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Treatment with inverse agonists enhances baseline atrial

contractility in transgenic mice with chronic beta2-adrenoceptor

activation
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1 In this study, we investigate whether chronic treatment with f-adrenoceptor (BAR) ligands with
inverse agonist activity enhances myocardial f,AR-mediated atrial tension more than neutral
antagonists in transgenic mice (TG35). These mice exhibit chronic adrenoceptor activation because
they possess a greater number of constitutively active receptors than wild type mice due to cardiac-
specific overexpression of human f,ARs. TG35 and wild type mice were chronically treated for 90 h
with three inverse agonists, ICI-118,551, propranolol, and carvedilol, and one neutral antagonist,
alprenolol. After 96 h, we compared the basal and isoprenaline-stimulated (10 uM) increase in atrial
tension in treated or untreated TG35 mice and wild type mice. In parallel, to determine the effect of
chronic fAR ligand treatment on the amounts of G protein receptor kinase-2 (GRK-2) and G
proteins, we performed Western blotting on myocardial cytosolic and membrane proteins.

2 Atria from the TG35 mice treated with inverse agonists showed increases in the baseline tension
compared to those from alprenolol/vehicle-treated mice. ICI-118,551 and propranolol treatment
restored the elevated myocardial G-inhibitory protein (Gix) levels to that of wild type. Also,
treatment with inverse agonists upregulated G-stimulatory protein (Gyx) levels and GRK2 above
those levels in vehicle-treated TG35 or wild type mice. The increased baseline atrial tension was
reversed by the addition of ICI-118,551.

3 Overall, our data suggests that inverse agonists enhance baseline atrial tension more than neutral
antagonists. Based on this, we propose that upregulation of the active conformation of the ,ARs,
G, protein and restoration of Gju as three possible mechanisms to explain this enhanced receptor
activity.

4 Therefore, the favourable effects of some ligands used in pathological conditions involving
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chronic adrenoceptor activation may be due to the inverse agonist activity of the ligand.

Keywords: p-Adrenoceptors; left atria; G proteins; G protein coupled receptor kinase; inverse agonists; isoprenaline;
transgenic mice
Abbreviations: AR, f-adrenoceptors; CHF, congestive heart failure; CHO, Chinese hamster oocytes; GRK2, G protein
receptor Kinase-2; or f-adrenergic receptor kinase-1; NTX, untreated; WT, wild type
Introduction

In diseases such as congestive heart failure (CHF), chronic
activation of cardiac f-adrenoceptors (fARs) by endogenous
agonists like adrenaline and noradrenaline can result in
diminished myocardial contractility. This chronic adrenocep-
tor activation is accompanied by reduction in ;AR number,
uncoupling of p,AR from the G-protein, increase in Gjo
protein, and increase in GRK2 protein (G protein coupled
receptor kinase or f-adrenergic receptor kinase, fJARK1/2)
(Castellano & Bohm, 1997). Similar changes are observed
during chronic activation of fARs by infusing synthetic and
exogenous SAR agonists (Muller et al., 1993; Zhou et al.,
1995). Recent studies show that chronic treatment with some
PAR antagonists increase survival in heart failure by
improving myocardial contractility (Reviewed by Krum,
1997). However, other ligands that exhibit similar SAR
subtype selectivity profiles are not equally effective in heart
failure suggesting mechanisms independent of antagonism of
agonist actions for these ligands.

Traditionally, inverse agonism has been determined by
detecting changes in baseline (unstimulated) parameters. This
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requires enough spontaneously active receptors to reveal the
inverse agonist properties of compounds. The two most
extensively used techniques for increasing the number of
spontaneously active receptors have been to overexpress the
wild type receptor or to express a constitutively active mutant
of the receptor (Milligan et al., 1995). In heart failure f-
adrenoceptor numbers are decreased, and it is therefore
unlikely that inverse agonists would have any effect on
baseline parameters. However, recent data has suggested that
even at low receptor densities, and with no detectable change
in baseline, inverse agonists and neutral antagonists evoke
different cellular responses (Berg et al., 1999, in press). In
CHO cells transfected with relatively low levels of the 5-HT¢
receptor (~200 fm mg~' protein), 24 h incubation with the
inverse agonist for 5-HT,c receptors, SB 206553, produced
different cellular effects than incubation with the neutral
antagonist, 5-methoxygramine. The inverse agonist,
SB206553 produced sensitization to 5-HT,¢ receptor agonists
activating phospholipase C (PLC), and also sensitized the
response to another agonist, ATP, activating purinergic
receptors, which also mediates its response through PLC
activation. This effect was observed even though SB 206553
had no effect on baseline IP accumulation; SB 206553 was
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determined to be an inverse agonist from studies in cells
transfected with much higher densities (~5—10 pm mg™!
protein) of the 5-HT,c receptor. These results suggest the
cellular response of sensitization may be a more sensitive
indicator of inverse agonist activity than inhibition of
baseline. The neutral antagonist, 5S-methoxygramine, did not
produce sensitization and antagonized the sensitizing effect of
SB 206553 (Berg et al., 1999, in press). Thus, cells recognize
differences between antagonists and inverse agonists even
when there is no change in baseline.

Many AR ligands previously classified as antagonists are
now known to possess inverse agonism which imparts these
ligands with negative intrinsic activity because they reduce the
number of constitutively active receptors (reviewed by Milligan
et al., 1995; Milligan & Bond, 1997). Constitutively active
receptors can couple to G proteins and elicit biological
response even in the absence of an agonist. Inverse agonists,
in contrast to neutral antagonists, prevent both agonist-
dependent receptor activation (like neutral antagonists do)
and inhibit constitutively active receptors. We have a
transgenic mouse line (TG35) which display a 50 fold increase
in their total AR density than wild type mice due to cardiac-
specific overexpression of human p,ARs. This receptor
overexpression increases the number of constitutively active
receptors that contribute to chronic activation of the
adrenoceptors (Milano et al., 1994; Bond et al, 1995). Hence,
the TG35 mice provide a model to study agonist-independent
chronic SAR activation.

Our study is designed to assess in the TG35 hearts, whether
PAR ligands exhibiting inverse agonism improve myocardial
p-AR-mediated atrial tension under basal and agonist-
stimulated conditions more effectively than ligands exhibiting
pure antagonism. As an index of myocardial tension
(contractility) in mice, we will measure basal and isoprena-
line-stimulated increases in atrial tension after chronic
treatment with four pharmacologically distinct AR ligands.
Also, we will examine the effect of this treatment on the
amount of GRK2 and G proteins and correlate the results with
the functional data.

Methods

We have designed experiments to address the question,
whether SAR ligands exhibiting inverse agonism improve
atrial contractile response more effectively than ligands
exhibiting pure antagonism. TG and wild type (WT) mice
were chronically treated with four pharmacologically distinct
PAR ligands: Alprenolol, fi-, f>-, f3-AR neutral antagonist
(1.2 mg kg=!' h™1), carvedilol, -, B--AR, o;AR selective and
partial inverse agonist at S,AR (0.4 mgkg='h~"), ICI-
118,551, B,AR-selective, inverse agonist (0.7 mg kg=' h™"),
and propranolol, -, f,-AR preferential and partial inverse
agonist at f,AR (0.4 mgkg 'h™'). To achieve uniform
delivery of drug solutions, all mice were implanted sub-
cutaneously with osmotic mini-pumps for 90 h after which
additional 6 h were allowed for the elimination of drugs. The
mice were then sedated with pentobarbitone (Nembutal®), the
heart excised and the left atrium isolated. The left atrium was
then used for measuring the baseline and isoprenaline-
stimulated increases in tension (functional studies). The
remaining right atria and ventricles were homogenized and
separated into membrane and cytosol fractions. These protein
fractions were subjected to gel electrophoresis and immuno-
blotting to detect membrane proteins such as, G, Gy, Ggj11o
and the cytosolic protein, GRK2/3.

Left atrial tension measurement

Left atria were excised from the hearts of either untreated or
PSAR ligand treated WT or TG35 mice. Atria were suspended
in modified Kreb’s bicarbonate solution [(mM) NaHCO;
(pH 7.4) 25, NaCl 118, KCI 4.8, glucose 10, NaS,0Os 0.1,
EDTA 0.03] , CaCl,.2H,0O supplemented with ascorbic acid
(1.1 x 10~*M), cocaine (1 x 10~>M), corticosterone (4 x 10™>M),
phentolamine (3x 107°M) and CGP-20712A (3 x 10~ "m).
Phentolamine, a nonselective a-adrenoceptor antagonist and
CGP-20712A, a p;AR antagonist, were maintained in the
buffer during our experiments to ensure that the responses
observed are only due to f,AR-mediation only. The atria were
paced at optimal frequency (3.2 Hz) for isometric tension
development with a 3 ms pulse duration and voltage at
threshold +20%. After equilibration period of 10—15 min,
baseline tension was recorded. Response to 10 uM isoprenaline
was recorded on the polygraph after tension (mg) reached a
plateau (2—4 min).

Determination of inverse agonist activity

To determine the inverse agonist activity of the compounds we
used the left atria of TG4 mice. These mice possess severe
cardiac-specific overexpression of the human f,-adrenoceptor
(approximately 200 fold the S-adrenoceptor densities of wild
type mice; Bond et al., 1995). This overexpression produces
maximal left atrial tension in the absence of agonist
stimulation (Milano et al., 1994), and provides an ideal screen
for inverse agonist properties of drugs. The inverse agonist
activity of three compounds, ICI-118,551, propranolol, and
alprenolol had previously been determined (Bond ez al., 1995).
For this study we performed experiments with carvedilol and
repeated the studies with ICI-118,551 to determine the validity
of the historical results.

Myocardial membrane and cytosolic protein preparation

The right atria and ventricles from the mice were dissected free
of connective tissue and fat. The tissues were then chilled and
minced in 1 ml of ice-cold homogenization buffer (50 mm
HEPES, pH 7.2, 150 mM NaCl, 5 mM EDTA). The minced
tissues were homogenized with a polytron and the volume was
brought to 10 ml with the same buffer and the homogenate
was spun at 800 x g for 10 min at 4°C in a tabletop centrifuge.
The supernatant was passed through two layers of cheesecloth
and then spun at 18,000 r.p.m. for 10 min at 4°C in a Sorvall
R5B. The supernatant was stored as cytosol and the membrane
pellet was resuspended in buffer (5 ml) and homogenized with
a glass-glass homogenizer (Dounce) followed by high speed
centrifugation. The membranes obtained were stored as pellets
at 70°C. For immunoblotting the technique described next,
pellets were resuspended in 1 ml of suspension buffer (50 mm
HEPES pH 7.2, 12 mMm MgCl,).

Immunoblotting

Membrane and cytosolic proteins prepared from mice hearts
were separated on 12% SDS-polyacrylamide gels and
electroblotted onto polyvinyldifluoride (PVDF membrane).
The PVDF membrane was then probed with specific antisera
for GRK2 and G proteins. The immunoblotting procedure
used is as follows: Equal protein loading of lanes before
electrophoresis was confirmed by measuring total protein prior
loading using BCA-protein assay reagent kit (Pierce) described
earlier and coommassie blue staining of gels and membranes.
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Blotted PVDF membranes were blocked with 5% non-fat milk
in PBS-T at room temperature for 1 h followed by incubation
with primary antibody either for Gio/Gg1,0/Gs or GRK2/3 in
2.5% blocking milk for 1 h RT. Blots were washed with PBS-T
three times over 30 min and incubated with horseradish
peroxidase-conjugated anti-rabbit IgG or anti-mouse IgG for
1 h followed by three PBS-T washes. Detection of protein
bands was performed using a chemilumenescent method
according to the manufacturer’s instructions. The optical
densities of the detected bands were quantified using a
calibrated densitometer. Since Ggi 00 protein was unchanged
in WT and TG mice, PVDF membranes were stripped and
reprobed with G, anti-sera to assure equal loading of lanes.
The absorbance of the protein bands detected by the
densitometer was proportional to the amount of the Gg o
protein over a range of total protein concentration (0.5-—
40 pg). Only samples on the same blot were compared for
analysis and protein sample from each mouse was subjected to
Western blot analysis at least three times. The antisera were
used at the following dilutions: G, G, and Gg1,a (1: 1000),
and GRK2/3 (1:3500).

Drugs

Alprenolol, isoprenaline, phentolamine, propranolol, and
PBS-Tween were obtained from Sigma®. ICI-118,551, CGP-
20712A and pertussis toxin were purchased from Tocris
Cookson®™, Calbiochem®™ and RBI® respectively. Carvedilol
(DMSO & water) was a gift from SmithKline Beecham. ECL
kit was purchased from Amersham. Antisera for G;a and
G, were obtained from Santa Cruz biotechnology®. Gy
antisera were a gift from Professor Graeme Milligan,
University of Glasgow. GRK2/3 antisera and the founders
for the colonies of transgenic mice were a gift from Professor
Robert. J. Lefkowitz, Duke University.

Data analysis

For functional studies, baseline and isoprenaline-stimulated
increase in atrial tension (measured in mg of developed
isometric tension) in TG35 mice atria treated with fAR ligand
are compared to that of untreated (NTX) TG35 mice. The
densities of all protein bands are expressed as percentages of
the density of protein bands obtained from untreated WT mice
(100%). Data are shown as mean+s.e.mean and were
analysed using one-way ANOVA followed by Bonferroni’s
correction as a post-hoc test. P<0.05 was considered
statistically significant.

Results

Basal and isoprenaline-stimulated left atrial tension in
TG35 mice

The basal atrial tension was greater in TG35 mice chronically
treated with the inverse agonists, carvedilol, propranolol, and
ICI-118,551 than in untreated and alprenolol-treated mice
(Figure 1). We observed a 56, 35 and 46% increase in baseline
atrial tension in TG35 mice treated with ICI-118,551,
propranolol, and carvedilol respectively, compared to the
atrial tension in untreated TG35 mice. However, the maximal
atrial tension stimulated by isoprenaline in the treated mice
was not significantly different from that of the untreated mice
atria. The actual values for isometric tension (mg) are depicted
in Table 1. In WT mice, none of the ligands tested had any

effect on baseline or isoprenaline-induced maximal atrial
tension (data not shown).

Inverse agonist activity

Carvedilol produced a 42% maximal inhibition of baseline left
atrial tension of TG4 mice (Figure 2). We also repeated
experiments with ICI-118,551 to determine the validity of the
historical controls published in Bond et al, 1995. The
concentration-response curve to the inverse agonist effects of
ICI-118,551 obtained was almost identical to the historical
controls, with no significant differences in ICsy or maximal
response (data not shown).

GRK?2 and G protein Estimation

Chronic treatment of WT (Figure 3A) and TG35 mice (Figure
3B) with four different SAR ligands, alprenolol, ICI-118,551,
propranolol, and carvedilol, showed distinct alterations in
GRK2, Gz and Gy proteins. TG35 mice possess a greater
number of constitutively active receptors that contribute to the
agonist-independent activation of the myocardial fARs. For
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Figure 1 The effect of four SAR ligands on left atrial isometric
tension in TG35 mice. Left atria were isolated from SAR ligand
treated mice and mounted in the organ bath. Baseline and ISO
(10 mm)-stimulated left atrial tension was recorded. The inverse
agonists ICI-118,551, carvedilol, and propranolol treated atria
showed an increase in the baseline tension, but no change in the
ISO-stimulated maximal tension compared to the responses in atria
from vehicle-treated TG35 mice. Shown mean values+s.e.mean.
*P<0.05 vs NTX (baseline tension). NTX, untreated or vehicle-
treated; ALP, Alprenolol; ICI, ICI-118,551; PRO, Propranolol; CAR,
Carvedilol; ISO, Isoprenaline.

Table 1 Left arterial isometric tension measurements in
untreated and chronic SAR ligand-treated TG35 mice

Baseline tension  ISO-stimulated
(mg) tension (mg)

Treatment n Mean+s.e.mean  Mean+s.e.mean
NTX 16 96+9.6 221425
ALP 4 90+15 202+8.5
ICI 8 150 +28%* 268436
PRO 9 129+ 19* 253429
CAR 5 14144.2% 287+7.3

Data are represented are mean (mg)+s.e.mean. *P<0.05,
drug treated vs untreated TG35 mice (baseline). NTX,
untreated; ALP, Alprenolol; ICI, ICI-118,551; PRO,
Propranolol; CAR; Carvedilol; ISO, Isoprenaline.



1102 S. Nagaraja et al

Inverse agonism and atrial function in transgenic mice

120 7

80

60 1

40

Left Atrial
Isometric Tension (%)

201

0/ 1/ T T T T
-9 -8 -7 -6 -5

CARVEDILOL, (logM)

Figure 2 The effect of carvedilol on left atrial isometric tension of
TG4 mice. Left atria were isolated from TG4 mice and mounted in
the organ bath as previously described. A concentration response
curve to carvedilol was performed. Shown are mean values+
s.e.mean.
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TG35 mice, the myocardial proteins, G, Gy and GRK?2 were
increased by 96, 38 and 82% respectively compared to WT
mice in a fashion analogous to that observed with agonist-
dependent overstimulation of adrenoceptors.

In TG35 mice, chronic treatment with ICI-118,551 and
propranolol decreased the myocardial Ga levels, compared to
untreated TG35 mice. While carvedilol and alprenolol
treatment did not show similar reduction in Gjo protein.

ICI-118,551 was different from the other inverse agonists in
upregulating the Gy in WT mice hearts by 259%. In TG35
mice treated with the partial inverse agonists, propranolol, and
carvedilol, Gyo protein was increased by 216%, and 155%
from the untreated WT hearts respectively. Alprenolol, a
neutral antagonist, did not alter Gy in the WT or TG35 mice.

GRK?2 protein was increased in all WT and TG35 mice
treated with inverse agonists compared to untreated WT mice.
The order of increase in percentage of GRK2 protein in treated
TG35 mice [343+69%(ICI)>280+58%(CAR)>236+11%
(PRO)] are similar to the degree of inverse agonism exhibited
by these ligands (ICI-118,551 > carvedilol> propranolo-
1> >alprenolol). In untreated TG35 mice hearts (NTX),
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Figure 3 GRK2 and G-protein levels in WT (A) and TG35 (B) mice chronically treated with SAR ligands. WT and TG35 mice
were implanted with 90 h mini-osmotic pumps to deliver either vehicle only (NTX) or ALP/ICI/PRO/CAR. After 96 h the mice
were sacrificed and myocardial membranes and cytosol proteins were probed with Gio, Gy or GRK2 anti-sera and specific bands
were detected by ECL technique. Membranes were stripped reprobed with Gg;;a to assure uniform loading of membrane proteins.
Only bands on the same blot were compared. All values shown are arbitrary densitometric units expressed as a percentage of WT
(100%). ICI-118,551 and propranolol treatment restored Gjo levels in TG3S5 to that of untreated WT. ICI-118,551, propranolol, and
carvedilol upregulated Gyo levels in TG35 mice. GRK2 protein level was increased in all AR ligand treated mice. *P<0.05 vs
untreated WT and ©P<0.05 treated TG35 vs untreated TG35 mice. NTX, untreated mice; ALP, Alprenolol; ICI, ICI-118,551;

PRO, Propranolol; CAR, Carvedilol; ISO, Isoprenaline.
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Figure 4 The effect of ICI-118,551 on left atrial isometric tension of
TG35 mice chronically treated with ICI-118,551. Left atria were
isolated from ICI-118,551 treated mice and mounted in the organ
bath as previously described. A concentration response curve to I1CI-
118,551 was performed 96 h after implantation of the subcutaneous
mini-pump. Shown are mean values +s.e.mean.

GRK2 was increased by 82% compared to the WT mice and
was not altered after treatment with alprenolol (Figure 3).

Reversal of the increase in baseline atrial tension by
ICI-118,551

In TG35 mice treated with ICI-118,551, the enhanced baseline
atrial tension was reduced by the addition of ICI-118,551 to
the isolated atria (Figure 4). Thus, after chronic treatment with
ICI-118,551, acute in vitro treatment with ICI-118,551
produced a 42% reduction in baseline. We have previously
shown that in untreated TG35 mice, the maximal effect of ICI-
118551 was a 20% reduction in baseline (Bond et al., 1995).

Discussion

We have shown that chronic treatment of TG35 mice with
PAR ligands displaying inverse agonism enhance baseline
atrial tension more effectively than neutral antagonists do.
These mice provide a model for chronic adrenoceptor
activation because the mice possess a greater number of
P>ARs in constitutively active conformation (R*). TG35 mice
exhibit increases in the amounts of the myocardial GRK2 and
G proteins, Gy, and Gjo analogous to the effects observed
with agonist-dependent overstimulation of adrenoceptors.
Chronic treatment with the inverse agonists, ICI-118,551,
carvedilol and propranolol increased the baseline atrial tension
in TG35 mice. However, ligand treatment did not increase the
maximal atrial tension in response to isoprenaline. In parallel
experiments, inverse agonist treatment increased myocardial
G, proteins. ICI-118,551 and propranolol restored the G;o in
TG35 mice hearts to normal or wild type levels. Carvedilol,
which increased the baseline tension comparably to other
inverse agonists, had a modest effect on the GRK2 and G
proteins. Based on these data, we suggest three possible
mechanisms for the improvement in basal atrial contractility
after inverse agonist treatment, first, due to the upregulation of

the receptors in R* conformation; second, the upregulation of
G,o; third, the restoration of Gjx levels to normal.

The increase in baseline tension after chronic treatment with
inverse agonists is may be due to the upregulation of the
PARs in the R*-conformation. Inverse agonists are thought to
bind to the receptors in inactive (R) conformation and shift the
R« —R* equilibrium to reduce the number of receptors in R*
conformation (constitutively active receptors). This reduction
in R* during the treatment period may relieve the system from
the adverse effects of adrenoceptor overstimulation, such as
restoring the Gjo protein levels to normal. After the cessation
of the treatment, the number of R* may return to pretreatment
levels or may be upregulated. This upregulated spontaneously
active conformation of fS,ARs (R*) may have promoted
formation of more pre-coupled R*-G,o which translated into
an increased baseline contractility. Upregulation of the
constitutively active mutant 5,AR levels is observed following
sustained treatment with the inverse agonist, betaxolol in
neuroblastoma X glioma hybrid cells (MacEwan & Milligan,
1996). The upregulation of R* in our study is suggested by an
increase in baseline tension (in absence of the agonist) without
augmenting the agonist-stimulated maximal tension and
indirectly by the increase in GRK2 protein in mice treated
with the inverse agonists. Additional support for this
interpretation is that the GRK2 increase is proportional to
the increasing order of inverse agonist activity exhibited by the
ligands (ICI-118,551 > Propranolol > Carvedilol). However,
this increase in GRK2 is in contrast to other studies which
reported decreases in f-ARK (GRK2) activity after chronic
treatment with AR antagonists (Ping et al., 1995, laccarino et
al., 1997). This discrepancy could be due to the fact that
GRK?2 protein restoration to normal levels may require longer
exposure to ligands as these previous studies used 25 and 14
days exposure time respectively, vs 4 days in our study. The
neutral antagonist, alprenolol treatment did not change the
baseline contractility possibly due to its non-preferential
binding to both R and R* and subsequent lack of effect on
the R« —R* equilibrium.

The second factor that may contribute to the increase in
atrial tension is the upregulation of myocardial Gas in TG35
mice treated with inverse agonists. Since the f,AR number is
50 fold above that found in normal mice hearts, the
accessibility of the receptor to the more abundant G, protein
may have increased. This R*-Gs coupling further stimulates
adenylate cyclase to enhance baseline atrial tension. We
observed an upregulation of Gy protein after ICI-118,551 in
WT mice but no increase in baseline atrial tension which
suggests that both the receptor density and the amount of Gy
is important. Despite starting at a higher baseline tension, the
atria from mice treated with inverse agonists showed no
increase in the maximal tension in response to isoprenaline.
These results are consistent with previous findings that
overexpression of Gy in NG108-15 cells did not produced
an increase in maximal agonist responses, but did increase
baseline adenylate cyclase activity (Mullaney et al., 1996). An
increase in expression of adenylate cyclase was required to
produce increases in maximal adenylate cyclase activity
suggesting the limiting step was the quantity of the enzyme
(MacEwan et al., 1996). Furthermore, this ceiling effect on the
agonist-stimulated myocardial contractility is also observed in
TG4 mice hearts which possess a 200 fold increase in the total
PAR density due to overexpression of f2ARs (Bond er al.,
1995).

Alternatively, in vivo, cross-sensitization of other myocar-
dial G-protein coupled receptors may explain the enhanced
baseline atrial tension. For example, chronic f1AR antagon-
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ism also enhanced atrial contractility in human tissue by
sensitizing the Gs-coupled, histamine receptors (Sanders et al.,
1996) and 5-HT4 receptors (Sanders et al., 1995). Albeit, we
have not examined the responses mediated by the H, or 5-HT4
receptors in enhancing the basal tension in TG35 atria after
inverse agonist treatment. If this is the mechanism for
improving myocardial contractility, it appears that inverse
agonist activity is required for cross-sensitization of other
receptors because alprenolol, the neutral antagonist did not
produce the same effect on contractility. Also arguing against
cross-sensitization as the mechanism for the increase in
baseline contractility in these studies is that the increase in
baseline atrial contractility observed in vitro could be
completely reversed by ICI-118,551 (Figure 4), thus suggesting
the increase was mediated by f,-adrenoceptors.

Furthermore, inverse agonist treatment restored the G
levels to normal. Cardiac /,ARs have been shown to couple to
both Gs and Gi (Xiao et al., 1995). The functional coupling of
P>AR-Gi has been shown to not only inhibit adenylate cyclase
but may also promote hypertrophy by stimulating the MAPK
pathway (Daaka et al., 1997). We propose that the inverse
agonist treatment probably resulted in f,AR coupling showing
further preferential coupling to Gs rather than Gi protein. The
increase in the baseline atrial tension and the elimination of the
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