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ABSTRACT Stimulation of cardiac b1-adrenergic recep-
tors is the main mechanism that increases heart rate and
contractility. Consequently, several pharmacological and
gene transfer strategies for the prevention of heart failure aim
at improving the function of the cardiac b-adrenergic receptor
system, whereas current clinical treatment favors a reduction
of cardiac stimulation. To address this controversy, we have
generated mice with heart-specific overexpression of b1-
adrenergic receptors. Their cardiac function was investigated
in organ bath experiments as well as in vivo by cardiac
catheterization and by time-resolved NMR imaging. The
transgenic mice had increased cardiac contractility at a
young age but also developed marked myocyte hypertrophy
(3.5-fold increase in myocyte area). This increase was followed
by progressive heart failure with functional and histological
deficits typical for humans with heart failure. Contractility
was reduced by '50% in 35-week-old mice, and ejection
fraction was reduced down to a minimum of '20%. We
conclude that overexpression of b1-adrenergic receptors in the
heart may lead to a short-lived improvement of car-
diac function, but that increased b1-adrenergic receptor sig-
nalling is ultimately detrimental.

Among the many mechanisms that control cardiac function,
the stimulation of the frequency and force of contraction by
epinephrine and norepinephrine via specific b-adrenergic
receptors is the most prominent and, functionally, the most
relevant pathway (1). The majority of cardiac b-adrenergic
receptors are of the b1-subtype, and the minority are of the
b2-subtype (2). In chronic heart failure, these receptors are
reduced in number (3, 4) and in function (1, 4–6). Reductions
in receptor number seem to occur early in the development of
heart failure (7) and to correlate with the severity of the
disease (8, 9). However, it is still a matter of debate as to
whether these receptor alterations contribute to the develop-
ment of heart failure by depriving the heart of its major
physiological stimulus or whether they represent a protective
mechanism preventing overstimulation by the increased levels
of catecholamines occurring in heart failure (10).

The advent of transgenic techniques has provided a tool with
which to address such questions. Over the last few years,
several transgenic models have been developed to understand
the role of diverse proteins in cardiac function (11). Transgenic
expression of the b2-adrenergic receptor under the control of
the a-myosin heavy chain promoter has been achieved in atria
as well as in ventricles. When the receptors were overexpressed
200-fold, the basal production of cAMP in cardiac membranes
was enhanced, and an increased left ventricular contractility
was observed in vivo (12). However, more moderate overex-
pression of the wild-type or even of a constitutively active
mutant of the b2-adrenergic receptor showed no such pheno-
type (13). More recently, it has been shown that contractility

in single myocytes prepared from failing rabbit hearts can be
restored via adenoviral gene transfer of b2-adrenergic recep-
tors, and it has been proposed that this approach might become
a strategy in the treatment of heart failure (14).

It has been suggested recently that—aside from activating
adenylyl cyclase—the signaling pathways of b1- and b2-
adrenergic receptors might be divergent (15). Subtype-
specificity is also apparent from the observation that, in
cardiac disease, the b1-subtype undergoes much more down-
regulation than the b2-subtype (1, 4). Furthermore, given that,
physiologically, the b1-subtype is the predominant or even
exclusive subtype on cardiac myocytes (2), transgenic alter-
ations of this subtype might help to identify the pathophysio-
logical consequences of changes in the activity of the cardiac
b-adrenergic receptor system.

Therefore, we set out to generate such a transgenic model
by using the a-myosin heavy chain promoter. This promoter is
active in the developing and adult atria and also in the adult
ventricles but not in the developing ventricle or other mus-
cular tissues (16, 17). Thus, expression under this promoter
allows heart-specific expression, not only in the atria, but also
in the ventricles without the likelihood of causing defects in
heart-ventricle development. We found that transgenic expres-
sion of the b1-adrenergic receptor under this promoter re-
sulted not only in an expected increased sensitivity toward
catecholamines but also in alterations in basal cardiac function
and morphology, which, taken together, indicate cardiac hy-
pertrophy, remodeling, and early cardiac failure.

MATERIALS AND METHODS

Generation of Transgenic Mice. From the plasmid depicted
in Fig. 1A, the segment containing murine a-myosin heavy
chain promoter and human b1-adrenergic receptor cDNA (18)
was isolated. The purified linear DNA (1 ngyml) was injected
into fertilized oocytes from superovulated FVByN mice ac-
cording to standard procedures (19). The injected oocytes
were transferred to the oviducts of pseudopregnant CD-1
mice. All mice were kept in a specific-pathogen-free facility.
Generation and investigation of these mice was approved by
the responsible government authorities. The F0 generation was
screened for integration of the transgene by PCR with a sense
primer, 59-AGG ACT TCA CAT AGA AGC CTA G, located
in the a-myosin heavy chain promoter and an antisense primer,
59-TGT CCA CTG CTG AGA CAG CG, located in the
b1-receptor coding sequence.

Radioligand Binding Studies. Cell membranes were pre-
pared by homogenization of myocardia of 6-week-old mice in
5 mM TriszHCly5 mM EDTA, pH 7.4, with centrifugation at
1,000 3 g for 10 min (4°C) and centrifugation of the super-
natants at 50,000 3 g for 15 min (4°C). The pellets were
resuspended in 75 mM TriszHCly12.5 mM MgCl2y1 mM
EDTA, pH 7.4. For radioligand binding assays, 20 mg of
membrane protein was incubated for 1 h at 37°C with variousThe publication costs of this article were defrayed in part by page charge
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concentrations of [125I]cyanopindolol (up to 300 pM) by using
10 mM (2)propranolol to define nonspecific binding. Incuba-
tions were terminated by filtration through Whatman GFyC
filters.

Organ Bath Experiments. Hearts were rapidly excised and
placed in carbogenated modified Tyrode’s solution (119 mM
NaCly5.4 mM KCly1.2 mM CaCl2y1 mM MgCl2y22.6 mM
NaHCO3y0.42 mM NaH2PO4y0.025 mM EDTAy10 mM glu-
cosey0.2 mM ascorbic acid, pH 7.4). Right atria of 8- to
12-week-old mice were dissected, tied with two 6-0 silk sutures,
and placed in a carbogenated 37°C tissue bath with modified
Tyrode’s solution. The atria were allowed to contract sponta-
neously. Signals from isometric force transducers were fed via
a bridge amplifier to a PowerLab system (A. D. Instruments,
Castle Hill, Australia).

Histological Analysis. Cross sections from the heart equator
(2-mm thick) were fixed with 4% paraformaldehyde, dehy-
drated with alcohol, embedded in paraffin, and cut into 5-mm
slices, which were stained with hematoxylinyeosin. For mor-
phometrical analysis, photographs of 20 ventricular sections
from wild-type and b1TG4 mice were taken at 3320 magni-
fication (Zeiss IM-35), and myocyte cross-sectional areas were
determined by digitizing the images and computerized pixel
counting. Only nucleated myocytes from areas with trans-
versely cut muscle fibers were evaluated.

Left Ventricular Catheterization. Mice were anaesthetized
with tribromoethanol (13 ml of 2.5% solution per g of body

weight) and placed on a 37°C table. The left jugular vein was
cannulated with a custom-fashioned polyethylene tubing con-
nected to a microinfusion pump (Braun, Melsungen, Ger-
many) for drug application. A 1.8 French high-fidelity cathe-
ter-tip micromanometer (Millar Instruments, Houston, TX)
was inserted into the aorta via the right carotid artery and
advanced into the left ventricle under continuous monitoring
of the pressure waveform. Pressure signals were digitized at a
sampling rate of 4,000 Hz and recorded with a PowerLab
system.

NMR Imaging. Images of mice were taken with a 7.05 T
BIOSPEC 70y20 scanner (flip angle of 40°; echo time 5 1.5 ms;
in-plane pixel resolution 5 117 mm2; slice thickness 5 1 mm;
Brucker, Billerica, MA; ref. 20). Mice were anaesthetized with
isoflurane [2.0% (volyvol) isoflurane in 1 literymin oxygen flow]

FIG. 1. Generation and identification of mice transgenic for the
b1-adrenergic receptor. (A) Transgenic vector. The complete inter-
genic region between the b- and a-myosin heavy chain genes (a-
myosin heavy chain promoter) was ligated 59 to the coding region of
the human b1-adrenergic receptor. At the 39 end of the receptor
cDNA, the intron and poly(A)-containing sites of the simian virus 40
T antigen were added. b, a1, a2, and a3 denote exons of the b- and
a-myosin heavy chain genes. The positions of the PCR primers used
to detect the transgene (B) are indicated. (B) Detection of the
transgene in animals of the lines b1TG7 and b1TG4 by PCR with the
primers indicated in A. The lanes at the right side contained 1 and 10
pg of the transgene vector in the PCR as standards and a negative
control (C) without genomic DNA. aMHC, a-myosin heavy chain.

FIG. 2. Expression and function of b1-adrenergic receptors in
transgenic animals. (A) Detection of b-adrenergic receptors in left
ventricular myocardial membranes prepared from wild-type mice
(WT) and mice from the two transgenic lines b1TG7 and b1TG4.
b-Adrenergic receptors were quantified by saturation with the radio-
ligand [125I]cyanopindolol. The data shown are means 6 SEM of four
experiments. (B) Frequency responses in organ bath experiments.
Right atria from 8- to 12-week-old wild-type mice (▫) and mice from
the two transgenic lines b1TG7 (n) and b1TG4 (F) were mounted in
an organ bath. Spontaneous contraction frequencies were recorded
under basal conditions and in the presence of increasing concentra-
tions of (2)isoproterenol. EC50 values were 1.5 6 0.2 nM for wild-type
mice, 1.1 6 0.1 nM for b1TG7, and 0.4 6 0.05 nM for b1TG4, and
maximal effects were 233 6 9, 253 6 4, and 270 6 8 beats per min,
respectively. The data shown are means 6 SEM of nine (WT), six
(b1TG7), and four (b1TG4) atria.
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via a nose cone and kept normothermic with a warming pad.
Ejection fractions were calculated from endsystolic and enddia-
stolic slice volumes (20).

RESULTS

To investigate the long-term consequences of alterations in
cardiac b-adrenergic receptor numbers, we generated trans-
genic mice with moderate heart-specific overexpression of the
b1-adrenergic receptor. The transgenic construct is shown in
Fig. 1 A; the coding sequence of the human b1-adrenergic
receptor (18) was placed under the control of the a-myosin
heavy chain promoter, which directs expression in adult mu-

rine atria and ventricles (16). The fragment containing pro-
moter and receptor DNA was injected into the pronucleus of
fertilized FVByN oocytes. The transgene was detected by PCR
in two founder mice. Breeding of these founder mice with
wild-type FVByN mice gave two independent lines, designated
b1TG4 and b1TG7, with the expected 50% transgenic offspring
(Fig. 1B). The F1 generation of both lines was investigated.
Identification of the DNA by Southern blotting of genomic
DNA from these animals indicated the integration of several
copies of receptor cDNA into the genome (not shown).

Expression of transgenic b1-adrenergic receptors in the
heart was verified in binding experiments with the specific
radioligand [125I]cyanopindolol (Fig. 2A), which showed 5-fold

FIG. 3. Histological alterations in transgenic hearts. (A and B) Hematoxylinyeosin-stained 5-mm sections of paraffin-embedded left ventricular
myocardium from wild-type (A) and b1TG4 mice (B). (C) Morphometrical analysis of myocyte cross-sectional areas. Myocyte cross-sectional areas
were determined from hematoxylinyeosin stained sections from b1TG4 (F), b1TG7 (n), and wild-type left ventricles. Data are expressed as
percentage of the respective wild-type value and represent means 6 SEM of several sections from three animals at each age group.
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(b1TG7) and 15-fold (b1TG4) increases in receptor numbers.
Competition with subtype-selective antagonists confirmed
that the overexpressed receptors were of the b1-subtype (not
shown).

The functional consequences of this overexpression were
characterized initially in organ bath experiments. Spontane-
ously beating wild-type right atria had basal frequencies of
380 6 9 beats per min, and these were elevated only slightly in
atria from either transgenic line (Fig. 2B). Isoproterenol
caused concentration-dependent increases in the frequency of
contraction. This response was of higher sensitivity and larger
amplitude in the transgenic lines, indicating functionality of
the receptors expressed from the transgene.

Microscopic examination identified marked myocyte hyper-
trophy in the transgenic hearts, accompanied by fibrosis (Fig.
3). In addition, transgenic hearts contained large pleomorphic
nuclei, which were never found in wild-type hearts. Comput-
erized morphometric analysis of the myocyte cross-sectional
areas identified a progressive myocyte hypertrophy that was
not present at birth but developed after a few weeks in the
b1TG4 line, and later—and to a lesser extent—in the b1TG7
line (Fig. 3C). In spite of marked myocyte hypertrophy, the
overall weight of the transgenic hearts was increased by only
10% (not shown), compatible with cell death and replacement
by fibrous tissue (Fig. 3B).

In vivo cardiac function in wild-type and b1TG4 mice was
investigated by left ventricular catheterization. Fig. 4A shows
the maximal contractility for wild-type and b1TG4 mice at
different ages. Although the transgenic animals showed an
increased contractility at a young age, this difference was lost
at 16 weeks and contractility continued to decrease thereafter,
going to below 50% of the wild-type value at 35 weeks. Loss
of contractility was already apparent at 16 weeks when the
stimulation of cardiac b-adrenergic receptors by endogenous
catecholamines was blocked by administration of propranolol
(Fig. 4B). In line with the larger numbers of cardiac b1-
adrenergic receptors, propranolol caused a greater drop in
contractility in the transgenic animals and revealed an im-
paired systolic function.

Spontaneous cardiac frequency in these investigations was
constantly elevated in the transgenic animals at all ages, with
462 6 8 beats per min in the b1TG4 animals vs. 395 6 9 beats
per min in wild-type animals. In the presence of propranolol,
this difference was abolished (315 6 9 beats per min in b1TG4
vs. 333 6 9 beats per min in wild-type mice). These data
indicate that the b1-adrenergic receptors remained functional
at all ages.

Additional evidence that the transgenic receptors them-
selves were functional was provided by i.v. application of
dobutamine to increase cardiac contractility. The sensitivity of
the contractile responses to dobutamine was higher in trans-
genic animals and was in line with the respective receptor
levels: the EC50 values were 6.2, 3.0, and 1.7 nM for the
wild-type, b1TG7, and b1TG4 mice, respectively (not shown).

The loss of contractility in the 35-week-old transgenic
animals resulted in a severe reduction of left ventricular
function, as determined by NMR imaging, again in the pres-
ence of propranolol (Fig. 5, Inset). Comparison of the images
at maximal diastole (Fig. 5, Inset) and systole indicated a
markedly reduced function in the b1TG4 mice, with a calcu-
lated ejection fraction of only 21%. In addition to the dys-
function indicated by NMR, several transgenic mice showed
clinical signs of heart failure such as ascites and death before
the age of 14 months (not shown).

DISCUSSION

There are four findings that are remarkable about this trans-
genic model. First, it resulted in the expected increased
sensitivity of the transgenic hearts to catecholamines, as

indicated by a leftward shift of the frequency and contractility
concentration-response curves to b-adrenergic receptor ago-
nists both in vitro and in vivo. Second, there was an increased
heart rate in the intact animal but no difference in isolated
atria, suggesting that the increased heart rate in vivo was due
to stimulation by catecholamines and not to constitutive
activity of the transgenic receptors. Third, the hearts were
structurally altered, evincing progressive hypertrophy and later
fibrosis. Finally, the b1TG4 mice developed progressive heart
failure in a manner very similar to that seen in patients with
heart failure.

These results are quite different from those reported with
heart-specific overexpression of the b2-adrenergic receptor
(12). In that model, increased sensitivity to receptor stimula-
tion was seen when the receptors were overexpressed '200-
fold (12), but this level of receptor expression also resulted in
marked increases in basal heart rate in vitro, indicative of
constitutive activity of the transgenic receptors, which was not
seen in our model (see above). It is surprising that lower levels
of cardiac b1- than of b2-receptors are required to produce
increased sensitivity to agonists, given that, in most cell lines,

FIG. 4. In vivo determination of left ventricular contractility in
b1TG4 and wild-type mice. Left ventricular pressures in anaesthetized
mice were measured with a Millar 1.8 French catheter. (A) Left
ventricular maximal contractility (dpydtmax) was measured at different
ages in wild-type (▫) and b1TG4 (F) mice. Data are from four mice for
each age group. The Inset shows an original pressure tracing. (B)
Effects of b-adrenergic receptor blockade by 1.5 mg of propranolol per
g of body weight on dpydtmax in wild-type and b1TG4 transgenic
animals at 16 weeks of age. mmHg, millimeters of mercury.
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the b2-subtype couples better than the b1-receptor to adenylyl
cyclase (21, 22). This discrepancy may be in line with recent
proposals of distinct signaling pathways for b1- and b2-
adrenergic receptors (15, 23). It is also in line with the
observation that the disruption of the b1-receptor gene essen-
tially abolished cardiac responses to isoproterenol (24).

The most remarkable finding regarding the b1-receptor
transgenic animals was that their hearts displayed major
morphological and functional alterations. Myocyte hypertro-
phy together with replacement by fibrous tissue indicated
remodeling, which is also typical for cardiac failure in humans.
Hypertrophic responses have been described for the Gq path-
way (25), and transgenic overexpression of Gaq in the heart
promotes the development of pressure-induced heart failure
(26). Histological changes have long been known to occur in
hearts in response to chronic treatment with isoproterenol (27)
but have not been reported in the animals with '200-fold
overexpression of the b2-adrenergic receptor (12). Again, this
result is compatible with the hypothesis that the b1-subtype is
better coupled to cardiac responses. b-Adrenergic receptors
recently have been observed to couple to the growth-
promoting mitogen-activated protein kinase pathway, in ad-
dition to the classical cAMP pathway (23). However, com-
pared with other receptors, these growth responses are modest,
and the relevance of this signaling pathway in vivo is uncertain.
Our data indicate that growth responses to b-adrenergic
receptor stimulation do occur in vivo, but it remains to be
established whether they are a direct consequence of b-
adrenergic receptor signaling or whether they are caused by
the increased work load due to a higher basal cardiac perfor-
mance.

Increased responsiveness to ambient catecholamines, to-
gether with myocyte hypertrophy, is most likely responsible for
the increased basal cardiac contractility seen in b1TG4 mice at
young ages. However, even at an age when this suffices to
maintain apparently normal basal cardiac contractility, block-
ade of b-adrenergic receptors with propranolol revealed a
functional deficit, and basal cardiac contractility continued to

decline thereafter. We conclude that the loss of b1-adrenergic
receptor number and function in heart failure is presumably
protective, and, although this loss acutely decreases cardiac
performance, it may in the long run help to preserve cardiac
function; attempts to block this down-regulation will most
likely prove to be ultimately detrimental.

Recently, various transgenic models have been shown to
have impaired cardiac function, including overexpression of
signaling proteins as well as gene knockouts disrupting myo-
cyte architecture. The large number of such models suggests
that cardiac hypertrophy and eventually failure represent a
common final pathway in response to multiple disruptions of
cardiac function. Down-regulation of b1-adrenergic receptors
is a general feature of these final steps and apparently an
appropriate adaptive response. Transgenic mice overexpress-
ing cardiac b1-adrenergic receptors may imitate the detrimen-
tal sympathetic stimulation seen in chronic heart failure and
thus reflect a common final pathway in the development of this
important disease.
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