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SUMMARY

The effect of epinephrine on the biochemical sequence of events leading to the activation

of glycogen phosphorylase was studied in the isolated, perfused rat heart. In arrested prepa-
rations, perfused with a medium either devoid of Ca� or containing a depolarizing con-
centration of K+, the epinephrine-induced activation of phosphorylase was markedly

diminished. In the absence of Ca�, however, the epinephrine-induced rise in cyclic adenosine
3’,5’-monophosphate (cyclic AMP) concentration and the activation of phosphorylase
kinase were not greatly altered. This suggested that the effect of omission of Ca� occurred
at the phosphorylase b to a conversion step.

The effect of epinephrine on phosphorylase activation was blocked simultaneously with
the cessation of contraction following perfusion with a Ca�-deficient medium. The store of
Ca� required for the maintenance of contractile activity appeared to be similar to that
necessary for the conversion of phosphorylase b to a.

Elevation of Ca++ in the perfusion medium resulted in activation of phosphorylase but
not of phosphorylase kinase ; nor was there an increase in cyclic AMP concentration. This

observation also suggested that Ca� is required for the catalytic activity of phosphorylase

kinase.
In the heart depolarized with K+, only a small and transient increase in cyclic AMP con-

centration occurred in response to epinephrine. Activation of phosphorylase kinase was
considerably less than that observed in the beating heart. This suggested that an excess of

K+ interfered with the action of epinephrine at a site at or before adenyl cyclase.
Thus the activation of phosphorylase in cardiac muscle can be the consequence of one of

the following events : (a) the activation of phosphorylase kinase as a result of a rise in cyclic
AMP concentration; (b) an increase in the catalytic activity of phosphorylase kinase as a
result of an increase in the concentration of Ca� available to the enzyme; or (c) a combi-
nation of these two mechanisms.

This study was supported by Research Grant

HE 04626 from the National Heart Institute, by

Career Development Award GM 6257 (S.E.M.),

and by the Interdepartmental Cardiovascular

Training Program of Emory University School of

Medicine, sponsored by the National Heart Insti-

tute (Training Grant 5T1 HE 5380). This is Pub-

lication 884 of the Division of Basic Health

Sciences.

a Present address : Department of Pharma-

cology, University of Oklahoma Medical Center,

Oklahoma City, Oklahoma 73104.

INTRODUCTION

In 1956 Krebs and Fischer ( 1 ) demon-

strated that the interconversion of the two

forms of muscle glycogen phosphorylase
in vitro involved the phosphorylation and
dephosphorylation of the enzyme. It was
subsequently shown that the terminal
phosphate of ATP was transferred to phos-
phorylase b according to the following re-
action (2) : 2 phosphorylase b + 4 ATP -+

phosphorylase a + 4ADP. Krebs et ci.
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(3) have shown that phosphorylase kinase,
the enzyme that catalyzes the above re-
action, also exists in two forms. Conversion
of the inactive form of phosphorylase
kinase to the active form was accomplished

by incubation of the enzyme with ATP and

Mg�. The similarity of the rate of acti-
vation and rate of phosphorylation of the

enzyme suggested that this activation
mechanism involved the transfer of the

terminal phosphate of ATP to the inactive

form of the enzyme (4).
The conversion of the inactive form of

phosphorylase kinase to its active form has

now been clearly demonstrated in both
skeletal (5) and heart muscle (6) in situ.

It has been proposed that a factor which
regulates this activation of phosphorylase
kinase is the tissue concentration of cyclic
adenosine 3’,5’-monophosphate (cyclic

AMP) (7) . This nucleotide has been shown

to accelerate the activation and phosphoryl-
ation of the kinase in vitro (4) . The tissue

concentration of cyclic AMP is determined
by the catalytic activity of adenyl cyclase

and cyclic nucleotide phosphodiesterase,
the enzymes responsible for the production
and destruction of the nucleotide, respec-

tively. It has been proposed that catechol-
amines activate phosphorylase through

their stimulant action on adenyl cyclase
(8, 9) , while other agents, such as the
methylxanthines, exert their effect through
an inhibitory action on phosphodiesterase
activity (10).

Hypotheses concerning other mecha-
nisms of the regulation of phosphorylase
kinase activity have been proposed. These

have been derived from the studies of the
effects of Ca� on kinase activity in vitro.
Fischer and Krebs (11) showed that the

addition of Ca� to skeletal muscle extracts
resulted in the conversion of phosphorylase
b to a. A later report by Meyer et at. (12)
demonstrated that Ca� and a protein
factor, kinase-activating factor, caused

the conversion in vitro of inactive phos-
phorylase kinase to its active form. The
physiological significance of this activation
pathway has been questioned, however,
since it appeared to be irreversible (12).
Recently kinase-activating factor was iden-

tified as a nonspecific proteolytic enzyme,
and the activation of phosphorylase kinase

produced by proteolysis in vitrowas shown

to be unlike the activation observed in in-

tact tissue (13).
A second effect of Ca� was also reported

by I’s’Ieyer et ci. (12). These authors
showed that phosphorylase kinase was in-

hibited by EDTA and that this inhibition
was specifically reversed by � Although

it has not yet been possible to demonstrate

Ca� stimulation of the enzyme clearly in
the absence of chelators, it has been pro-

posed that phosphorylase kinase requires

Ca� for activity (13, 14).
Experiments on intact tissues have also

suggested that Ca� may be involved in the
cardiac phosphorylase activation pathway.

Ellis and Vincent (15) reported that the
epinephrine-induced phosphorylase acti-
vation in isolated guinea pig hearts was

abolished when the hearts were perfused
with a medium devoid of Ca�. Friesen et

al. (16) have shown that rapid elevation
of the Ca�� concentration in the perfusion
medium of the isolated rat heart produced
an increase in phosphorylase a activity.

In order to discuss clearly the various

control mvchanisms in the phosphorylase-

activating pathway, we are adopting the

terminology suggested by Krebs et at. (13).
Activation refers only to an effect in which
a new molecular form of the enzyme is

produced. The conversion of the inactive

form of phosphorylase kinase to the active
form is an example of an activation proc-
ess. Stimulation refers only to an increase
in the activity of a single molecular form

of the enzyme.
. The purpose of this investigation was to
characterize further the role of Ca� in the
phosphorylase activation reactions.

METHODS

Perfused hearts. Male Sprague-Dawley

rats (200-300 g) were anesthetized with
ether. The hearts were removed rapidly
and cooled in perfusion medium at 0#{176}.
After cessation of ventricular contraction,
a glass cannula was inserted in the aorta
and the other end of the cannula was con-
nected to the perfusion apparatus. The
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perfusion medium was pumped at a con-
stant rate of 7 ml/min l)y a Holter pump.

The temperature of the medium at the
aortic cannula was 37#{176}.The normal
medium was a modified Chenoweth-Koelle

(17) medium of the following composition:
NaCl, 119 mEq/liter; KC1, 5.6 mEq/liter;

CaCl2, 3.2 mEq/liter; MgCI2, 2.0 mEq/
liter; EDTA, 0.05 mM; dextrose, 10 mM;

and NaHCO3, 25 mM, equilibrated with

95% 02-5% CO2. This medium was altered
to provide special perfusion conditions as

follows: when Ca�� was omitted, the con-
centration of NaCl was 122 mEq/liter. The

medium used to produce K� depolarization

was identical with the normal medium ex-

cept that KC1 was present at 56 mEojliter
and NaCl at 73 mEq/liter. The high Ca�
medium contained 9.6 mEq of CaCl2 per

liter.
Contractile activity of the perfused rat

heart was measured with a force transducer

(Grass FT-03) connected to the apex of
the heart via a string run through a single
pulley.

Experimental design. Three experimental
preparations were used : the normal per-

fused hearts were equilibrated with normal

perfusion medium for 30 mm ; the no-

calcium perfused hearts were initially

equilibrated with normal perfusion medium
for 30 mm and then switched to a calcium-
free medium for an additional 30 mm

before drugs were given ; and the
K�-depolarized hearts were equilibrated
with normal medium for 30 mm followed
by a 5-mm perfusion with high K� medium,
after which drugs were given.

Drugs were injected in a volume of 0.2
ml just above the aortic cannula, the ye-
hide being the medium perfusing the heart
at the time of injection. Hearts were frozen
with modified Wollenberger clamps as pre-

viously reported (6).

In experiments in which the effect of the
perfusion medium on nutritional blood flow

was tested, 42K, approximately 1 j.tC, was
injected in 0.2 ml of the appropriate per-
fusion medium. The effluent from the heart
was collected for 18 sec, at which time

200-500 mg of ventricle were cut off, rinsed
four times in ice-cold medium, blotted,

and weighed. The sample was then
homogenized with 10 ml of 0.6 N perehloric

acid at 0#{176}.After centrifugation, the entire

supernatant solution was counted as de-
scribed below.

Biochemical measurements. Phosphoryl-

ase activity was measured in the direction
of glucose 1-phosphate production (18).
The phosphorylase kinase activity was de-
termined in terms of the rate of conversion
of crystalline rabbit muscle phosphorylase
b to the a form (6) . Cyclic AMP was de-

termined by a modification (6) of the
method of Hammermeister et al. (19) , in

which the effect of the nucleotide on pun-

fled muscle phosphorylase kinase activity
is measured.

Data on phosphorylase activity are re-
ported as the apparent fraction of the

enzyme in the a form. Phosphorylase kinase
data are presented as the ratio of activity
at pH 6.8 to that at 8.2. This has been

shown to be a valid index of the amount
of the enzyme present in the active form
(3).

Materials. Enzymes used in the phospho-
rylase assay were obtained from Boeh-
ringer Mannheim. Inulin-methoxy-3H was

obtained from New England Nuclear Cor-
poration, and 42K2CO3 from Mallinckrodt.

Nuclear.
Counting methods. In experiments in

which the washout of inulin-methoxy-3H

was studied, 1 ml of effluent from the per-
fused hearts containing the inulin was
added to 15 ml of a solution containing 5
ml of Triton X-100 (Rohm and Haas) and
10 ml of toluene with 4 g of 2,5-diphenyl-

oxazole and 0.1 g of bis(O-methylstyryl)-

benzene per liter (20) . The emitted fluores-
cence was measured in a Packard model
4321 liquid scintillation counter. The 42K
was measured in the same instrument by

the Cenenkov radiation emitted from the

Compton effect electrons induced by the
gamma radiation from the isotope.

Drugs. Epinephnine bitartrate (Supra-
renin) was diluted in the perfusion medium.
containing 0.1 % sodium metabisulflte.

Statistical methods. Statistical analysis
was performed by means of Student’s
C-test.



Fia. 1. Effects of epinephrine on normal, no-calcium, and K�-depo!arized hearts

Epinephrine, 2 �g, was injected into the perfusate at zero time. Bars represent 1 standard error. In the

contractile amplitude graph (c), the broken line repre�ente data from both no-Ca�� and high-K� experiments.
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RESULTS

Effects of epinephrine in the normal per-

f usion medium. Five seconds after the ad-

dition of 2 j�g of epinephrine to the per-

fusion line, the cyclic AMP concentration

in the rat hearts rose almost 2-fold, as did

the activity of phosphorylase kinase (Fig.
la and b). Phosphorylase a also increased
significantly, from 5 to 12% (Fig. id). No

attempt was made to determine the Se-
quence of these changes by sampling at an

earlier time after epinephnine. The subse-

quent pattern of change in cyclic AMP

concentration appeared to be biphasic,
while the activity of phosphorylase kinase
and of phosphorylase continued to rise.

Contractile amplitude reached a peak 15
sec after drug administration.

We have used the pH 6.8:8.2 activity of
phosphorylase kinase as an index of the
amount of active enzyme present. Evidence
in vitro suggests that the activity measured

at pH 6.8 is essentially that of the active
form of the enzyme, whereas at pH 8.2 the

activities of both forms of the enzyme are

measured. An increase in the pH 8.2 activ-

ity of the kinase was observed when the

pH 6.8 activity was markedly elevated by
epinephrine. This has been reported by

other investigators (21) and is consistent

with the pH-activity relationship of the

two forms of the enzyme as reported by

Krebs eC al. (3).

Thus, in normal hearts an increased con-
centration in cyclic AMP was associated
with sustained elevation of the catalytic
activity of phosphorylase kinase and phos-

phorylase a. The correlation of the degree
of activation of kinase (as expressed by
the pH 6.8:8.2 activity) and the observed

percentage of phosphorylase a is analyzed
in Fig. 2. The sigmoid shape of the curve
suggests that the catalytic activity of
kinase is dependent upon an additional
factor or factors besides its transformation

to a new molecular form.
Effects of epinephrine in the absence of

Ca�� from the perfusion medium. Perfusion
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. 011 ‘ ci2 ‘ 0.3

KINASE ACTIVITY pH 68,�2

Faa. 2. The effect of alteration in ionic corn-
position and of the superimposed administration
of epinephrine on the relation between phos-

phory!ase kino.se and phosphorylase a activities

The data plotted here are the same as those

used for Figs. 1 and 4.

of rat hearts with the no-calcium medium

did not itself alter the fraction of phos-
phorylase in the a form nor the activity of
phosphorylase kinase (Fig. id and b).

However, the concentration of cyclic AMP
was significantly higher (0.9 �.tmole/kg)
than that of the normal hearts (0.5 �mole/
kg) (Fig. la) . Contractions were, of course,
arrested and were not reinstituted after the

administration of 2 �g of epinephrine

(Fig. ic) . This drug, however, caused a
rapid and marked increase in cyclic AMP

concentration similar to that observed in
control hearts (Fig. la) . Other than a delay

in the initial activation of kinase, the time
course and magnitude of the activation of

this enzyme were also unaltered (Fig. ib).

The catecholamine-induced rise in per-
centage of phosphorylase a was greatly
diminished but not abolished. Total phos-
phorylase activity was not changed (13.1
units/g of heart).

The time course of the relationship
between loss of contractility and the re-
sponse of phosphorylase to epinephrine

after the withdrawal of Ca� was deter-

mined. Rat hearts were perfused for 30 mm

with normal medium containing inulin-

methoxy-3H �0.1 1�C/inl) and then switched

to a medium devoid of Ca� and inulin.
Epinephrine, 2 �sg, was injected just before
or at various times after this change of

medium. Hearts were frozen 30 sec

after the injection of the drug. The decline
in the contractile activity of the hearts, the

decrease of the epinephrine-induced phos-
phorylase activation, and the washout of

the extracellular space marker, inulin-3H,
are shown in Fig. 3. The three curves have

similar slopes after the first 10 sec on the
no-calcium medium. The contractile activ-

ity and the effect of epinephrine on phos-
phorylase activity were almost abolished
when the extracellular calcium ion concen-
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SECONDS AFTER REMOVAL OF Ca�

Fic. 3. Effects of perfusion u’ithout ca!cium on

the contractile activity and epinephrine-induced
phosphory!ase activation of the perfused heart

Hearts were switched to a no-calcium perfusion

medium at zero time. Points on the phosphoryl-

see line refer to the time of sampling, which was

30 sec after the drug was injected. Inulin-’H, 0.1

1uC/ml, was present in the normal medium to de-

termine the washout of the extracellular corn-
ponents after the switch of media. The broken

line represents extrapolation of experimental

data.
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tration was decreased to about 0.25

mEcijliter.

The possibility that omission of Ca�
from the perfusion medium altered the
fraction of medium, and therefore of epi-
nephrine, which was delivered to coronary

capillaries, was tested with the technique
adapted from Sapirstein (22) . No dif-
ferences in uptake of 42K were observed
between normal (285 ± 5 cpm/mg of
heart) and no-calcium hearts (276 ± 9) 20

sec after administration of the tracer.
Therefore, the marked reduction in the re-
sponse of phosphorylase activity to epi-
nephnine in the absence of Ca� cannot he

explained on the basis of altered nutritive
coronary circulation.

Thus, reduction of intracellular Ca� in
the heart resulted in a rapid loss of the
ability of epinephrine to induce the trans-

formation of phosphorylase b to a. The
fact that the drug produced a similar de-
gree of activation of phosphorylase kinase

to that observed in normal hearts (Fig. 2)
suggests that the omission of Ca� dimin-

ished the catalytic activity of the active
form of this enzyme.

Effect of elevated Ca�� concentration on

cardiac phosphorylase activation. Rat
hearts were perfused with normal medium

for 20 mm, after which they were rapidly
switched to a medium which contained 3
times the normal Ca�� concentration (9.6

mEcijliter) . This caused a significant in-
crease in the percentage of phosphorylase a
(Fig. 4) , which returned to control values
2 mm after the Ca� perfusion had been
initiated. No activation of phosphorylase

kinase was observed. Cyclic AMP concen-

tration significantly decreased during this

same period from the control value of 0.69
�mole/kg to 0.42 �tmole/kg.

Thus the mechanism of action of Ca� is
to stimulate the activity of phosphorylase

kinase in catalyzing the conversion of
phosphorylase b to a, rather than to cause

activation of the kinase (Fig. 2).
Effects of epinephrine in the presence of

high K� concentration. Depolarization of

the perfused hearts by 56 m� K� produced
a transient increase (20 sec) in the per-
centage of phosphorylase a (to 31%). Ellis

and Vincent (15) had reported a similar

but longer effect (90 mm) of K� in the iso-

lated, perfused guinea pig heart. We found
that this effect was abolished by prior

treatment of the animals for 3 days with
reserpine, 2.5 mg/kg, or by adding prone-

thalol to the perfusion medium at a con-
centration of 2 �g/ml. The more sustained
effect on guinea pig heart is probably a

Time (seconds)

FIG. 4. Effect of elevated calcium ion concen-

tration on cardiac phosphorylase activation

Bars represent 1 standard error. Asterisks mdi-

cate points different from the control at p < 0.05.

function of temperature (37#{176}in our ex-

periments, 27#{176}in those of Ellis and

Vincent) and the greater catecholamine
content of guinea pig heart (23) . Because
of the phosphorylase-activating effect of
depolarization, drugs were not administered

to depolarized hearts until 5 mm after the
switch to the high-potassium medium was

accomplished.
At this time neither the cyclic AMP con-

centration nor the percentage phosphorylase
a was altered when compared to normal

hearts, but the pH 6.8:8.2 activity ratio of
phosphorylase kinase was significantly re-
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duced (Fig. 1) . Epinephrine, 2 �cg, did not
reinstitute contractions (Fig. ic) . A signifi-

cant rise in cyclic AI�1P concentration was

observed only after 10 sec (Fig. itt) . Acti-
vation of phosphorylase kinase occurred
with a change comparable to that seen in
the normal and no-calcium experiments.

However, the maximum activity ratio at-
titiflV(i 10.1 4) was onlY half of that induced

by epinephrine in normal hearts. Phos-
phorylase activation was slight and signifi-

cantly different from the zero time value
only at the 15- and 30-sec intervals.

Since K� is known to increase the tone
of smooth vascular muscle, it was con-
ceivable that the decreased biochemical
responses to epinephrine were due to

shunting of the catecholarnine through non-
nutritive blood vessels. The uptake of 42K
was lower in hearts perfused with the high-
K#{247}medium (93.2 ± 6.7 cpm/mg) when
compared to normal hearts (207 ± 17

cpm/mg) . However, the dose of epinephnine
used, 2 �Lg, was supramaximal, and a 55%

reduction in delivery of the drug to heart

capillaries should still produce near maxi-
mal increases in cyclic AMP concentration
and kinase and phosphorylase activities.

Thus, an excess of K� in the medium
was shown to lower the degree of activation

of phosphorylase kinase, and, while epi-
nephrine produced an increase in the pH

6.8:8.2 activity of the enzyme, this was not

sufficient to catalyze extensive conversion
of phosphorylase b to a (Fig. 2) . The pri-
mary consequence of K� depolarization ap-

pears to be on the catecholamine-sensitive

synthesis of cyclic AMP.

DISCUSSION

Danforth, Helmreich, and Con (24)

have suggested that the rate-limiting step
in the interconversion of the two forms of
glycogen phosphorylase is the phosphoryl-

ase b to a reaction. Our study indicates
that the rate of this reaction in cardiac
muscle is regulated by two mechanisms.
One involves the activation of phosphoryl-
ase kinase, in which the inactive form of

this enzyme is converted to an active form.

The other involves the stimulation of the
catalytic activity of the kinase by �

The existence of a phosphorylase kinase
activation mechanism had been demon-
strated previously in perfused rabbit
hearts (19) and in the rat heart in situ

(6). Similar findings in the perfused rat
heart are reported here. In both rat studies,
the time course of the change in the con-
centration of cyclic AMP and the degree

Of activation of phosphorylase kinase is
consistent with the hypothesis that the
cyclic nucleotide is the mediator of this

activation process.

The demonstration that an elevation of

Ca� concentration caused an increase in
cardiac phosphorylase a activity without
an activation of phosphorylase kinase or

an increase in the cyclic AMP concen-
tration suggests the existence of a second
mechanism for the regulation of the phos-

phorylase b to a reaction. Experiments in
vitro reported by Krebs et al. (13) and
Ozawa and Ebashi (14) indicated that pu-

rifled skeletal muscle phosphorylase kinase
requires Ca�� for activity. Our results sug-

gest that the Ca� concentration in the

heating heart is not sufficient for maximal
stimulation of phosphorylase kinase activity
and that an increased concentration of this
ion enhances the catalytic activity of this
enzyme. This interpretation is consistent
with the sensitivity of kinase activity to

Ca� and estimation of free intracellular
Ca� concentration in muscle. The catalytic

activity of purified muscle enzyme is en-
hanced to half its maximum value by about

10� M Ca� (25) . The free Ca� concentra-

tion in cardiac muscle has been estimated
to be less than 10� M by determinations
in vitro of the threshold concentration of
Ca�� which produced myofibrillar syneresis
or ATPase activation (26).

The role of Ca� in the catalytic activity
of cardiac phosphorylase kinase is further
illustrated by the observation that epi-
nephrine substantially activated this en-
zyme in the no-calcium perfused hearts,
presumably because of increased cyclic

AMP. However, it produced little net con-

version of phosphorylase b to a. This in-

dicates that Ca� is not required for the

conversion of the inactive to active form

of phosphorylase kinase. However, it should
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be noted that lack of Ca� delays epineph-
nine-induced activation of phosphorylase

kinase about 5 sec relative to that in con-
trol experiments. This is consistent with
the postulated role of Ca� in the auto-
catalytic activation of kinase, but not in

that catalyzed by a phosphorylase kinase
kinase.2

The observation that the diminution of
the epinephnine-induced phosphorylase ac-
tivation coincided with the decline of con-

tractile activity of hearts perfused with

no-calcium medium suggests that the store

of this ion necessary for contractile activity
and that necessary for phosphorylase kinase
activity are the same. An alternative hy-

pothesis is that the store of Ca� respon-
sible for stimulation of kinase activity can
be mobilized and made available to the
enzyme only when the excitation-contrac-

tion coupling processes of cardiac muscle
are intact.

K�-induced depolarization appeared to
interfere with the mechanism that promotes
the activation of phosphorylase kinase,
since only a small fraction of the kinase
was present in the active form at zero

time and during the response to epinephrine
in the depolarized heart. The relatively

small epinephrine-induced increase in cyclic
AMP concentration in these hearts could

account for the diminished activation of

kinase. These observations suggest that
excess K� interferes with the action of
epinephnine on adenyl cyclase or an ante-

cedent site. Studies (27) of the effect of K�
depolarization on the isolated rat dia-
phragm indicate that excess K� had con-

siderably different effects on skeletal
muscle. Excess K� itself caused an increase
in the cyclic AMP concentration, and epi-

nephrine caused a further increase, com-
parable to the effect of the drug in the

normal diaphragm.

Evidence that the amount of Ca� avail-

able to phosphorylase kinase represents a
mechanism for the physiological control
of the activity of this enzyme suggests

that the effects of drugs and hormones on

the activation of phosphorylase involve

‘E. G. Krebs, personal comniunicat ion.

more than increased production of cyclic

AMP followed by activation of kinase.
The effects of methylxanthines on cardiac
phosphorylase activity and their ability to

potentiate epinephrine-induced phosphoryl-
ase activation (28) have been attributed
to their inhibition of cyclic nucleotide
phosphodiesterase, although the actual

concentration of this nucleotide was not

measured. It is conceivable that both these
effects are explained by an action of the

methylxanthines on the release of intra-
cellular � an action reported in several
studies (29, 30) . The activation of phos-
phorylase in cardiac muscle by hypoxia
(7) and in skeletal muscle by motor nerve

stimulation (5) cannot be explained by the
cyclic AMP-mediated mechanism. The
role of calcium ion in these phenomena

should be investigated.

It is possible that pharmacological agents
may augment phosphorylase b to a con-
version in cardiac tissue by a combination

of the two mechanisms discussed above.
Epinephnine may act by activating phos-

phorylase kinase through cyclic AMP and
increase the activity of the kinase by mo-

bilizing cardiac stores of � Evidence
supporting the latter action of the catcchol-
amine has been reported (31).

Since Ca� appears to be involved in the
final pathway of phosphorylase activation,
phosphorylase b to a conversion, any stimu-

lus of cardiac phosphorylase activation,
regardless of its mechanism of action,

should be blocked by calcium removal.
This hypothesis was supported by the oh-
servation3 that glucagon no longer effected

b to a conversion in the Ca��-deficient, per-
fused rat heart.

That Ca� may be involved in the regu-

lation of the cardiac cyclic AMP concen-
tration is suggested by two observations in
this report. Removal of Ca� caused a

significant elevation in cyclic AMP (Fig.
la) . Excess Ca� decreased the concentra-

tion of the cyclic nucleotide (Fig. 4) . Ca��
may inhibit the activity of adenyl cyclase,
possibly by competition with � a co-

factor of the enzyme (32) . An alternative

3 Unpublished observation.
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hypothesis is that Ca�� stimulates the

activity of cyclic nucleotide phosphodies-
terase. There are, however, no reports of
such a direct effect of the ion on this

enzyme. The possibility that Ca� increases

l)hOSPhodiesterase activity indirectly by
lowering the concentration of ATP, an in-
hibitor of the enzyme (33) , was tested.

Perfusion of hearts with the high-Ca��
medium did cause a significant reduction
in heart ATP concentration 20 sec after
the switch to this medium (from a control
value of 3.82 /.cmoles//g to 3.23 �trnoles/g).

However, the decrease in cyclic AMP con-

centration was observed after only a
15-sec perfusion with the medium con-

taming the high Ca� concentration. Fur-
ther studies of the effects of physiological
ions on the enzymes responsible for the

production and destruction of cyclic AMP
are needed for a clearer understanding of

the effect of Ca� on this important nucleo-
tide. Such studies should test the provoca-
tive hypothesis recently proposed by

Rasmussen and Tenenhouse (34) , that the
transformation of ATP to cyclic AMP at
the cell membrane causes Ca�� to become
available. Thus Ca�� may integrate the
variety of metabolic events that have been

attributed to cyclic AMP as the mediator

in the effects of hormones (7).
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