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SUMMARY

KEELY, STANLEY L. (1979) PGE1 activation ofheart cAMP-dependent protein kinase:
Apparent dissociation of protein kinase activation from increases in phosphorylase

activity and contractile force. Mol Pharmacol., 15, 235-245.

The effects of prostaglandin E1 (PGE1) on cAMP, cAMP-dependent protein kinase,
glycogen phosphorylase, and contractile force have been investigated in the isolated

perfused rat heart, and compared to the effects of epinephrine. In this heart preparation

both PGE1 and epinephrine produced rapid, concentration-dependent increases in cAMP
and the cAMP-dependent protein kinase activity ratio. When dosages were adjusted to
give equal increases in the protein kinase activation ratio from a basal value of 0.15 to as

high as 0.40, only epinephrine produced a significant increase in contractile force or
phosphorylase activity. Neither the a-adrenergic agonist phenylephrine nor ionophore A-
23187 altered the inability of PGE1 to augment phosphorylase activity or force. The

phosphodiesterase inhibitor 3-isobutyl-1-methylxanthine potentiated the effect of PGE1
on cAMP and protein kinase activity. When used at concentrations of 10 �tM or less, PGE1
failed to increase phosphorylase kinase activity even though it did produce a 2-fold

increase in the cAMP-dependent protein kinase activity ratio. If very high protein kinase
activity ratios were generated by using very high PGE1 levels (100 !.LM) or PGE1 in

combination with isobutylmethylxanthine, increases in phosphorylase kinase activity
were observed. This activation was, however, less than that observed when epinephrine
was used to produce a similar protein kinase activation state and was accompanied by a

slight increase in phosphorylase activity. When used together, PGE1 and epinephrine
produced partially additive effects on cAMP and protein kinase activity and approxi-
mately the same increase in phosphorylase activity as did epinephrine when used alone.

If very high cAMP levels or protein kinase activity ratios were produced by infusion of
epinephrine plus 3-isobutyl-1-methylxanthine, PGE1 produced no further increase in
either parameter.

INTRODUCTION mediates the effects of many cardioactive

It is now generally accepted that cyclic agents on heart metabolism and function
adenosine 3’:S’-monophosphate (cAMP)’ (1-4). It has been postulated that many of

This work was supported by Research Grant HL the effects of cAMP in mammalian tissues
19181 and Program Project Grant � 07462. are due to changes in the activity of cAMP-

‘The abbreviations used are: cAMP, cyclic adeno- dependent protein kinase(s) (5). Work from
sine 3’:5’-monophosphate; PGE,, prostaglandin E,; and this laboratory has demonstrated that in
TCA, trichioroacetic acid. the isolated perfused heart many hormones

235

0026-895X/79/020235-1 1$02.00/0
Copyright © 1979 by Academic Press, Inc.
All rights of reproduction in any form reserved.



236 STANLEY L. KEELY

and drugs that increase cAMP also activate

the heart protein kinases (6-8). Recent ev-

idence has suggested an important role for
these kinases in the regulation of cardiac
glycogen and lipid metabolism and contrac-
tile force (6-13).

In all reports to date, any agent that has
produced an increase in the heart cAMP-
dependent protein kinase activity ratio

from the basal value of 0.15 to a value of
0.22 or greater has also significantly in-
creased glycogen phosphorylase activity
and contractile force (6, 9, 12, 14). In this
paper, a possible dissociation between in-

creases in the heart cAMP-dependent pro-
tein kinase activity ratio and changes in
either phosphorylase activity or contractile
force is reported.

EXPERIMENTAL PROCEDURES

Heart perfusion. Fed male rats weighing
150- 160 g were used. Sodium hepann (1500

U/kg) was injected intraperitoneally 15 mm
before sacrifice. The animals were anesthe-
tized with sodium pentobarbital (100
mg/kg). Hearts were quickly excised, im-
mersed in cold saline (4#{176}) until beating
ceased, attached via the aorta to a perfusion
cannula, and perfused at 37#{176}with recircu-
lating Krebs-Henseleit bicarbonate buffer
(8 ml/min) containing 1.25 mi�i Ca’”’ and 10

m� glucose. The buffer was equilibrated
with 02/C02 (95/5%). Force of contraction
was estimated by measuring peak tension

development by a Statham strain-gauge
transducer attached to the apex of the heart
by a stainless steel suture. Diastolic tension
was set at 2.5 g. Tension development was
recorded on a Sanborn 964 recorder. In all

cases, hearts were electrically paced at 280
beats/mn by a Grass S9 stimulator. At the
end of the perfusion period, hearts were
quickly frozen between Wollenberger
clamps which had been cooled in liquid
nitrogen. The atria and great vessels were
trimmed away and the remaining tissue
pulverized to a fine powder with a percus-
sion mortar which had also been cooled in

liquid nitrogen. The powders were stored

at -70#{176}until assayed. All assays occurred
within 48 hr of the perfusion time.

Protein kinase assay. Approximately 40

mg of powdered tissue were suspended at

4#{176}in 50 times the weight of 10 m� potas-
sium phosphate-lO mM EDTA-0.5 mi�i 3-

isobutyl-1-methylxanthine buffer (pH 6.8)
and homogenized with three up and down
strokes of a motor-driven Teflon pestle in
a glass tube homogenizer. Tissue homoge-
nization at this weight:volume ratio greatly

reduced translocation of the free catalytic

subunit of the protein kinase to particulate
material, thus minimizing the possibility of
an artifactual lowering of supernatant ki-
nase activity (15). The homogenate was
immediately centrifuged at 27,000 x g for
20 miii. The protein kinase assay was

started by adding 10 �d of the supernatant
fraction to 50 �.tl of a solution containing 17
m� potassium phosphate (pH 6.8), 0.33
mM[y-32P]-ATP (‘-500 cpm/pmol), 6 mM

magnesium acetate, and 0.5 mg histone
(Sigma type Il-A) in the absence or pres-
ence of 2 l.LM cAMP. The incubation was
carried out at 30#{176}for 5 mm and terminated
by pipetting a 50 1.d aliquot of the reaction
mixture onto a filter paper disc (1 x 2 cm),
which was immediately dropped into 10%
TCA. The filter papers were washed 4 times
for 15 mm each in TCA and one time each
for 5 mm in 95% ethanol and diethyl ether.
The papers were air-dried and counted in
10 ml of toluene-Cellosolve scintifiation

fluid. Cyclic AMP-dependent protein ki-
nase activity is expressed as the activity
ratio, i.e., the ratio of activity in the absence

of added cAMP to that in the presence of
enough exogenous cAMP (2 .tM) to maxi-
mally activate the enzyme. No treatment
procedures used in this study produced a
change in total cAMP-dependent protein
kinase activity (+ cAMP).

Cyclic AMP assay. Cyclic AMP was es-
timated by the protein binding assay of
Gilman (16). Approximately 100 mg of pow-

dered heart tissue were homogenized in 1
ml of 5% TCA containing 0.1 pmol of [3H]-
cAMP (50,000 cpm/pmol) to determine the
percentage of cAMP recovered after puri-
fication. The deproteinized homogenate

was centrifuged at 27,000 x g for 20 mm.

The supernatant fraction was then pipetted
onto a Dowex 50 column (0.9 x 10 cm; 100
to 200 mesh) equilibrated with 0.1 N HC1.

The column was eluted with 30 ml of 0.1 N
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HC1 with collection of the last 20 ml. This

solution was lyophilized and resuspended
in 1 ml of 50 mi�i sodium acetate (pH 4.0).
The concentrations of cAMP in these so-
lutions were determined against known

standards using Milhipore ifitration.

Phosphorylase activity. Phosphorylase
activity was determined by measuring the
incorporation of [‘4C]glucose-6-phosphate
into glycogen (17). Approximately 30 mg of
heart tissue were homogenized at -30#{176}in

0.5 ml of a 60% glycerol buffer containing
10 mM glycerophosphate, 10 mist EDTA, 20

mM NaF, and 50 mIst $-mercaptoethanol.
The homogenate was then diluted 3-fold
with a buffer identical to that mentioned
above except for the absence of glycerol.
The diluted homogenate was centrifuged at
27,000 x g for 20 mm. The assay reaction
was started by adding 35 �d of the super-
natant fraction to 35 ,ul of a solution con-
taining 2% glycogen and 32 mist [U-’4C]glu-
cose-6-phosphate in the presence and ab-
sence of 3 mist AMP. The reaction mixture
was incubated at 30#{176}for 10 miii and then

terminated by pipetting a 50 1d aliquot onto
a 1 x 2 cm filter paper disc (Whatman

3MM) which was immediately dropped into
66% ethanol. The papers were washed three
times in ethanol for 30 mm each, dried, and

counted in toluene-Cellosolve scintifiation
fluid. Phosphorylase activity is expressed
as the ratio of the activity in the absence to
that in the presence of AMP. There was no
change in total phosphorylase activity (a
+ b) in response to any of the drugs used in
this investigation.

Phosphorylase b kinase. Phosphorylase

b kinase activity was determined as de-
scribed by Krebs et al. (18) as modified by
Drummond and Duncan (19). All hearts
were assayed in duplicate. Results are ex-
pressed as the ratio of phosphorylase a
produced at pH 6.8 to that produced at pH
8.2.

Materials. Type Il-A histone, cAMP and

epinephrine (free base) were from Sigma
Chemical Co. [-y-32P]ATP was prepared by
the method of Glynn and Chappell (20).

PGE, was a gift from Dr. John Pike of
Upjohn and 3-isobutyl-1-methylxanthine
was a gift from Searle. All drug solutions
were prepared fresh daily.

RESULTS

Concentration dependence. Figure 1
shows the effect of increasing PGE1 and
epinephrine concentrations on cAMP lev-
els, protein kunase and phosphorylase activ-
ities, and contractile force in the perfused
rat heart. Force measurements and freezing
for subsequent assays were accomplished
after a 2 mm constant infusion of either
drug. Both agents produced concentration-
dependent increases in cAMP and cAMP-
dependent protein kinase activity (panels

A and B). Epinephrine was 10- to 50-fold
more potent than PGE, in increasing either
of these parameters. While epunephrine was
capable of producing almost complete ac-

tivation of the rat heart protein kinase,
PGE,, at the concentrations used, never
activated more than 50% of the total
amount of the enzyme(s) present.

As we have reported earlier (6, 9), epi-
nephrine infusion produced increases in
phosphorylase activity and contractile

force, which correlated well with changes in
the protein kinase activity ratio. Unlike
epinephrine, PGE1, at the concentrations of
10 l.LM or less, had little or no effect on either
phosphorylase (panel C) or force (panel D),

even though it produced a large increase in
the protein kinase activity ratio. With very
high PGE, concentrations (100 /LM), small
increases in both phosphorylase activity
and force were produced. These increases
were always less than that observed when
epinephrine was used to generate similar

cAMP-dependent activity ratios. When
added to the protein kinase assay, the
cAMP-dependent protein kinase inhibitor

described by Walsh et al. (21) completely
blocked all measured increases in kinase
activity in hearts treated with either agent.

Addition of charcoal to the homogenization
buffer did not alter the activation state of
phosphorylase. This would exclude the pos-

sibility that the activation of phosphorylase
might be due to carry-over of AMP (gen-
erated during the inotropic response) into
the phosphorylase assay.

Time course of activation. As is shown
in Figure 2, hearts perfused with a constant,

submaximal concentration of PGE1 (5 /LM)

or epinephrine (0.1 l.LM) showed a rapid
increase in cAMP and protein kinase activ-
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FIG. 1. Effect of PGE1 and epinephrine concentration on the protein kinase activity ratio (A), cAMP (B),

phosphorylase (C), and contractile force (D) in the perfused rat heart

Hearts were perfused for 15mm with buffer alone and for an additional 2 mm with the indicated concentration

of PGE, (#{149} #{149})and epinephrine (O---O). Handling of the tissue for assay is described under EXPERIMENTAL
PROCEDURES. Each point represents the mean ± SEM for 4 to 10 hearts.
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ity, reaching a maximum level within 1-2

mm (panels A and C). Associated with the
epinephrine-induced increase in cAMP and
protein kinase activity was a 5- to 6-fold
increase in phosphorylase. Although the
time course and degree of protein kinase
activation produced by 5 �tM PGE1 were
similar to those obtained for (0.1 /.LM) epi-
nephrine, PGE1 treatment with 5 �LM PGE,
caused no significant increase in phospho-

rylase activity at any time tested.

Effect of PGE, on epinephrine activa-

tion. To determine if PGE, possessed some
activity which inhibited the action of pro-
tein kinase on the phosphorylase cascade,
hearts were treated for 2 mm with either
epinephrine alone or in combination wtih
PGE, (5 SM). As is shown in Figure 3,

submaximal concentrations of PGE1 and
epinephrine produced additive effects on
protein kunase activation and cAMP. PGE,

did not alter the ability of epinephrune to
activate phosphorylase.

If very high cAMP levels and protein
kinase activity ratios were produced by
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treating hearts with 100 tLM epinephnne or

0.1 just epinephrine plus the phosphodies-
terase inhibitor 3-isobutyl-1-methylxan-
thine, PGE, did not produce any further
increase in either parameter (Table 1). If a
maximal concentration of PGE, was used

(100 /.LM), epinephrine produced a further
elevation of cAMP and protein kinase ac-
tivity. Epineph.rine at high concentrations
(100 l.LM) is capable of nearly completely

activating the protein kunase, and thus it is
not surprising that PGE1 produced no fur-
ther effect on this enzyme. Maximal doses
of epinephrine and PGE1, when added to-
gether, have the same increase in cAMP as
did epinephrine when used alone (Table 1).

Effects of 3-isobutyl-1-methylxanthine
on PGE1 activation. Figure 4 shows the

effect of the cyclic nucleotide phosphodi-
esterase inhibitor 3-isobutyl- 1-methylxan-
tlune (1 l.LM) on the PGE1 dose response. At

the concentration and time used, the meth-
ylxanthine had only slight, if any effect by
itself (see Table 4), but did potentiate the
effects of PGE, (compare Figs. 1 and 4).
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FIG. 2. Time course of the effect of PGE1 and epinephrine on protein kinase activity ratio (A),phosphorylase

(B), and cAMP (C)
Hearts were perfused for 15 mm with buffer alone and then for the additional time indicated with 5 �LM PGE,

(#{149} #{149})or 0.1 tLM epinephrine (O---O). Hearts were processed and assayed as described under EXPERIMENTAL

PROCEDURES. Each point represents the mean ± SEM for 10 hearts.
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C

Although a high degree of protein kinase

activation was obtained using PGE, in com-
bination with isobutylmethyixanthine, lit-
tle or no increase in phosphorylase activity
or force was observed. Epinephrine (0.1
juist), while generating lower cAMP levels

and protein kunase activities than did the
PGE,-isobutylmethylxanthine combina-
tion, produced a large increase in phospho-
rylase and contractile force (Fig. 4).

Effect of a-adrenergic stimulation and

ionophore A23187 on PGE, activation. In
an effort to determine if PGE1 in combina-
tion with agents which have the potential
of increasing intracellular calcium concen-
trations might act to produce increases in
phosphorylase activity and force similar to

those observed with epinephrine, hearts

were perfused with PGE, plus either phen-
ylephrine or ionophore A-23187. As shown
in Table 2, PGE1 in combination with the

a-adrenergic agonist phenylephrine pro-
duced no significant increase in phospho-
rylase activity even though protein kinase
was highly activated. As has been observed
with other agents which activated cardiac
adenylate cyclase (8, 22), PGE,-induced in-
creases in cAMP and protein kinase ap-

peared to be slightly antagonized by con-
current a-adrenergic stimulation.

Table 3 shows the effects of PGE, to-
gether with the divalent cation ionophore
A-23187 on cAMP, protein kinase, phos-

phorylase, and force. The ionophore atten-

uated the ability of PGE1 to increase cAMP
and protein kinase activity (compare addi-
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FIG. 3. Effect of PGE, on epinephrine-induced increases in protein kinase (A), phosphorylase (B), and

cAMP (C)
Hearts were perfused for 15 mm with buffer alone and then for an additional 2 mm with the indicated

concentration of epinephrine in the presence (O---O) or absence (#{149} #{149})of 5 �M PGE1. Hearts were processed

and assayed as described under EXPERIMENTAL PROCEDURES. Each point represents the mean ± SEM for 15

hearts.

tions 3 and 4). A similar observation has
been made by Rodan and Feinstein working
with platelets (23). This inhibition was pre-
sumably due to calcium influx inhibiting
PGE1 stimulation of adenylate cyclase. If
higher concentrations of PGE, or PGE, in
combination with 2-isobutyl-1-methylxan-
thine were used, protein kinase activities
similar to those observed in the absence of
A-23187 were obtained. Under no condi-
tions was the increase in phosphorylase or

force produced by PGE1 plus ionophore
similar to that seen with epinephrine.

Effect on phosphorylase kinase. As is
shown in Table 4, 10 jiM PGE1, while pro-
ducing a 80% increase in the cAMP-depend-
ent protein kunase activity ratio, did not

produce a detectable increase in the phos-
phorylase kinase ratio (pH 6.8/8.2). If

higher cAMP-dependent protein kinase ac-
tivation states were generated through the
use of 100 jiM PGE1, or 10 /LM PGE, in
combination with isobutylmethylxanthine,
a significant increase in phosphorylase ki-

nase activity was observed. This increase
was, however, always less than that seen
when similar protein kinase activities were
generated by epinephrine treatment. There
appeared to be a slight increase in phospho-
rylase activity in hearts perfused with the

higher PGE1 concentration or PGE, plus
isobutylmethylxanthine.

Effect of the presence of charcoal in ho-

mogenization medium. It was of concern
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TABLE 1

Nonadditive Effects of Epinephrine plus PGE1

Hearts were perfused for 15 mm with buffer alone

and then for an additional 2mm with buffer containing

the indicated concentrations of prostaglandin E,

(PGE1), epinephrine (EPI), or 3-isobutyl-1-methylxan-

thine (IMX). Hearts were frozen and processed for

assay as decribed under EXPERIMENTAL PROCEDURES.

Each value represents the mean ± SEM of 4 to 8

hearts.

Perfusate additions cAMP Protein hi-
nase activity

ratio

(nmoles/g) (-cAMP!
+cAMP)

1) None 0.26 ± 0.02 0.19 ± 0.02

2) 30 A1 PGE1 + 1

/LM IMX 0.92 ± 0.06 0.45 ± 0.02

3) 0.1 �LM EPI + 1

�LM IMX 1.96 ± 0.16 0.72 ± 0.06

4) 30�MPGE1+0.1

�M EPI + 1 �LM

IMX 1.84 ± 0.18 0.72 ± 0.07

5) 100 �tM PGE, 0.90 ± 0.10 0.43 ± 0.04

6) 0.1 �LM EPI 0.70 ± 0.12 0.35 ± 0.03

7) 100 �LM PGE, +

0.1 EPI 1.01 ± 0.07 0.51 ± 0.03

8) 100 �tM EPI 1.92 ± 0.21 0.85 ± 0.11

9) 100�tMEPI+100

�i�i PGE1 189 ± 0.15 0.86 ± 0.12

that PGE1 might elevate cAMP in a partic-
ular cell type not involved in the regulation

of glycogen metabolism or contractile force
and that release of this cAMP upon homog-

enization could activate protein kinase in
the crude homogenate. To explore this pos-

sibility, experiments were conducted in
which charcoal, which binds cAMP (6), was

added to the homogenization buffer. As

shown in Table 5, charcoal had little effect
on either the basal or the PGE,- or epi-
nephrine-stimulated protein kinase activity

ratio. The small decrease in the activity
ratio could be due to a slight reassociation
of the subunits in the absence of cAMP. In
all cases, charcoal affected the PGE1- and
epinephrine-stimulated protein kinase ac-
tivity ratios in the same manner.

DISCUSSION

Evidence from this and other laborato-

ries has implicated the heart cyclic AMP-
dependent protein kunase as one of the me-
diators of the actions of many cardioactive

agents on both phosphorylase activation

and contractile force (6-14). Results pre-

sented in this paper suggest that activation
of the protein kinase in itself may not be
sufficient to completely explain the action

of these agents on either glycogen metabo-
lism of contractility.

When concentrations of PGE, and epi-

nephrine were adjusted to give equal in-
creases in the cAMP-dependent protein ki-
nase activity ratio (from a basal value of
0.15 to as high as 0.40),2 only epinephrine
produced a significant increase in contrac-

tile force or phosphorylase activity. If activ-

ity ratios greater than 0.40 were generated
by treatment with very high concentrations
of PGE1 or PGE1 in combination with a
phosphodiesterase inhibitor, slight in-

creases in phosphorylase activity were ob-
served. These increases were, however, al-
ways much less than those seen when epi-
nephrine was used to produce a similar
protein kinase activation. The possibility
that PGE, might have a dual effect-one to
activate protein kinase and a second to
block or reverse phosphorylase activa-
tion-is not likely since when both agents
were added to the perfusion medium, PGE1

did not attenuate the effect of epinephrine
on phosphorylase activation.

The results reported here could be ex-
plained by postulating two distinct actions
for epinephrune: (1) activation of protein
kinase and (2) a second action, independent

of the first, which allows protein kinase to
act on the phosphorylase and contractile
systems. PGE1 presumably would not pos-
sess this second action. A cAMP-independ-
ent alteration in calcium movements would
be an obvious choice for the second possible

action of epinephrune. It should be noted
that Namm et al. have observed that if

calcium is removed from the perfusion me-
dium, epinephrine will not activate phos-
phorylase in the perfused rat heart al-

though it does elevate cAMP (24). In an
effort to increase the intracellular calcium
level in addition to activating protein ki-

nase, hearts were treated with PGE, in the
presence of a-adrenergic stimulation or ion-

2An activity ratio of 0.40 produces maximal in-

creases in phosphorylase and contractile force (6, 9,

14).
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FIG. 4. Effect of 3-isobutyl-1.methylxanthine on PGE1-induced increases in protein kinase (A), cAMP (B),

phosphorylase (C), and contractile force (D)

Hearts were perfused for 15 mm with buffer alone and an additional two minutes with buffer containing the

indicated concentration of PGE1 plus 1 �LM epinephrine. Hearts were processed and assayed as described under

EXPERIMENTAL PROCEDURES. Each point represents mean ± SEM of 10 hearts.

TABLE 2

Effect of Phenylephrine on PGE,-Induced Increases in Protein Kinase, Phosphorylase, and cAMP

Hearts were perfused for 15 min with buffer alone and then for an additional 2 mm with buffer containing the

a-adrenergic agonist phenylephrine (PHEN), PGE1, or epinephrine (EPI). Hearts were frozen and processed for

assay as described under EXPERIMENTAL PROCEDURES. Each value represents the mean ± SEM of 5 hearts.

Additions Protein kinase activity Phosphorylase a!a+b cAMP
ratio

(nM/g)

1) None 0.155 ± 0.06 0.080 ± 0.011 0.35 ± 0.02

2) 0.1 �LM PHEN 0.172 ± 0.010 0.120 ± 0.022 0.32 ± 0.03

3) 5 .LM PGE 0.421 ± 0.041a 0.105 ± 0.015 0.62 ± 0.05a

4) 5�zMPGE+0.1

�LM PHEN 0.320 ± 0.035” 0.097 ± 0.013 0.54 ± 0.04”

5) 0.1 �LM EPI 0.305 ± 0.022a 0.320 ± 0.042” 0.58 ± 0.04”

a Significantly different from control values at p < 0.01.

ophore A-23 187. Both procedures can, un-
der some circumstances, increase calcium

influx (25, 26). Although there were indi-
cations that intracellular calcium was ele-
vated, neither procedure altered the inabil-
ity of PGE1 to increase phosphorylase or
force. While not completely excluding the
possibility, these observations suggest that
the initial reason for the differing actions of
PGE1 and epinephrmne on phosphorylase

activity and contractility might not be due
entirely to differences in their abilities to

alter calcium fluxes.
Another explanation would be that the

two agents activate cAMP-dependent pro-

tein kinases located in different cell popu-
lations within the heart. Observations sim-

ilar to this have been made in liver and
adipose tissue (27, 28) and with the marked
cell heterogeneity of the heart (29), this
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TABLE 3

Effect of A-23187 on PGE,-Induced Increases in Protein Kinase, Phosphorylase, cAMP, and Force

Hearts were perfused for 15 mm with buffer alone and then for an additional 2 mm with buffer containing

prostaglandin E, (PGE1), ionophore A-23187, 3-isobutyl-1-methylxanthine (IMX) or epinephrine (EPI). Hearts

were frozen and processed for assay as described under EXPERIMENTAL PROCEDURES. Each value represents the

me an ± SEM of 5 hearts.

Additions Protein kinase ac-
tivity ratio

Phosphorylase (a!
a+b)

cAMP Force (� of
control)

1) None 0.156 ± 0.009 0.065 ± 0.007

(nMoles,’g)

0.33 ± 0.33 100

2) 1.0 �M A-23187 0.149 ± 0.010 0.096 ± 0.012 0.30 ± 0.04 94 ± 8

3) 1.0 �M PGE1 0.354 ± 0.017#{176} 0.089 ± 0.015 0.69 ± 0.05#{176} 95 ± 10

4) 1.0 �M PGE1 + 1.0

�LM A-23187 0.229 ± 0.017” 0.117 ± 0.042 0.50 ± 0.04” 102 ± 7

5) 50 ILM PGE1 + 10

ILM A-23187 0.300 ± 0.020” 0.098 ± 0.017 0.68 ± 0.050 110 ± 7

6) 10/LMPGEi+1�M

IMX + 1 ILM A-

23187 0.349 ± 0.030#{176} 0.089 ± 0.009 . 0.69 ± 0.02#{176} 102 ± 10

7) 0.1 �LM EPI 0.366 ± 0.025#{176} 0.360 ± 0.035#{176} 0.75 ± 0.06#{176} 174 ± 14#{176}

#{176}Significantly different from control values at p < 0.05.

TABLE 4

Effect of Epinephrine and PGE, on Phosphorylase Kinase

Hearts were perfused for 15 min with buffer alone and then for an additional 2 min with buffer containing the

indicated concentrations of prostaglandin E, (PGE1), 3-isobutyl-1-methylxanthine (IMX) and!or epinephrine

(EPI). Hearts were frozen and processed for assay as described under EXPERIMENTAL PROCEDURES. Each value

represents the mean ± SEM of 6 to 21 hearts.

Perfusate addition Protein kinase activ- Phosphorylase a! Phosphorylase kinase
ity ratio -cAMP! a+b (6.8!8.2)

+cAMP

1) None 0.19 ± 0.01 0.10 ± 0.01 0.082 ± 0.009

2) 10 �LM PGE1 0.34 ± 0.04#{176} 0.09 ± 0.01 0.079 ± 0.028

3) 100 �.LM PGE1 0.44 ± 0.05#{176} 0.19 ± 0.03#{176} 0.131 ± 0.025#{176}

4) 1 j.LM IMX 0.23 ± 0.02 0.15 ± 0.03 0.099 ± 0.011

6) 10 !LM PGE1 + 1 LM IMX 0.37 ± 0.03#{176} 0.16 ± 0.03 0.119 ± 0.005#{176}

7) 0.2 �LM EPI 0.37 ± 0.04#{176} 0.30 ± 0.03#{176} 0.170 ± 0.016”

Significantly different from control values of p < 0.05.

possibility must be considered. The fact
that PGE1 could not produce complete ac-
tivation of the total heart protein kinase
would support the idea that this agent does
not act on all cell types in the perfused rat
heart. The combined effects of PGE1 and
epinephrine were not additive when a max-
imum dose of the latter agent was used.

Further, epinephrine can activate all the

cAMP-dependent protein kinase in the per-

fused rat heart while PGE1 cannot. Both
these observations strengthen the evidence
that the adrenergic agent is capable of in-
creasing cAMP and protein kinase activity
in the same cell type that PGE1 does but

that PGE1 does not possess the same action
in other cell types acted on by epinephrine.
Thus all the results reported in the inves-
tigation could be explained by assuming
that PGE1 activates a cAMP-dependent
protein kinase in a cell type that is not
involved in the regulation of phosphorylase

activity or contractile force.
An alternative explanation would be that

while both PGE1 and epinephrine might act

on the same cell type that the two agents
activate cAMP-dependent protein kinases
located in different regions of these cells.

We have recently shown that the heart
contains at least two general types of
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TABLE 5

Effect of Charcoal Addition to Homogenizing

Medium on Protein Kinase Activation by PGE1 and

Epinephrine

Hearts were perfused, powdered and stored as de-

scribed under EXPERIMENTAL PROCEDURES. Where

indicated, PGE1 (33 �.tM) plus 3-isobutyl-1-methylxan-

thine (1 jIM) or epinephrine (0.5 �LM) was added to the

perfusion buffer (2 min). Homogenization (50 til

buffer!mg) was performed in 10 m� potassium phos-

phate buffer containing 10 mM EDTA and 0.5 mM 3-

isobutyl-1-methylxanthine. In some cases charcoal

was added to the buffer prior to homogenization, the

homogenates were immediately centrifuged and as-

sayed. Each value represents the mean ± SEM of 3

hearts.

Perfusate ad-
ditions

Additions to homoge-
nization medium

Protein hi-
nase activity

ratios

None None 0.18 ± 3

“ 1 mg,/ml charcoal 0.15 ± 2

“ 5 mg,/ml charcoal 0.12 ± 5

PGE, + IMX None 0.52±4

“ 1 mgi’ml charcoal 0.51 ± 8

“ 5 mg!ml charcoal 0.42 ± 4

Epinephrine None 0.51 ± 2

“ 1 mg!ml charcoal 0.41 ± 8

“ 5 mg,’ml charcoal 0.37 ± 3

cAMP-dependent protein kinases (type I
and type II), as well as membrane associ-

ated and cytosolic forms of the enzymes (7,
30). It is likely that the different enzyme
forms serve different cellular functions. It

may be that PGE1 activates a protein ki-
nase which has little or no role in the reg-
ulation of phosphorylase activity or con-

tractile force while epinephrine treatment

produces an activation of this protein ki-

nase, but also of the enzymes that are in-
volved in the regulation of glycogen metab-

olism and contractile force. This possibility
is currently being investigated.
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