolin (Sigma-Aldrich) for 10 minutes.
Phospholamban phosphorylation after treatment of cultured myocytes
with 1 uM ISO was measured by Western blot with anti-phospho-phos-
pholamban S16 (no. 07-052; Upstate USA Inc.).

B-AR-mediated contractility in isolated hearts. Isolated hearts were paced at
9 Hz and perfused retrograde through the aorta at 70 mmHg pressure and
37°C with modified Krebs-Henseleit buffer containing 1.5 mM calcium
(83). LV pressure was monitored with a fluid-filled balloon inserted via the
left atrium (83), while ISO in Krebs-Henseleit was infused from 1 to 50 nM.
Data were fit to sigmoidal dose-response curves, and curves were compared
with an F test (GraphPad Prism version 4.0b; GraphPad Software).

Locomotor activity. Mice naive to prior testing were housed individually
in rat cages (48 x 27 x 13 cm) with bedding, food, and water, under a
12-hour light/dark cycle. To quantify activity, beam breaks were collect-
ed continuously for 3 days with a photobeam activity system (Flex-Field;
San Diego Instruments) (84).

Data analysis. Results are mean + SEM. Mean values were compared by
ANOVA for groups of 4, with the Bonferroni post-test comparison, or
by the unpaired 2-tailed Student’s ¢ test for 2 groups. P values less than
0.05 were considered significant.
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