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1 It was investigated how A1-adenosine receptor overexpression alters the e�ects of carbachol on
force of contraction and beating rate in isolated murine atria. Moreover, the in¯uence of pertussis
toxin on the inotropic and chronotropic e�ects of adenosine and carbachol in A1-adenosine receptor
overexpressing atria was studied.

2 Adenosine and carbachol alone exerted negative inotropic and chronotropic e�ects in electrically
driven left atrium or spontaneously beating right atrium of wild-type mice.

3 These e�ects were abolished or reversed by pre-treatment of animals with pertussis toxin which
can interfere with signal transduction through G-proteins.

4 Adenosine and carbachol exerted positive inotropic but negative chronotropic e�ects in atrium
overexpressing A1-adenosine receptors from transgenic mice.

5 The positive inotropic e�ects of adenosine and carbachol were qualitatively unaltered whereas
the negative chronotropic e�ects were abolished or reversed in atrium overexpressing A1-adenosine
receptors after pre-treatment by pertussis toxin.

6 Qualitatively similar e�ects for adenosine and carbachol were noted in the presence of
isoprenaline, b-adrenoceptor agonist.

7 It is concluded that overexpression of A1-adenosine receptors also a�ects the signal transduction
of other heptahelical, G-protein coupled receptors like the M-cholinoceptor in the heart. The
chronotropic but not the inotropic e�ects of adenosine and carbachol in transgenic atrium were
mediated via pertussis toxin sensitive G-proteins.
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Introduction

Adenosine (ado) is generated in the heart in response to
stimuli such as hypoxia and b-adrenergic stimulation

(Bardenheuer et al., 1987; Berne, 1983). Adenosine exerts
negative inotropic and chronotropic e�ects in the heart
(Ralevic & Burnstock, 1998; Schrader et al., 1977; Shryock &
Belardinelli, 1997), mediated through the A1-adenosine

receptor. In addition to A1-adenosine receptors, A2a-, A2b-
and A3-adenosine receptors have been detected in the heart
(BoknõÂ k et al., 1997; Reppert et al., 1991; Salvatore et al.,

1993). In the atrium of most mammals (guinea-pig, mouse,
man, rat) ado reduces force of contraction and the beating
rate when given alone (BoÈ hm et al., 1984; 1985; 1989;

Dobson, 1983; Drury & Szent-GyoÈ rgyi, 1929). Adenosine in
the presence of isoprenaline exerts a negative inotropic and
chronotropic e�ect in the atrium of many mammalian species

(Ralevic & Burnstock, 1998). The negative inotropic e�ect in
atrium (and in the ventricle after b-adrenergic stimulation)
may involve inhibition of adenylyl cyclase activity, inhibition
of cAMP-dependent protein kinase, activation of protein

phosphatases, stimulation of phospholipase C or opening of
ion channels (for review: Stein et al., 1998). More speci®cally,
the negative inotropic e�ect of ado in atrium may be due to

activation of voltage dependent KAch-channels, subsequent
shortening of action potential duration and therefore less

time for in¯ux of Ca2+ (Belardinelli & Isenberg, 1983). Thus,
less Ca2+ is in the cell, and therefore less force can be
generated by Ca2+ acting on myo®laments.
Transgenic mice have been engineered that overexpress the

A1-adenosine receptor (A1-AR) selectively in the heart
(Matherne et al., 1997). The transgenic mice were signi®-
cantly more resistant to the functional and metabolic e�ects

of ischaemia through their overexpressed A1-AR (Matherne
et al., 1997; Headrick et al., 1998). In addition, the transgenic
overexpression of A1-AR mimicked ischaemic precondition-

ing in hearts of transgenic animals (Morrison et al., 2000).
This cardioprotection is mediated by ATP-sensitive potas-
sium channels (Headrick et al., 2000).

In our previous work we demonstrated that ado can reduce
the contractility in isolated left atrial preparations from wild-
type mice. Moreover, ado exerted a negative chronotropic
e�ect in right atrial preparations from wild-type mice. In

mice that overexpress the A1-AR (in this work called
transgenic mice) ado still reduced the beating rate in right
atrial preparations. However, ado raised force of contraction

(positive inotropic e�ect) in left atrial preparations from
transgenic mice (Neumann et al., 1999). It is conceivable that
the reversal of the negative inotropic e�ect of ado to a
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positive inotropic e�ect could reside at the level of ado
receptors or in alterations in the post-receptor transduction
pathway that is common to the A1-AR and the muscarinic

cholinoceptor. Therefore carbachol was studied in parallel to
ado in this work.
The direct and indirect e�ects of ado and carbachol (carb)

in the heart are mediated by inhibitory Gi-proteins, which can

be covalently modi®ed and blocked by pertussis toxin (BoÈ hm
et al., 1986; 1988; Kurachi et al., 1986; Neumann et al., 1994).
The purpose of this study was to investigate whether A1-

AR overexpression in¯uences the inotropic and chronotropic
e�ects of M-cholinoceptor stimulation (by carb) in atrium.
Furthermore, we wanted to know whether the inotropic and

chronotropic e�ects of ado and carb in atrium are sensitive to
pertussis toxin (ptx) pre-treatment of animals that over-
express A1-AR.

Methods

The construct design and initial characterization of the
transgenic lines has been previously reported (Matherne et
al., 1997). In brief, the rat A1-AR cDNA was expressed

under the control of the modi®ed a-myosin heavy-chain
(MHC) promoter. The construct was used to generate
transgenic mice using standard techniques. In ligand binding

experiments Bmax for A1-AR in transgenic animals was about
2600, fmol mg71 protein, whereas levels in wild-type mice
were around 8 fmol mg71 protein. In the present study, only

line 1 of mice which has the highest overexpression of A1-AR
was investigated (for comparison see Matherne et al., 1997;
Neumann et al., 1999).

Identification of transgenic mice

Genomic DNA was isolated from mice tail biopsies and used

for genotyping as described before (Neumann et al., 1999).

Gel electrophoresis and Western blotting

Gel electrophoresis and Western blotting were performed as
described (e.g. Neumann et al., 1994). The A1-AR was
quanti®ed using the polyclonal antibody raised against a

synthetic polypeptide corresponding to carboxy-terminal
domain (amino acids 309 ± 326) of the rat A1-AR (A�nity
Bioreagents, Golden, CO, U.S.A.). Protein expression of Gia-
subunit was measured by means of polyclonal antibody
against the carboxy-terminal peptide CKNNLKDCCLF of
Gia (Calbiochem, San Diego, CA, U.S.A.). This antiserum

recognizes isoforms Gia1 and Gia2. Both primary antibodies
were detected using [125I]-labelled protein A and visualized
and quanti®ed in a PhosphorImager2 using ImageQuaNT2

software (Molecular Dynamics, Sunnyvale, CA, U.S.A.).
Western blotting for calsequestrin was performed as
described previously (e.g. BoknõÂ k et al., 1999).

Pertussis toxin pretreatment

Pertussis toxin (150 mg kg71 body weight in sodium-phos-

phate bu�er, consisting of 0.1 M of sodium phosphate and
0.5 M of sodium chloride, pH=7.5) was administered
intraperitoneally 72 h before isolation of atria. Control

animals were treated in the same way with the corresponding
amount of solvent alone.

Measurement of contractile function and pacemaker
activity

Cardiac preparations were studied from mice of both

genders. The body weight ranged from 21.3 to 29.6 g. Right
and left atria were dissected from isolated mouse hearts and
mounted in an organ bath. Left atrial preparations were

continuously electrically stimulated (®eld stimulation) using a
Grass stimulator SD 9, (Quincy, MA, U.S.A.) with each
impulse consisting of 1 Hz, with a voltage of 10 ± 15% above

threshold and 5 ms duration. Right atrial preparations
(auricles) were attached in the same set-up but were not
electrically stimulated and allowed to contract spontaneously.

These conditions were chosen to ascertain comparability with
our earlier work (mouse: Neumann et al., 1999; guinea-pig:
e.g. BoknõÂ k et al., 1997). The beating rates in isolated atrial
preparations from mice are lower than in studies with

conscious mice. The bathing solution contained (in mM)
NaCl 119.8, KCl 5.4, CaCl2 1.8, MgCl2 1.05, NaH2PO4 0.42,
NaHCO3 22.6, Na2EDTA 0.05, ascorbic acid 0.28 and

glucose 5.0, continuously gassed with 95% O2 and 5% CO2

and maintained at 358C resulting in a pH of 7.4.
Contractions were measured in an isometric set-up. Atria

were attached with ®ne sutures to a hook in the organ bath
and a isometric force transducer. Signals were ampli®ed and
continuously fed into a chart recorder (FoÈ hr Medical

Instruments, Egelsbach, Germany). Adenosine or carbachol
were cumulatively applied with 10 min for each concentra-
tion. Contraction experiments with carb were performed after
addition of ado deaminase (1 mg ml71 for 30 min) to avoid

interference from endogenous ado. It could be argued that
the release of endogenous catecholamines might interfere with
the results described below. Hence, in some experiments mice

were pretreated for 16 h with reserpine (5 mg kg71). This
concentration was adequate because it completely abolished
the positive inotropic e�ect of 10 mM tyramine, an indirect

sympathomimetic agent (data not shown).

Ligand binding experiments

Total muscarinic receptor density (Bmax) and equilibration
constants (Kd) were determined by quantitating speci®c
binding of the non-selective muscarinic antagonist, [3H]QNB

using standard techniques as previously described (Matherne
et al., 1997). Brie¯y, membranes prepared from whole hearts
isolated from wild-type control (n=7) and transgenic (n=7)

were incubated with adenosine deaminase (5 units ml71) in
membrane bu�er with radiolabelled QNB. Membranes were
collected onto Whatman GF/C glass ®bre ®lters, which were

then washed with ice-cold bu�er and a scintillation counter
was used to quantitate radioactivity.

Chemicals

The following compounds were used: adenosine, adenosine
deaminase, isoprenaline (Boehringer Mannheim, Mannheim,

Germany), atropine, carbachol (Sigma, St. Louis, MO,
U.S.A.), ZM241385 (Tocris Cookson, Ellisville, MO,
U.S.A.). Pertussis toxin was purchased from Calbiochem
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(San Diego, CA, U.S.A.). The other chemicals were of best
analytical grade. Twice distilled water was used throughout.

Statistics

Results are expressed as mean+s.e.mean. Signi®cance
between groups (PTX versus NaCl- pretreatment, or wild-

type versus transgenic) was estimated by unpaired Student's t-
test. A P-value smaller than 0.05 was considered signi®cant.

Results

Left atrial studies

Direct e�ects of adenosine While adenosine concentration
dependently reduced force of contraction in wild-type atrium
this e�ect was virtually abolished in PTX pre-treated wild-
type animals (Figures 1A, 2A, ®lled circles). In transgenic

atrium, adenosine exhibits a positive inotropic e�ect. This
was ®rst described in our previous study (Neumann et al.,
1999) and is recapitulated in Figures 1C and 2C. The positive

inotropic e�ect peaked at 1 mM and is gone at 10 mM

adenosine, in agreement with our previous work (Neumann
et al., 1999). The positive inotropic e�ect of ado was blocked

by 1 mM DPCPX (Neumann et al., 1999). However 50 nM
DPCPX was not able to block the positive inotropic e�ect of
1 mM adenosine: 1 mM adenosine increased the force of

contraction in transgenic atria to 145+12% of pre-drug
value. In the presence of 50 nM DPCPX the positive
inotropic e�ect amounted to 147+22% of pre-drug value
(not signi®cantly di�erent, n=5, each). Likewise, the positive

inotropic e�ect of 1 mM adenosine was not blocked by
100 nM ZM241385, a potent and selective A2-adenosine
receptor antagonist at this concentration (Keddie et al.,

1996; Monahan et al., 2000): 1 mM adenosine increased force
of contraction in transgenic atria to 174+19% of predrug
value, whereas in the presence of ZM241385, 1 mM adenosine

increased force of contraction to 155+21% of predrug value.
It needs to be elucidated why a high concentration of the A1-
AR antagonist is required to block the positive inotropic
e�ect of adenosine in transgenic atria, but a A2-AR mediated

e�ect is unlikely given the lack of e�ect of ZM241385.
Interestingly, the positive inotropic e�ect is unchanged when
PTX-pre-treated atrium is used (Figures 1C, 2C, ®lled

circles). The positive inotropic e�ect of adenosine was
likewise present in atrium from reserpinized transgenic mice
(data not shown).

Direct e�ects of carbachol Qualitatively similar observations
were made when another G-protein mediated signal was

studied: stimulation of the M-cholinoceptor. Carbachol, a M-
cholinoceptor agonist, concentration-dependently reduced
force of contraction in wild-type atrium (Figures 1B, 2B,
open circles). This e�ect was reversed by PTX pre-treatment

of wild-type atrium. Carbachol even exerted a positive
inotropic e�ect after PTX pre-treatment of wild-type atrium
(Figures 1B, 2B, ®lled circles). In transgenic atrium,

carbachol exerted a positive inotropic e�ect, without any
PTX pre-treatment (Figures 1D, 2D, open circles). This e�ect
was similar after PTX pre-treatment of transgenic atrium

(Figures 1D, 2D, ®lled circles). The positive inotropic e�ect
of carbachol was likewise present in atrium from re-
serpinized transgenic mice (data not shown). The e�ect of
carbachol in transgenic atrium was not a�ected by 10 mM
DPCPX (data not shown).

Indirect e�ects of adenosine Adenosine does not only exert a

direct negative inotropic e�ect but also attenuates or even
reverses the positive inotropic e�ect of b-adrenergic stimula-
tion (indirect e�ects). This was systematically studied in

Figures 3 and 4. Adenosine reduced force of contraction in
the presence of the b-adrenoceptor agonist isoprenaline
(30 nM). This e�ect is pronounced in wild-type atrium

(Figures 3A and 4A, open circles). The negative inotropic
e�ect of adenosine in the presence of isoprenaline is greatly
diminished in PTX pre-treated wild-type atrium (Figures 3A
and 4A, ®lled circles). In transgenic mice, the positive

inotropic e�ect of isoprenaline was hardly detectable. This
is in agreement with our earlier report (Neumann et al., 1999,
Figure 4). The density of b-adrenoceptors is increased in

transgenic hearts versus wild-type hearts (from 32 fmol mg71

to 90 fmol mg71, Gauthier et al., 1998). In the presence of
isoprenaline, ado exerted a positive inotropic e�ect (Figures

Figure 1 Original recordings. E�ects of adenosine (A, C) and
carbachol (B, D) on force of contraction in isolated electrically driven
left atria from wild-type (A, B) and A1-adenosine receptor over-
expressing mice (C, D). Animals were pretreated for 72 h with
pertussis toxin (PTX, 150 mg kg71 body weight) or with correspond-
ing amount of solvent alone (NaCl) and contraction experiments
were performed as described in Methods. Abscissae: time, scale bar
indicates 10 min; ordinates: force of contraction, scale bar indicates 2
milli Newton (mN).
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3C and 4C, open circles). After PTX-treatment, the inotropic
e�ect of isoprenaline was again pronounced (Figures 3C and

4C, closed circle corresponding to Iso on abscissa).
Additionally applied ado exerted a positive inotropic e�ect
(Figures 3 and 4C).

Indirect e�ect of carbachol The positive inotropic e�ect of
isoprenaline is abolished and then reversed by increasing
concentrations of carb in wild-type atrium (Figures 3B and

4B, open circles). The negative inotropic e�ect is completely
abolished in PTX pre-treated wild-type atrium (Figures 3B
and 4B, ®lled circles). In transgenic atrium the results were

di�erent. The positive inotropic e�ect of isoprenaline is
hardly detectable in transgenic atrium. Additionally applied
carb even exerts a positive inotropic e�ect (Figures 3D and

4D, open circles). In PTX pre-treated atrium the e�ect of
isoprenaline is restored and additionally applied carb does
slightly increase force of contraction in a concentration

dependent way (Figures 3D and 4D). The positive inotropic
e�ects of carbachol are really M-cholinoceptor mediated
because they can be blocked by atr (Figure 5). Atropine alone
is ine�ective on force of contraction (Figure 5).

Right atrial studies

E�ect of pertussis toxin The mean value of the beating rate
was 332+18.3 b.p.m. (n=9, range: 199 ± 387 b.p.m.) in wild-
type atria and in wild-type atria after PTX treatment

355+12.0 b.p.m. (n=9, range: 333 ± 387 b.p.m., P40.05).
The mean value of the beating rate amounted to
243+16.4 b.p.m. (n=9, range: 188 ± 342 b.p.m.) in transgenic

atria, and in transgenic atria after PTX treatment
319+25.4 b.p.m. (n=9, range: 194 ± 424 b.p.m.). Hence, the
beating rate was lower in transgenic atria compared to wild-

type atria (P50.05). PTX-pre-treatment increased the beating
rate in transgenic atria (P50.05) to nearly wild-type values.

Direct e�ects of adenosine We studied the e�ect of
adenosine in transgenic and wild-type right atrium. Atrium
was used from sham-treated and PTX-treated animals.

Adenosine exerted a concentration dependent negative
inotropic e�ect (Figure 6A, open circles). This e�ect is
blocked by PTX pre-treatment of wild-type animals (Figure
6A, ®lled circles). In transgenic atrium the basal beating

frequency is lower than in wild-type (compare Figure 6C to
A). Starting from lower values, ado exerts a negative
chronotropic e�ect. This was noted in our earlier report

(Neumann et al., 1999). However, after PTX pre-treatment,
the basic beating rate in transgenic atrium is similar to wild-
type atrium (®lled circles in Figure 6C and open circles in

Figure 2 E�ects of adenosine (A, C) and carbachol (B, D) on force
of contraction in isolated electrically driven left atria from wild-type
(A, B) and A1-adenosine receptor overexpressing mice (C, D).
Animals were pretreated for 72 h with pertussis toxin (PTX,
150 mg kg71 body weight) or with corresponding amount of solvent
alone (NaCl) and contraction experiments were performed as
described in Methods. Abscissae: concentration of adenosine or
carbachol, respectively; ordinates: force of contraction in per cent of
pre-drug value (Ctr). Numbers in brackets indicate the number of
individual left atria. Asterisks denote a signi®cant di�erence from
NaCl-pretreatment (P50.05, unpaired t-test), crosses indicate a
signi®cant di�erence from pre-drug value (P50.05, paired t-test). Figure 3 Original recordings. E�ects of adenosine (A, C) and

carbachol (B, D) on force of contraction in isolated electrically driven
left atria from wild-type (A, B) and A1-adenosine receptor over-
expressing mice (C, D) in the additional presence of isoprenaline (Iso,
30 nM). Animals were pretreated for 72 h with pertussis toxin (PTX,
150 mg kg71 body weight) or corresponding amount of solvent alone
(NaCl) and contraction experiments were performed as described in
Methods. Abscissae: time, scale bar indicates 10 min; ordinates: force
of contraction, scale bar indicates 2 milli Newton (mN).
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Figure 6A, Ctr). Adenosine was ine�ective in transgenic
PTX-treated atrium (®lled circles in Figure 6C).

Direct effects of carbachol

Carbachol, like in other species, exerts a negative chrono-
tropic e�ect in mouse wild-type atrium (Figure 6B). The
e�ect is reversed by PTX pre-treatment. Carbachol concen-
tration-dependently exerts a positive chronotropic e�ect

(Figure 6B). In transgenic atria, carb has likewise a negative
chronotropic e�ect which is blocked by PTX pre-treatment:
carb exerts in PTX pre-treated atrium a positive chronotropic

e�ect (Figure 6D). The negative chronotropic e�ect of carb in
atrium of transgenic mice is M-cholinoceptor mediated
because it is blocked by atr (Figure 5). Atropine alone did

not a�ect the beating rate (Figure 5).

Indirect effects of adenosine

Adenosine exerts a negative chronotropic e�ect of its own. In
addition, it attenuates the positive chronotropic e�ect of
isoprenaline. This is seen in Figure 7A (open circles). This

e�ect is not abolished but diminished in PTX pre-treated
wild-type atrium (Figure 7A, closed circles). The positive
chronotropic e�ect of isoprenaline is smaller in transgenic

than in wild-type control atrium (Figure 7A and C, open
circles). This small positive chronotropic e�ect is completely
abolished by increasing concentrations of ado (Figure 7C,

open circles). After PTX-treatment the negative chronotropic
e�ects of ado are nearly blocked in transgenic right atrium
(Figure 7C, closed circles).

Figure 4 E�ects of adenosine (A, C) and carbachol (B, D) on force
of contraction in isolated electrically driven left atria from wild-type
(A, B) and A1-adenosine receptor overexpressing mice (C, D) in the
additional presence of isoprenaline (Iso, 30 nM). Animals were
pretreated for 72 h with pertussis toxin (PTX, 150 mg kg71 body
weight) or corresponding amount of solvent alone (NaCl) and
contraction experiments were performed as described in Methods.
Abscissae: concentration of adenosine or carbachol, respectively;
ordinates: force of contraction in per cent of pre-drug value (Ctr).
Numbers in brackets indicate the number of individual left atria.
Asterisks denote a signi®cant di�erence from NaCl-pretreatment
(P50.05, unpaired t-test), crosses indicate a signi®cant di�erence
from Iso-value (P50.05, paired t-test).

Figure 5 E�ect of carbachol (Carb, 1 mM) alone, or atropine alone
(Atr, 1 mM) or both or solvent (Ctr) on force of contraction in
isolated electrically driven left atria (LA) and spontaneous beating
frequency of right atria (RA) from A1-adenosine receptor over-
expressing mice. Contraction experiments were performed as
described in Methods. The atria were treated for 10 min with
atropine or corresponding amount of solvent and thereafter
carbachol was applied to the organ bath. Ordinate left: force of
contraction in per cent of pre-drug value; ordinate right: beating
frequency in beats per minute (b.p.m.). Numbers in bars indicate the
number of individual preparations. Asterisks denote a signi®cant
di�erence from solvent alone (P50.05).

Figure 6 E�ects of adenosine (A, C) and carbachol (B, D) on
spontaneous beating frequency of isolated right atria from wild-type
(A, B) and A1-adenosine receptor overexpressing mice (C, D).
Animals were pretreated for 72 h with pertussis toxin (PTX,
150 mg kg71 body weight) or corresponding amount of solvent alone
(NaCl) and contraction experiments were performed as described in
Methods. Abscissae: concentration of adenosine or carbachol,
respectively; ordinates: beating frequency in beats per minute
(b.p.m.). Numbers in brackets indicate the number of individual
right atria. Asterisks denote a signi®cant di�erence from NaCl-
pretreatment (P50.05, unpaired t-test), crosses indicate a signi®cant
di�erence from pre-drug value (P50.05, paired t-test).
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Indirect effects of carbachol

Like ado, carb concentration-dependently abolished the

positive chronotropic e�ect of isoprenaline in wild-type
atrium (Figure 7B, open circles). This negative chronotropic
e�ect of carb is completely gone in PTX pre-treated atrium
(Figure 7B, closed circles). In transgenic atrium, carb

attenuated the positive chronotropic e�ect of isoprenaline
(Figure 7D, open circles). This e�ect of carb was completely
blocked in atrium of PTX pre-treated transgenic mice (Figure

7D, closed circles).

Biochemistry

In order to ascertain the expression of PTX-sensitive G-
proteins, Western blots from atrial preparations were

performed. We detected around 40 kDa a signal which
corresponds to Gia proteins. These proteins were ADP
ribosylated in the subsequent experiments by pre-treatment
of mice with pertussis toxin (HPTX). For comparison we also

measured the expression of calsequestrin, a Ca2+-binding
protein in the junctional sacroplasmic reticulum. Calseques-
trin is very constantly expressed in the heart. Its expression is

not altered in hypertrophy or heart failure in many animal
models and in human cardiac samples (Hasenfuss, 1998).
Indeed the expression of calsequestrin was likewise un-

changed in the present study (Figure 8, upper panel, see

Table 1). In the same protein samples the expression of Gia
was also unchanged between transgenic and wild-type atrium
(Figure 8, middle panel, Table 1). In contrast, the transgenic

rat A1-AR could be detected with a polyclonal antibody in
the very same preparations (Figure 8, lower panel). The
density of muscarinic receptors was assessed with QNB
binding (see Methods). The density amounted to

120.8+12.8 fmol mg71 (n=7) in wild-type and
125.5+4.8 fmol mg71 (n=7) in transgenic mice, respectively
which was not signi®cantly di�erent. Similarly, there was no

signi®cant di�erence in QNB-binding a�nity between wild-
type and transgenic hearts (0.07+0.01 nmol l71 in wild-type
vs 0.06+0.01 nmol l71 in transgenic).

Discussion

The results of this report focus on the functional character-
ization of inotropic and chronotropic e�ects in atrium
overexpressing A1-AR. We obtained two main new ®ndings.

Firstly, carb exerts a paradoxical positive inotropic e�ect in
transgenic atrium. Secondly, the e�ects of ado and carb on
frequency but not force were altered by PTX pre-treatment in

transgenic atrium.

Effects of carbachol in the absence of PTX

We had previously functionally characterized the e�ects of
ado on force and frequency in atrium overexpressing A1-AR

(Neumann et al., 1999). Here, we studied for comparison in
addition M-cholinoceptor activation by carb. Like ado, carb

Figure 8 Autoradiogram of nitrocellulose strips. Protein expression
of A1-adenosine receptor (A1-AR), a-subunit of G-inhibitory protein
(Gia) and calsequestrin (CSQ) in atria of wild-type (WT) and A1-
adenosine overexpressing mice (TG). Immunological quanti®cation
using polyclonal antibodies and [125I]-labelled protein A was
performed as described in Methods. Radioactive bands were
visualized and quanti®ed using a PhosphorImager2. On the left,
molecular weight markers are indicated. LA, left atrium; RA, right
atrium.

Figure 7 E�ects of adenosine (A, C) and carbachol (B, D) on
spontaneous beating frequency of right atria from wild-type (A, B)
and A1-adenosine receptor overexpressing mice (C, D) in the
additional presence of isoprenaline (Iso, 30 nM). Animals were
pretreated for 72 h with pertussis toxin (PTX, 150 mg kg71 body
weight) or corresponding amount of solvent alone (NaCl) and
contraction experiments were performed as described in Methods.
Abscissae: concentration of adenosine or carbachol, respectively;
ordinates: beating frequency in beats per minute (b.p.m.). Numbers
in brackets indicate the number of individual right atria. Asterisks
denote a signi®cant di�erence from NaCl-pretreatment (P50.05,
unpaired t-test), crosses indicate a signi®cant di�erence from Iso-
value (P50.05, paired t-test).
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does attenuate the positive inotropic e�ect of isoprenaline in
wild-type atria. This has been observed in many species

(BoÈ hm et al., 1984; 1985; BruÈ ckner et al., 1985; Dobson,
1983; for review: LoÈ �elholz & Pappano, 1985).
The negative inotropic e�ect of carb in wild-type atrium is

reversed to a positive inotropic e�ect in A1-AR over-
expressing atrium. The negative inotropic and negative
chronotropic e�ects of carb are mediated by sub-types of
M-cholinoceptors. The mRNA for M1-, M2-, M3-, M4- and

M5-cholinoceptors were identi®ed in the heart (rat: Krejci &
Tucek, 2002; human: Wang et al., 2001). However, the M2-
cholinoceptors accounted for more than 90% of total

muscarinic mRNA (rat: Krejci & Tucek, 2002). The M1-
cholinoceptor is not expressed in the mouse heart (Hardouin
et al., 2002). M3-cholinoceptor de®cient mice revealed that

M3-cholinoceptors do not play a role in carb-induced atrial
rate reduction (Stengel et al., 2002). While a contribution of
M4- and M5-cholinoceptors is possible, it is likely that the

e�ects of carb in the mouse heart are M2-cholinoceptor
mediated. The density of muscarinic receptors was not
di�erent in whole heart (atria and ventricles) preparations
from wild-type and transgenic mice. Due to the small atrial

size no data on the expression of muscarinic receptors in the
atrium alone of wild-type and transgenic mice is available,
but we assume that atrial expression is comparable to

ventricular expression. Further experimentation will be
required to resolve this issue. It is conceivable that in
transgenic atrium carb might increase phospholipase C

activity and therefore IP3-content. This would increase the
Ca2+-content in the cells and increase force of contraction. In
addition, it is possible that the e�ect of carb could be
explained as an adaptation of cardiac cells to tonic inhibition

of adenylate cyclase activity (Thomas & Ho�man, 1987). The
exact mechanism needs to be elucidated. It can be doubted
whether the results shown for carb in transgenic atrium are of

physiological relevance because we used high concentrations
(up to 10 mM carb). However, even the well-known negative
inotropic e�ect required 1 mM carb (Figure 6B). At this

concentration the positive inotropic e�ect of carb in
transgenic atrium was already present.

Effects of PTX on force

Based on the biochemical studies we wanted to characterize
the contraction pathway in more detail using pertussis toxin

(PTX). The dose of PTX was based on the literature (e.g.
Xiao et al., 1999) and is lower than the dose of PTX which
we used in previous work on guinea-pig atrium and ventricle

(BoÈ hm et al., 1986; Neumann et al., 1994). Functionally, the
dose of PTX used here was su�cient to block the negative
inotropic e�ect of adenosine and carbachol. Both e�ects are

PTX-sensitive (Kurachi et al., 1986). For M-cholinoceptors,
similar signal transduction mechanisms like discussed above
for A1-AR might be possible (Neumann et al., 1993). One

major biochemical di�erence in the signal transduction
between A1-adenosine and M-cholinoceptors is that M-
cholinoceptor stimulation but not A1-receptor stimulation
increases the cGMP content of the cardiac cell (LoÈ �elholz &

Pappano, 1985; Neumann et al., 1993). Hence, additional
e�ects of cGMP and cGMP-dependent kinase may contribute
to the e�ects of carb in the transgenic atrium.

We noted before that the positive inotropic e�ect of
isoprenaline was blunted in transgenic atrium (Neumann et
al., 1999; Figure 4). A new ®nding here is that PTX pre-

treatment restores the inotropic response to 30 nM isoprena-
line in transgenic atrium to that in wild-type atrium. This
argues for a tonic inhibition of b-adrenoceptor pathway in

transgenic atrium by stimulation of the function of Gi-
proteins (their amount was not changed, see above).
Functionally, the positive inotropic e�ect is not mediated
by PTX-sensitive proteins as PTX did not block the positive

inotropic e�ect of ado or carb in the transgenic atrium.

Effects of PTX on rate of beating

The basal beating rate is lower in right atrium of A1-AR
overexpressing mice (intact mouse: Matherne et al., 1997;

isolated atrium: Neumann et al., 1999). This chronotropic
e�ect must also involve a PTX-sensitive G-protein because
PTX pre-treatment increased the frequency to wild-type

values. This e�ect must be due to altered function not due
to altered protein expression because the level of Gia on
immunoblots from right atrium was unchanged between wild-
type and transgenic atrium (Figure 8, Table 1).

The negative chronotropic e�ects of ado and carb (alone
and in the presence of isoprenaline) in transgenic mice are
clearly mediated by PTX-sensitive G-proteins. It is possible

that the overexpression of A1-AR is lower in pacemaker cells
of right atrial preparations than in left atrial preparations.
However, this issue is di�cult to decide by experimentation

due to sensitivity problems in small samples (pacemaker
area). The negative chronotropic e�ects are abolished (ado)
or reversed (carb) by PTX pre-treatment. Hence, the e�ect of
ado (or carb) on cAMP generation and action or protein

phosphorylation in the sinus node of A1-AR overexpressing
atrium involves PTX sensitive G-proteins. The mechanism for
the positive chronotropic e�ect of carb is unclear. An

attractive hypothesis is the generation of IP3 or cGMP. As
both ado and carb generate IP3 under certain conditions, an
involvement of cGMP is a plausible hypothesis to explain this

functional di�erence. Indeed cGMP can directly bind to the
pacemaker channel and can increase the pacemaker current
(If) in the same way as cAMP but with a lower potency

(Musialek et al., 1997; Yoo et al., 1998).
The negative chronotropic e�ect of ado may involve

protein phosphorylation or direct action of cAMP or indirect
actin of cGMP or direct action of cGMP on hyperpolariza-

tion activated cation channels (Ludwig et al., 1999;
Moosmang et al., 2001). b-adrenoceptor stimulation would
increase cAMP content and/or protein phosphorylation in

cells of the sinus node. This would increase the ®ring rate of
pacemaker cells. Reduction of cAMP (by reduced formation
or by increased degradation by cGMP stimulated phospho-

Table 1 Protein expression of Gia and calsequestrin in atria
of wild-type and A1-adenosine receptor overexpressing mice.
Data are given in arbitrary units.

Wild-type Transgenic
Left Right Left Right
atrium atrium atrium atrium

Gia 2.83+0.25 2.76+0.30 2.71+0.16 2.66+0.19
Calsequestrin 26.4+1.9 28.0+2.5 24.7+2.1 25.6+1.4
N 5 4 7 5
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diesterases) or reduction of protein phosphorylation by
decreased action of cAMP-dependent protein kinase or
increase activity of protein phosphatases would reduce the

®ring rate. The reduction of the current through If might be
the mechanism of action of ado in the sinus node (rabbit:
Zaza et al., 1996; human: Porciatti et al., 1997). Carbachol
can increase the synthetic production of NO and NO leads to

enhanced cGMP production. The production of cGMP may
have dual e�ects. The cGMP could stimulate phosphodies-
terase activities and this would reduce cAMP and therefore

the heart rate. Higher concentrations of cGMP could act as
direct stimulators of the If and this would increase the heart
rate (Musialek et al., 1997; Yoo et al., 1998). G-proteins must

be involved because the negative chronotropic e�ect of
adenosine is PTX-sensitive. The cAMP production or other
targets (phosphorylation) might be altered by a- or b/g-
subunits of PTX-sensitive G-proteins.

In summary, we provide evidence that the negative
chronotropic but not the positive inotropic e�ects of ado
and carb in atrium overexpressing A1-AR are mediated by

PTX-sensitive G-proteins.

This work was supported by the Deutsche Forschungsgemeinschaft
(Ne 393/24-1), and NIH RO1 HL59419. Dr Matherne was a
recipient of an AHA established investigator grant.
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