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SUMMARY

BROWN, JOAN HELLER: Depolarization-Induced inhibition of cyclic AMP accumu-

lation: Cholinergic-adrenergic antagonism in murine atria. Mol. Pharmacol. 16, 841-

850 (1979).

Isolated mouse heart atria incubated in medium containing 57 m�i potassium chloride
(Ki lose their capacity to make cyclic AMP when stimulated with isoproterenol. With
lower concentrations of medium K� (22 and 40 mM) there is partial blockade of catechol-
amine sensitive cyclic AMP accumulation. Inhibition is apparent within minutes of
exposure to high K� medium and is reversed in atria returned to medium of normal (6

mM) K� concentration. K� induced inhibition requires external calcium, and is blocked
by atropine. The cholinergic, agonist, carbachol, also blocks isoproterenol-responsive

cyclic AMP accumulation in murine atria, with an IC�,o of 0.1 jiM. Inhibition by carbachol

is reversed by atropine, but in contrast to the effect of K�, carbachol-induced inhibition
does not require external calcium. Both K� and carbachol produce noncompetitive

inhibition of isoproterenol stimulated cyclic AMP accumulation, with 85-90% inhibition
at maximal concentrations. Neither manipulation lowers the basal cyclic AMP concen-

tration or the increase in cyclic AMP produced by cholera toxin. Catecholamine-sensitive
cyclic AMP accumulation is also markedly depressed in atria incubated with the cholin-
esterase inhibitor, physostigmine, and in atria exposed to millimolar concentrations of

choline (to replace sodium). Atropine abolishes the inhibition produced by these inter-
ventions. The findings presented here demonstrate muscarinic antagonism of isoproter-

enol-sensitive cyclic AMP accumulation in murine atria and suggest that acetyicholine
released from cholinergic nerve endings by K� depolarization or released spontaneously
while cholinesterase is inhibited, can regulate cyclic AMP responses to adrenergic stim-

ulation. The marked noncompetitive inhibition of atrial cyclic AMP accumulation by

locally released acetylcholine may be basic to parasympathetic antagonism of sympathetic
responses in the myocardium.

INTRODUCTION tion is associated with diminished activa-

Catecholamines cannot effect increases tion of phosphorylase kinase and phospho-
in cyclic AMP in hearts perfused with rylase by catecholamines (1, 2). Uterine

buffer containing 56 m’vi potassium chloride smooth muscle depolarized by elevated po-
(1 2). This block in cyclic AMP accumula- tassium is also rendered insensitive to the

cyclic AMP elevating effect of catechol-

This work was supported by N.I.H. Grant HLB amines (3). In many tissues, however, ex-
12373. posure to elevated K� can increase the in-
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tracellular concentration of cyclic AMP (3-
6), and catecholamine responses can be su-
perimposed upon the cyclic AMP response

to high K� (4, 5). The stimulatory effects of
elevated K� are best explained by K� de-
polarization-induced release of neurotrans-
mitters such as norepinephrine and adeno-
sine, which then activate adenylate cyclase
(3, 5, 6). No explanation has yet been pro-
vided for the inhibitory effect of K� seen in
the heart and uterus.

In the present study I have used isolated

mouse atria to explore the mechanism for
K�-induced inhibition of catecholamine re-
sponsive cyclic AMP accumulation. The

data indicate that the effect of elevated K�
is indirect and is mediated by depolariza-
tion-induced release of acetylcholine from
myocardial nerve endings, with subsequent
muscarmnic inhibition of catecholamine-
sensitive cyclic AMP accumulation.

METHODS

Adult male Swiss-Webster mice were sac-
rificed by cervical dislocation and the right
and left atrial appendages excised from the
in situ heart within 30 sec after sacrifice.
Atria were rinsed in oxygenated Krebs-
Henseleit buffer of the following composi-
tion (mM); NaCl, 118; KC1, 4.7; CaCl2, 3.0;
MgSO4, 1.2; KH2PO4, 1.2; NaHCO3, 25;
Na2EDTA, 0.5; and glucose, 10, pH 7.4 at
37#{176}.After rinsing, the individual atria were
transferred to capped vials containing 2 ml
of buffer equilibrated with 95% 02-5% CO2,
and incubated for approximately 40 mm
prior to initiation of the experimental pro-
tocol. The medium was then removed and
2 ml of experimental medium (e.g., medium
of altered ionic composition) containing 100
jiM isobutylmethylxanthine (IBMX) was
added for 20 minutes unless otherwise
noted. When medium KC1 was increased
there was an equimolar decrease in NaCl to
maintain isotonicity. When calcium was
omitted, EGTA was substituted for EDTA.
(±)-Isoproterenol, sodium ascorbate (.01
M, as vehicle for isoproterenol solutions),

carbachol (carbamyicholine) and other
drugs or combinations thereof were added
in a volume of 20 jil for one minute. The
tissue was removed, blotted, and frozen in
freon cooled in liquid nitrogen and stored

frozen at -70#{176}until assayed.
Frozen tissues were homogenized in 0.5

ml ice-cold 10% TCA containing 0.25 pmol

(-7000 cpm) 3H-cyclic AMP to monitor for
recovery. The TCA homogenates were cen-
trifuged and the supernatants applied to
Dowex 50 AG WX4 (200-400 mesh) col-
umns of 1 g bed volume. The columns were
washed twice with 1.2 ml H20 and cyclic

AMP eluted with 2.5 ml H2O. Cyclic AMP
recoveries were 60-80%. The column
eluates were dried in a Savant concentrator,

resuspended in 0.2 ml of 50 m�t NaAc pH
4.5 and assayed by the protein binding as-
say ofGilman (7). The TCA precipitate was

dissolved in NaOH and protein content de-
termined by the method of Bradford (8).

RESULTS

In preliminary experiments basal and
catecholamine-stimulated cyclic AMP con-
centrations in right and left atria were com-
pared. No differences between the two atna
were evident under any of the experimental

conditions tested. In all subsequent experi-
ments both atria were used, with approxi-

mately equal numbers of right and left atria
in each experimental group. The cyclic
AMP response to 30 jiM isoproterenol was

maximal between 30 sec and 1 minute and
the intracellular concentration of cyclic
AMP remained constant under the condi-

tions utilized (in the presence of 100 jiM

IBMX) for at least 10 minutes. A one-mm-
ute time point was chosen to measure iso-
proterenol-stimulated cyclic AMP accu-
mulation. The concentrations of cyclic
AMP reported here are elevated due to the
presence of the phosphodiesterase inhibi-
tor. In one experiment in which IBMX was
omitted the cyclic AMP concentrations
were: basal, 9 pmol/mg protein; 30 jiM iso-
proterenol, 23 pmol/mg protein, in accord
with literature values.

Dose response curves for isoproterenol-
stimulated cyclic AMP accumulation in
atria incubated in control medium (6 m�,i
K�, including KH2PO4) and in medium con-
taming 57 mM K� are shown in Fig. 1.

Responses to all effective concentrations of
isoproterenol were markedly decreased in

57 mM K� medium. Cyclic AMP accumu-
lation was also inhibited in atria incubated
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FIG. 1. Isoproterenol-stimulated cyclic AMP accumulation in atria incubated in control or 57 mr�i K�

medium
Tissues were incubated for 20 minutes in 6 mM (#{149} #{149})or 57 mr�i K� (0- - -0) medium, and frozen one

minute after addition of isoproterenol to the incubation medium. Values are means ± SEM of at least eight

individual atria. Cyclic AMP accumulation was significantly depressed (p < .05, Student t-test) at all effective

concentrations of isoproterenol (.03 �tM and greater).
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in 57 mM K� medium and exposed to iso-

proterenol for 0.5 mm or for 5 mm. Basal
cyclic AMP concentrations were not dimin-

ished in high K� medium. The approximate
ED� for isoproterenol was the same (-.-0.1
jiM) in atria incubated in normal or in 57
mM K� medium.

High concentrations of extracellular K�
can cause morphological damage to cardiac
muscle (9). It was therefore necessary to
demonstrate that the impairment in the
cyclic AMP response did not result from
irreversible cell damage. Figure 2 shows the

time course and reversibility of K� inhibi-
tion of the response to isoproterenol. The

onset of K� inhibition was rapid, with max-
imal blockade of the cyclic AMP response
evident after a two-minute incubation of

atria in 57 mM K� medium. The response
to isoproterenol increased significantly be-
tween two and forty minutes of exposure to
57 mM K�, but was completely restored
only when atria were returned to normal
medium.

The K� concentration dependence for in-

hibition of catecholamine stimulable cyclic
AMP accumulation is shown in Fig. 3. Sig-
nificant attenuation of the response to iso-
proterenol was evident in atria incubated

in medium containing 22 nmi K� and inhi-
bition was nearly maximal by 40 mM Kt

Equimolar decreases in the concentration

of NaC1 accompanied the increases in KC1

in the bathing medium. Linden and

Brooker (10) observed that catecholamine-
stimulable cyclic AMP accumulation was

depressed in guinea pig atria incubated in
sodium-free medium. The effects of de-
creased sodium were tested by incubating
atna in media containing normal KC1, but
with a reduction in NaC1 equivalent to that

in 57 mM K� medium (from 1 18 mi’,i to 67
mM). Sodium was replaced by either cho-
line chloride or sucrose. Decreased sodium

caused no depression of isoproterenol-stim-
ulated cyclic AMP accumulation when su-
crose replaced sodium (Table 1). However,
when sodium was replaced by choline, iso-

proterenol-stimulated cyclic AMP accu-
mulation was reduced to 26% of control
values. The inhibitory effect of choline was
prevented by inclusion of the muscarmnic
receptor antagonist, atropine, in the incu-

bation medium.
Since the loss of catecholamine respon-

siveness produced by choline could be over-

come by atropine, the effect of the latter
agent on K�-induced inhibition was exam-
med. When atropine was present during
incubation in 57 nmi K’ medium, there was

no inhibition of the cyclic AMP response to
isoproterenol (Fig. 4). The inhibition pro-
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FIG. 2. Time course and reversibility of K�-induced inhibition of isoproterenol-stimulated cyclic AMP
accumulation

Tissues were incubated in control medium (6 msi K�) or 57 msi K� medium for the times indicated prior to

the addition of 30 �LM isoproterenol. The response to isoproterenol was partially restored between 2 and 40 mm

in 57 mM K� (p < .001, one way analysis of variance) but reached control levels only when atria incubated in 57

mM K� were retu�ied to control medium (last column). The broken line indicates the basal concentration of

cyclic AMP, which was unaffected by K�. Values are means ± SEM of five atria.
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FIG. 3. Dose response relationship for K�-induced

inhibition ofisoproterenol-stimulated cyclic AMP ac-

cumulation

Atria were incubated in media containing the mdi-

cated concentrations of K� for 20 mm prior to the

addition of isoproterenol (0.3 �M) for one minute. NaCI

in the medium was decreased equimolar to the in-

crease in KC1. Values given are means ± SEM of 20

atria at 6, 22 and 57 mM K� and of 5 atria at 40 mr�i

and 91 mM K�. The basal cyclic AMP concentration,

indicated by the broken line, was the same at 6, 22 or

57 mM K�. Cyclic AMP accumulation was significantly

decreased at 22 mM K� (p < .05) and above.

TABLE 1

Effect of sodium substitution on isoproterenol

sensitive cyclic AMP accumulation

Atna were incubated in Krebs Henseleit buffer of

normal sodium chloride concentration ( 1 18 mM), or in

medium in which NaC1 was decreased to 67 mM and

isotonicity maintained by the addition of either su-

crose or choline chloride. Isoproterenol or ascorbate

(basal) were added for one minute following a 20 mm

incubation in the indicated medium. Values are means

± SEM of 6-20 atria.

Medium Cyclic AMP (pmol/mg
protein)

Basal ISO
(30�aM)

Control (118 mM NaCl) 34 ± 2 252 ± 36

Low sodium (67 mM NaCl,

102 mi’s sucrose) - 266 ± 32

Low sodium (67 mM NaCl, 51

mM choline) 34 ± 2 69 ± 5

Plus 30 �iM atropine - 232 ± 29

duced by 57 mM K� was also largely re-
versed when atropine was added along with

isoproterenol for 1 minute rather than by
inclusion in the incubation medium (Fig.
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FIG. 4. Ionic andpharmacological characteristics

of K�-induced inhibition of isoproterenol stimulated
cyclic AMP accumulation

Tissues were incubated for 20 minutes in 6 mrs or

57 mM K� medium, or in the same media modified by

the omission of calcium or by the addition of atropine

or physostigmine. Isoproterenol (30 �M) or ascorbate

(basal) was then added for one minute and the tissues

frozen for cyclic AMP determinations. Values are

means ± SEM.
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FIG. 5. Reversal ofK�-induced inhibition by atro-

pine
Atria were incubated in 57 mz�i K� medium for 15

mm and then challenged with 0.3 �i isoproterenol ±

atropine for one minute. The cyclic AMP response to
isoproterenol was inhibited by 88% in 57 mM K� me-

dium (compared to the 4.7 fold increase above basal

seen in control medium). Atropine caused a concen-

tration dependent reversal of K�-induced inhibition.

The percent inhibition at each atropine concentration

is calculated from values from 5 atria; standard errors

are ±5-15%.

5). The ED�,o for atropine-induced restora-
tion of the response to isoproterenol was
‘-�-0.2 jiM (Fig. 5). Neither hexamethomum
(10 jiM) nor phentolamine (1 jiM) prevented
K� induced inhibition (data not shown).

The most likely mechanism by which

elevated K’ would produce atropine-sensi-
tive inhibition of cyclic AMP accumulation
is through release of acetylcholine. Such an
effect should be abolished in calcium-free
medium since K� depolarization-induced
transmitter release requires external cal-
cium (11). As shown in Fig. 4, isoproterenol
elicited a normal cyclic AMP response in
atria incubated in 57 m�i K� medium from
which calcium was omitted (and 0.5 nmi

EGTA added).

If K�-induced inhibition is caused by re-
leased acetylcholine, the inhibition should

be potentiated when acetyicholine break-
down by acetylcholinesterase is prevented.
Since potentiation would be most apparent
with submaximal concentrations of K�, the
effect of the cholinesterase inhibitor phy-
sostigmine (10 jiM), was assessed on atria

incubated in 22 mM K� medium. The re-
sponse to 0.3 jiM isoproterenol was inhibited
by 17% in the absence, and 66% in the
presence, of physostigmine. However, phy-
sostigmine not only potentiated inhibition

by K�, but also decreased the cyclic AMP
response to isoproterenol in medium of nor-
mal K� concentration. The inhibitory effect

of physostigmine in normal and 57 nmi K�
medium is shown in Fig. 4. Atropine (30
jiM) completely antagonized the inhibitory
effect of physostigmine (data not shown).

The hypothesis that K’-induced inhibi-
tion might result from an indirect activa-

tion of cholinergic receptors is supported
by studies with the cholinergic agonist, car-
bachol (carbamyicholine). Carbachol, like

57 mM K�, markedly depressed catechola-

mine-stimulable cyclic AMP accumulation
in murine atria without decreasing basal

cyclic AMP accumulation (Table 2). Inhi-
bition of cyclic AMP accumulation by car-
bachol was prevented by atropine but, in

contrast to inhibition by 57 m�i K�, did not
require extracellular calcium (Table 2). The
IC� for carbachol was determined to be
approximately 0.1 jiM (Fig. 6). In dose re-
sponse studies with 0. 1 jiM carbachol, cyclic
AMP accumulation was inhibited to an
equivalent extent (40-50%) at all concentra-

tions of isoproterenol and the ED�o for iso-
proterenol (0.2-0.3 jiM) was unchanged by
carbachol (Fig. 7).

Neither histamine (100 jiM) nor glucagon
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TABLE 2

Effects of calcium omission and cholinergic agonists and antagonists on cyclic AMP accumulation in

murine atria

Atria were incubated in control (6 mr�i K�) medium, ± calcium for 20 mm and th

isoproterenol ± carbachol for one minute or atna were incubated in control medium contain

�LM atropine) for 20 minutes prior to exposure to isoproterenol. Values are means ± SEM.

en challenged with

ing carbachol (± 30

Medium Cyclic AMP (pmol/mg protein)

Basal ISO ISO ISO (0.3 �LM)

(30MM) (0.3�tM) +

CARB (30 fLM)

Control 28 ± 3 203 ± 43 141 ± 16 39 ± 4

No calcium 21 ± 2 - 156 ± 20 34 ± 3

Carbachol 29 ± 1 62 ± 6 - -

Carbachol + Atropine 24 ± 2 183 ± 36 - -

FIG. 6. Cholinergic inhibition of isoproterenol.

stimulated cyclic AMP accumulation

Atria incubated in control medium were challenged

with 0.3 �M isoproterenol ± carbachol for one minute.

The values given are means ± SEM of 16-20 individual

atria, and are expressed as a percent inhibition (by

carbachol) of isoproterenol stimulated cyclic AMP

accumulation.

(3 jiM) increased the intracellular concen-
tration of cyclic AMP in mouse atria; pros-
taglandin E1 (10 jiM) produced only a small
increase in cyclic AMP. It was therefore
not possible to determine whether elevated
K� or carbachol antagonized the cyclic
AMP response to other hormones. How-
ever when mouse atria were exposed to

cholera toxin (5 jig/mi) in the presence of
100 jiM IBMX for 90 mm, the concentration

of cyclic AMP doubled. Cyclic AMP re-
mained essentially constant for at least 30
minutes after removal of the cholera toxin-
containing medium and addition of fresh
medium. Neither 57 mM K� nor 30 jiM car-
bachol reduced the intracellular cyclic

P� � �i:� �1
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� 5D� � � �
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FIG. 7. Insurmountable cholinergic antagonism of
isoproterenol-stimulated cyclic AMP accumulation

Isoproterenol alone (#{149} #{149})or in combination

with 0.1 �LM carbachol (0- - -0) was added to atria for

one minute at the concentrations indicated. The cyclic

AMP values given are means ± SEM of 5 atria.

AMP accumulated in response to cholera

toxin (Fig. 8).

DISCUSSION

Exogenous choline esters have been
shown to inhibit cyclic AMP accumulation
through a muscarmnic receptor mechanism
in a variety of preparations of mammalian
myocardium (12-16). It is likely that the
decrease in cyclic AMP produced by mus-
carinic receptor activation is responsible for
cholinergic antagonism of catecholamine-
induced glycogenolysis in the myocardium
(15, 16) and perhaps also for the negative
inotropic and chronotropic effects of exog-
enous acetylcholine. It has not been dem-
onstrated, however, that cyclic AMP accu-
mulation can be inhibited by activation of
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FIG. 8. Failure of carbachol or 57 mr�i K� to de-

crease cyclic AMP accumulated in response to chol-

era toxin
Atria were incubated in control (6 mt’.t K�) medium

containing 5 �Lg/ml cholera toxin (or vehicle for basal)

and 100 �LM IBMX for 90 mm. The media was then

replaced by either fresh control medium, medium with

30 �M carbachol or 57 mM K� medium all with 100

�LM IBMX. Atria were removed at 2 min, 10 mm and

30 mm after the media change. The solid line repre-

sents cyclic AMP concentrations in atria exposed to

cholera toxin; the broken line is the basal cyclic AMP

concentration.

the parasympathetic nerves innervating the
myocardium. The atria are densely inner-
vated by cholinergic nerve fibers of the

parasympathetic nervous system as well as
by sympathetic adrenergic fibers (17, 18).
The findings presented here suggest that

acetyicholine released from parasympa-
thetic neurons either spontaneously or by
K� depolarization can effectively suppress
the atrial cyclic AMP response to catechol-
amines.

Acetylcholine release has not been deter-
mined directly in these studies on mouse
atria. However, K� depolarization-induced
release of acetylcholine from parasympa-
thetic fibers in the guinea pig ileum has
been studied by Paton and colleagues (19),
and Lindmar et al. have recently described

K’-induced overflow of acetylcholine in the
perfused avian heart (20). The characteris-
tics of K�-induced release described in

these systems are consistent with those of
K’-induced inhibition of cyclic AMP accu-
mulation in mouse atria. Both release and

inhibition follow a similar K� dose-depend-
ence, increasing sharply between 25 and 50
mM K� (ref. 19, Fig. 3); both processes
require external calcium (ref. 20, Fig. 4);
and both reach maxima after very short

exposure of the tissue to elevated K� (ref.
20, Fig. 2). In addition, the observation that

K�-induced release of acetylcholine in the
perfused heart is not maintained (20) could
explain the partial recovery of the cyclic
AMP response during prolonged incubation
in 57 mM K� (Fig. 2).

If K�-induced inhibition in the mouse
atrium is mediated through released ace-
tyicholine, the characteristics of K�-in-
duced inhibition should be mimicked by

exogenous cholinergic agonists. Indeed, el-
evated K� and carbachol produced very
similar patterns of inhibition. Both agents

caused concentration-dependent antago-
nism of the response to isoproterenol (Fig.
3, Fig. 6) with 80-90% inhibition at maximal
concentrations, and no decrease in basal
cyclic AMP accumulation. Inhibition pro-
duced by either 57 nmi K� or by carbachol
was noncompetitive with respect to the
concentration of isoproterenol (Fig. 1, Fig.
7). Both K� and carbachol were ineffective
in the presence of atropine (Fig. 4, Table 2)

and neither intervention disrupted cholera
toxin-sensitive cyclic AMP accumulation

(Fig. 8). The only feature that distinguished
the effects of K’� and carbachol was the

requirement of K’�-induced inhibition for
calcium. This finding is consistent with the
proposal that calcium is necessary for K�
depolarization-induced release, rather than
for blockade of cyclic AMP accumulation.

The hypothesis that K�-induced inhibi-

tion results from release of acetyicholine is
supported by the observations that inhibi-
tion is blocked by atropine, mimicked by

carbachol and potentiated by cholinester-
ase inhibitors. Nonetheless, several alter-
native explanations for K�-induced inhibi-

tion should be considered. The possibility
that high concentrations of K� interfere
with cyclic AMP accumulation by causing
morphological damage to cardiac cell struc-
ture can be eliminated on the basis that

permanent structural disruption would not
be reversed by removal of K� or by atro-

pine. The possibility that depolarization of
the cardiac cell membrane per se disrupts
hormone-sensitive adenylate cyclase activ-
ity is also incompatible with the pharma-
cological characteristics of K�-induced in-
hibition. Depolarization of the cardic mem-
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brane by elevated external K� is due to a
change in the relative concentrations of K�
outside and inside the cell and should occur
despite the presence of atropine or the
omission of calcium from the incubation

medium. Finally, cholinergic receptor ago-
nists, which inhibit catecholamine-sensitive
cyclic AMP accumulation in the atrium, are
known to hyperpolarize atrial muscle cells
(21, 22). This further suggests that depolar-
ization of the cardiac cell membrane is not

critical for blockade of isoproterenol sti-
mulable cyclic AMP accumulation.

Acetyicholine released spontaneously
(23) or by stimulation (24) of isolated mam-
malian hearts is normally rapidly degra-
dated by acetyicholinesterase. The obser-
vations made here on atria incubated in the
presence of physostigmine (Fig. 4) suggest
that the spontaneous release of acetyicho-
line is sufficient to suppress catecholamine-

stimulable cyclic AMP accumulation if ac-
etylcholinesterase is inhibited. This inter-
pretation is supported by the finding that
atropine reverses the inhibitory effect of
physostigmine, although studies with other

structurally different cholinesterase inhibi-
tors will be necessary to prove this mecha-

nism of action. It appears that there is
either a very active spontaneous release of
acetyicholine in the mouse atrium or that
the cholinergic receptor system is highly

sensitive to locally released acetylcholine.

On this basis, cholinesterase inhibitors
should effectively inhibit sympathetic re-
sponses and elicit parasympathetic domi-
nance in the atrium.

The cholinergic receptor that mediates
the inhibitory effect of 57 nmi K�, car-
bachol, and cholinesterase inhibitors is ap-
parently a muscarmnic receptor, since atro-
pine reverses the cholinergic inhibition
while hexamethonium (a nicotinic gangli-
onic blocking agent) does not. It should be
noted, however, that the concentration of
atropine required for reversal is higher than
would be predicted from the K1 of atropine

for cardiac muscarmnic receptors (25). In
addition, another biochemical event asso-
ciated with muscarinic receptor stimula-
tion, i.e., the generation of cyclic GMP, can
be dissociated from cholinergic inhibition

of cyclic AMP accumulation in the atrium.1
Further pharmacological characterization
will be necessary to determine if the cholin-
ergic receptor that mediates decreased
cyclic AMP accumulation in the atrium is

a classical postsynaptic muscarmnic recep-
tor.

Several observations made here may help

to elucidate the molecular basis for mus-
carinic inhibition of cyclic AMP accumu-
lation. The finding that muscarinic inhibi-

tion is noncompetitive indicates that car-
bachol does not compete with isoproterenol
for beta receptor binding sites. While this
conclusion may seem predictable, metha-
choline can alter the affinity of beta adre-
nergic agonists for cardiac beta adrenergic
receptors under appropriate conditions
(26). The cyclic AMP concentration in mu-
rime atria exposed to cholera toxin was not

decreased by addition of either carbachol
or 57 mM K4 for 30 mm (Fig. 8). This and

other findings1 suggest that neither K� nor
carbachol act by increasing cyclic AMP
degradation. The intracellular concentra-
tion of cyclic AMP seen after cholera toxin
pretreatment should represent a steady
state between continued synthesis and me-

tabolism. Thus the results presented in Fig.
8 further suggest that cholera toxin-acti-
vated adenylate cyclase activity in intact
mouse atria is not inhibited by K� or car-
bachol. The observations presented above,
and the finding that the basal cyclic AMP
content was unaffected by carbachol or el-
evated K�, suggest that muscarimc agonists
affect hormone receptor-cyclase coupling
rather than the catalytic activity of adenyl-
ate cyclase or phosphodiesterase.

The biochemical mechanisms by which
the sympathetic and parasympathetic nerv-
ous systems exert their opposing influences
on myocardial function is not known. There
is still controversy over the role of cyclic

AMP as a mediator of the physiological
responses of cardiac muscle to catechol-

amines (27) and there is even less resolution

on the relationship between cyclic nucleo-
tide concentrations and the negative mo-
tropic or chronotropic effects of acetylcho-
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line (16, 27). It is noteworthy, however,

that the features of sympathetic-parasym-
pathetic antagonism derived from physio-
logical studies are observed features of the
cholinergic-adrenergic antagonism re-
ported here. Negative chronotropic and in-
otropic responses to acetylcholine are best
observed under conditions of high sympa-
thetic tone (28), just as only catecholamine-
stimulated (and not basal) cyclic AMP ac-
cumulation is inhibited by carbachol, K� or
physostigmine. In addition, physiological

effects of parasympathomimetic interven-
tions are dominant over sympathomimetic
responses (28, 29, 30) just as muscarmnic

inhibition of cyclic AMP accumulation can-
not be surmounted by increasing concen-
trations of isoproterenol. This biochemical

measure of cholinergic-adrenergic interac-
tions should therefore be regarded as a
feasible model, if not a potential molecular

basis, for parasympathetic-sympathetic in-
teractions in the myocardium. The model
would predict that changes in parasympa-

thetic activity and in the availability of
released acetylcholine can regulate the

expression of sympathetic responses me-

diated via cyclic AMP.
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