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SUMMARY

The effect of epinephrine on cyclic AMP levels, phosphorylase activity, glycogen syn-

thetase activity, and nmyocardial contractility was studied using the isolated perfused

working rat heart.
A single dose of epinephrine increased the level of cyclic AMP from 0.42 to 1.42

mp.moles/g within 3 sec of its administration, after which it rapidly declined toward the

control level. The force of contraction meanwimile rose to 137% of its control value, but

did not reach this peak until 20 sec after the injection. Time phospimorylase a activity in-
creased from an apparent value of 18.7% of total plmospimorylase activity to 66.0%, but

required 45 sec to obtain timis maximummu. No cimange in time glycogen syntimetase activity
could be detected.

Netimalide blocked the epinepiurine-induced rise in the cyclic AMP concentration as well

as the inotropic effect. N-Isopropylmetimoxaimmine c!id not block eitlmer of these effects. It
was suggested timat epineplmrine acts first on time immeimmbrane adenl cyc!ase systemum to in-

crease time rate of formation of cyclic AMP, which tlmen in turn acts as a second messen-
ger to initiate time inotropic response.

It was not possible to elicit a positive inotropic effect with cyclic AMP or several of its

derivatives. Evidence was presented to show timat cyclic AMP, when added to the per-
fusate, does not gain access to the intracellular fluid in concentrations comparable to
those seen after the administration of epinephrine.

INTRODUCTION

Time positive inotropic effect of epineph-

rine lua s i)een extensively investigated
witimin recent years, but the biochemical
basis of timis action remains obscure (1-3).
Recently evidence imas accumulated to sug-

gest timat adenosine 3’,5’-pimosphate (cyclic

AMP) (4), which is known to be involved

as a second messenger in a variety of imor-
nmonal responses (5), may also be involved
in time inotropic response to epinephrine.

1 Present adidress: Institutt for Medisinsk Biok-

jemi, Oslo, Norway.
2 Investigator, Howard Hughes Medical Insti-

tute.

Murad et al. (6) found that the relative
potencies of a series of catecholamines in
stimulating adenyl cyclase activity in
broken cell preparations wem’e similar to
their potencies as inotropic agents in vivo.
These investigatom’s also showec! that the

cyclase stimulation, like the inotropic ef-
fect, was blocked l)y diclmloroisoproterenol
(DCI). Rail and West (7), working with

electrically driven segments of rabbit atria,
observed a potentiation by theopimylline of

the inotropic effect of norepinephrine.

Theophyliine is known to be an in vitro
inlmibitor of the phosphodiesterase that

converts cyclic AMP to 5’-AMP (8). Pre-

liminary experiments in this laboratory (9)
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indicated that the levels of cyclic AMP in

the isolated perfused rat heart were ele-

vated by the addition of epinephrine to the
perfusate, and this has also been shown by

Hammermeister eta!. (10). __________

The �

work was to stud��he time course of th&
change in concentration of �cy�lic AMP�

following the injection of a single dose of
epinephrine, and to compare this with the

time course of the inotropic response. The
activities of two enzymes known to be

affected by cyclic AMP (glycogen phos-

phory!ase and glycogen synthetase) were

also measured. The results of these experi-
ments lend support to the hypothesis that

cyclic AMP is involved in the inotropic
response to epinephrine.

If cyclic AMP is capable of penetrating

the myocardial cell membrane without
being destroyed by the phosphodiesterase,

it should theoretically be possible to mimic

the effect of epinephrine by perfusing the
heart with cyclic AMP. Levine and Vogel

(11), using unanesthetized dogs, have re-
cently reported that the intracardiac injec-
tion of cyclic AMP is followed by increases
in heart rate and cardiac output. Our at-

tempts to obtain a similar result in the

perfused rat heart, using cyclic AMP and
several of its derivatives (12), were unsuc-

cessful, leading us to carry out an experi-

ment designed to measure the permeability

of the rat heart to cyclic AMP.

MATERIALS AND METHODS

Perfusion techniques. Hearts were ob-

tained from fed Sprague-Dawley female
rats weighing 275-325 g. Rats were anes-
thetized with pentobarbital. Heparin (150
IU) was administered intravenously just
prior to transection of the diaphragm. The

heart was removed and attached to the per-

fusion apparatus essentially as described in

an earlier paper (13). The basic perfusion

medium was a modified Krebs-Ringer
bicarbonate buffer containing 4.2 m� glu-

cose plus glutamate and pyruvate at

concentrations of 1.5 m� each. This was
oxygenated with 95% 02-5% CO2 at a
temperature of 37#{176}.After the heart had

begun to beat regularly the perfusion
medium was changed to a heparinized solu-

tion of 0.9% NaC1 at room temperature.
This caused a rapid cessation of the heart

beat. The pulmonary vein leading to the
left atrium was then grasped with a pair of
fine-tipped forceps and slipped over and

tied onto a grooved perfusion cannula filled

with perfusion fluid. After about 2 mm the
perfusion medium flowing into the aorta

was changed back to the warm Krebs-
Ringer buffer, and the heart was placed in

a 37#{176}chamber. The heart would then begin
to beat regularly again, and as long as fluid

was prevented from entering the left atrium
it was defined as a nonworking heart. When

buffer was allowed to flow through the atrial

cannula the heart would pump this fluid

through the aortic cannula to a bubble trap
70 cm above the heart, from whence it was

returned to the main reservoir for recircu-

lation. This preparation was defined as a

working heart. That portion of the cardiac

output which flowed through the coronary

arteries and out the right atrium was re-

turned to the main reservoir via an opening
in the bottom of the heart chamber. The
perfusion apparatus for these preparations
has been described elsewhere (14). Pressure

was measured with a Statham P 23 G trans-

ducer, and recorded by means of a Sanborn
model 150 polygraph. In the present experi-
ments the mean left atrial filling pressure

was held at 12 mm Hg, while the diastolic
pressure above the aortic valves was 50 mm

Hg. Peak systolic pressure was taken as a
measure of the contractile force. The con-

tour of the pressure pulse of the working
heart is illustrated in Fig. 1A. It will be
seen that the inertia of the fluid column
results in a considerable oscillation of pres-

sure following the systolic discharge. Al-
though of no consequence for the present
experiments, this artifact can be eliminated
by placing an air reservoir above the fluid

leading to the pressure transducer (14).

The total volume of perfusate in the sys-
tem was usually maintained at 100 ml, and

drugs that were to be recirculated were
added to this volume. For the experiments
in which the effect of epinephrine on cyclic
AMP was to be measured, recirculation was
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FIG. 1A. High-speed tracing showing contour of the aortic pressure pu!se of the isolated working rat

heart

Intervals between heavy lines on the abscissa represent 50 msec.

FIG. lB. The effect of 20 pg of epinephrine (injected at arrow) on the pulse pressure

Intervals between heavy lines on abscissa represent 5 sec.

prevented by dliscarding l)otim time coronary

and aortic effluent. Epinephrine was dis-

solved in a concentration of 40 �g/nml in an
unbuffered solution containing sodiummm, po-

tassiummm, and calciumum in time saimme concen-

trations as time regular buffer. A volume of

0.5 ml of timis immixture was injected into time
tubing leading to the atrial cannula, and
time hearts were frozen at various tinmes
after injection i)y clamping between two

aiuminunm blocks cooled in liquid nitrogen
(15). Control Imearts received! 0.5 mmmiof time

unbuffered saline solution without epineph-

rifle. Figure lB illustrates time effect of

epinepimrine. Altimough an accurate dose-

response curve was not determined, this

dose of epinephrine was estimated on the
basis of preliimminary experiments to be sub-
maximal. Since 20 1�g migimt he expected to
be supraimmaximal in a Langendorif prepara-

tion, it simould be pointed out that in the
working heart, as used in these experiments,

an injection of 0.5 ml would be pumped

througim the heart in approximately 3 see,

and of this volume not more than 25%
would be forced through time coronary

arteries. Hearts having a cardiac output

(exclusive of time coronary flow) of less

than 25 mi/mm were discarded. The frozen
hearts were stored at -70#{176}. Prior to assay
they were powdered in a percussion mortar
chilled in liquid nitrogen.

Analytical methods. Tissue levels of cy-

clic AMP were nmeasured by the method of
Butcher et a!. (16), using 0.4 cm inner

diameter colunmns. Phosphorylase activity

\\‘IIS assayed by time immethod! of Danforth
et a!. (17), using glycerol exti’action. The

results are expressed in terms of apparent

perceimtage of pimospimorylase a (i.e., activity

in time absence of added! AMP X 100/
activity in time presence of 1 m� adc!ed

AMP). Glycogen synthetase activity was

measured, in time presence and absence of

glucose 6-phospimate, by two metimods. In
either case, extracts were prepared by

homogenizing time frozen muscle powder in
9 volumes of extraction fluid in a glass

homogenizer at ice-1)ath teiumperature. The
homogenates were timen centrifuged for 20
imminutes at 7000 g in a refrigerated centri-
fuge, and time pellet was discarded. The

first method, based on that of Leloir and

Goldemberg (18), involved measurement of
time amount of UDP produced from UDP-
glucose during a 45-mm incubation period.

Time extraction fluic! contained 0.4 �r su-
crose, 5 nm� EDTA, 0.1 M Tris (pH 7.6),
and 0.025 M fluoride. Time extract was

added to start time reaction, being diluted
fivefold in the process. The final reac-

tion immixture contained the equivalent of

1 mg of tissue (wet weight), 7.5 �moles

imidazole (pH 7.6), 0.25 �nmole UDP-
glucose, 0.5 �tmoie glucose 6-phosphate
(when present), and 0.4 mg glycogen in a

total volume of 0.05 ml. The absence of
significant quantities of glucose 6-phos-

phate in the reaction mixtures to which it

had not been added was ascertained
enzymically with glucose 6-phosphate de-

hydrogenase. The second method for glyco-
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gen synthetase, based on timat of Steiner

et al. (19, 20), involved measurenment of time
amount of labeled glucose from UDP-

glucose incorporated into glycogen during

a 10-mm incubation period. The extraction

fluid contained 0.4 �i sucrose and 5 nm�r

EDTA, and this was diluted tiureefold in

starting the reaction. Time final reaction

mixture contained the equivalent of 5 mg

of fresh tissue, 10 j.tmoles glycerophosphate
(pH 7.4), 0.15 jtnmole UDPG, 1 1�mo!e

glucose 6-pimospimate (wlmen present) , and

1 lug glycogen in a total volume of 0.15 ml.

Following time ternminology of Friedman and

Lamer (21 ) , according to whicim time activ-

ity in the absence of glucose 6-phosphate
reflects the activity of the I fornm of the

enzynme, while the incremmment in time pres-
ence of glucose 6-pimosphate is due to the D
form, the results were calculated in terms

of “apparent % I” (activity in the absence
of glucose 6-pimosphate X 100/activity in

the presence of glucose 6-phospimate).
Isotope technique for distribution studies.

The perfusion mediunm for measurement of

cyclic AMP uptake contained 2.7 nm� sorbi-
tol and 0.1 m�r cyclic AMP. Nonworking

hearts were used for these experiments.
After a 10-mm washout period, the hearts

were perfused! for 35 mm �vitim a solution

containing D-sorbitol-1-14C (approximately

0.04 j�tC/ml) and tritiated cyclic AMP
(approximately 0.05 �tC/ml). Aliquots were

taken at 5 and 35 nmin and analyzed for
14C, tritium, and cyclic AMP. At the end of

the perfusion perioc! the heart was cut froium
the cannula into a beaker of ice-cold saline
and inmmmmec!iatelv bisected witim scissors. It

was then blotted on filter paper and frozen

in liquid nitrogen. For simultaneous nmeas-

urenments of 14C and tritium, aliquots of
frozen tissue (100-200 mmmg) were (Iried and
then oxidized! to CO2 and water in a

Thonmas-Ogg commmbustion cimanmber. After

conmbustion was coimmplete time flasks were
cooled! on blocks of dry ice and timen placed

in a freezer at -20#{176}. A volummme of 6 mmmlof
20% ethanolanmine in nmethanol was timen
injected into eaclm flask, and time sealed

flasks were allowed to stand at rooium tem-
perature, �vitim occasional swirling, for ap-

proximately 8 lmr. A 3.0-immi aliquot of tiuis

mixture was timen transfem’red to a plastic

counting via! to wimicim w’as added 30 nmi of
Bray’s solution (22) , and time sanml)les were

counted at 9#{176}in a Packard Tri-Carim liquid

scintillation spectrometer. Time addition of

the etimanolamumine-nmetlmanol to Bray ‘s solu-

tion results initially in a imeterogeneous

system, but this clears within 1 hr on

standing. Time counts per nminute con-

tributed by ‘�C and tritiuni were calculated
by the discriminator-ratio nietimod (23).
The specific activities of sorbitol and cyclic

AMP under tiuese conditions were approxi-
mately 1100 cpmmm/1tmmmole and 60,000 cpm/

1i�mmmole, respectively, and time immeasured

radioactivity was a linear function of the
nuclide concentration up to at least 5 times

the concentrations encountered in this cx-

periment. The sorbitoi space was calcu-
lated as described earlier (13) on the basis

of 14C activity, and was assumed! to be
equal to time extracellular space. Time cyclic
AMP space was sinmilarly calculated on the

basis of botim tritium activity (apparent
cyclic AMP space, equivalent to the volume
occupied by the nucleotide plus its nuetabo-
lites) and enzymically nmeasured levels in

the tissue. Cyclic AMP in excess of that

which could be acconmnmodated within the
sorbitol space was assunued to be in time

intracellular water (total water nminus

extracellular water), anc! on timis basis the
intracellular concentration of cyclic AMP

was calculated.
Materials. The epinephrine used w’as a

commmmercial product of Parke, Davis and
Conmpany. Netimalid!e, 1- (2-naphthyl) -2-iso-
propylanminoetimanol HC1, was a gift to Dr.

H. C. Meng fronm Immuperial Cimemical Indus-

tries, Ltd., and A-isopropylnmetimoxaimmi ne
was given to us by Dr. ,J. J. Burns of the
\Vellcome Researcim Laboratories. Cyclic
AMP and! tritiatec! cyclic AMP were pur-
cimased from Schwartz BioResearcim, Inc.

The derivatives of cyclic AMP were syn-
timetized by Dr. Tim. Posternak as part of a

collaborative proj ect (12). UDP-glucose-
14C was prepared by Dr. J. G. T. Simeyd
according to the mmmetimoc! of Steiner et al.

(19, 20), and was a gift from Dr. Sneyd.
D-Sorbitol-1-14C was purcimased from time
New England Nuclear Corporation. Al!
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FIG. 2. Effect of epinephrine on cyclic AMP concentration, myocardial contractility, and phospho-

rylase activity

Hearts were perfused for 30 mm after ventricular work had begun, and! were frozen at 3, 15, 30, 45, 60,

and 120 sec after the injection of 20 pg of epineplurine.

In time upper panel (cyclic AMP) time point at zero time represents tlue mean of 28 control hearts

frozen at various times after the injection of saline. The point at 120 sec is time mean of 5 hearts, while

each of time other points represents the mean of 6 hearts. The middle panel represents the average

change in contractility seen in time hearts frozen at 60 and 120 sec. Peak systolic pressure prior to in-

jection of epinephrine was taken as 100%. In the lower panel (phospluorylase activity) the value at

zero time is the mean of all 36 control hearts, which are plotted individually in the lower curve (6
hearts per point). Time upper curve is plotted as described for cyclic AMP. Eaclu vertical bar repre-

sents two standard errors of the mean.
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other reagents were commercial products of

the highest purity available.

RESULTS

The time course of the changes in cyclic
AMP concentration, contractile force, and

phosphorylase activity is shown in Fig. 2.
The control level of cyclic AMP was 0.42

± 0.02 mp.nmole/g (wet wt.) of tissue.
Within 3 sec after time injection of epinepim-
rine timis level increased nearly fourfold,

and timen rapidly dlechned. The contractile

force did not reach a peak until 20 sec after
the injection of epinephrine, and pimos-
phorylase a did not reach a maxinmum until

45 sec. Of the tlmree paramumeters sluown in
Fig. 2, time phosphorylase cimange was time

longest lasting. Even after 120 sec time
percentage of pimospimorylase a renmained
close to 50% of time maximum increase seen

at 45 sec.
A series of experimuments were carried! out

to deterimmine time effect of netlmalide, an
adrenergic blocking agent (24), on the cy-
clic AMP response (Table 1). After time

TABLE 1

Eflect.s of epinephrine and nethalide on cyclic AMP

levels in heart tissue

Four groups of three hearts each were used.

Nethalide and epinephrine were administered as
described in the text. Results are expressed as

mpmoles per gram (wet wt.) of tissue, each value

representing the mean (± standard error) of three

hearts.

Group

Cyclic AMP

(mpmoles/g) P

Control 0.50 ± 0.07 -

Nethalide 0.43 ± 0.05 -

Epinephrine 1.86 ± 0.32 <0.02
Nethalide + epinephrine 0.60 ± 0.12 -

heart imad been working for 25 mmmin, netim-
alide was added to time perfusion fluid to
give a concentration of 7.5 �tg/m1. Timis was
recirculated for 5 mm. Epinephrine or

saline was then injected as usual, and the

heart was frozen 10 sec later. Netimalid!e

completely blocked time inotropic response
to epinephrine and, as shown in Table 1,

completely blocked time cyclic AMP change

as well. Time inimibition of phospimorylase ac-
tivation by netimalide imas been reported

earlier (25).

Time possible effect of N-isopropyinmeth-
oxanmine (IMA) (26) was investigated in
anotimer series of experinments (Table 2).

TABLE 2
Eflect of epinephrine on cyclic AMP levels and

phosphorylase activity in the presence of

N-isopropylmethoxam me

Two groups of four rats each were used. N-Iso-

propylnuethoxamiiue and epineplmrine were ad-

ministered as described ilu the text. Each value

represents the mean (± standard error) of four

imearts.

Parameter Coimtrol Epinephrine P

Cyclic AMP 0.45 ± 0.04 1.36 ± 0.14 <0.01
(mpmoles/g)

% Pimosphoryl- 19.1 ± 3.7 49.6 ± 4.6 <0.01
ase a

nephrine (26, 27). In time present work a
dose of IMA of 14.5 1�g/ml (5 X 10� M)

was used. Time drug was ad!ded! to time

perfusate after time imeart had been working
for 25 mi and! was allowed to recirculate

for an add!itional 5 mmmin. Eitimer saline or
epinepiurine was timen injected!, and the
Imeart was frozen 10 sec later. Timis dose of
IMA caused an average deem-ease in imeart
rate of 21% (frommm 193 beats/mumin i)efore

time addition of IMA to 152 beats/mm at
3 nmin after it had been added). Doses much
in excess of 14.5 1tg/ml could not i)e used

because of arriuytlummmias, togetimer with a

drastic lowering of time cardiac output.
Comparison of time data in Table 2 with

timose in Fig. 2 simows timat IMA does not
reduce time epinepimrine effect on cyclic AMP

or pluosphorylase. Time inotropic m-esponse to
epine�)imrine could actually be prolonged by
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IMA. When epinepimrine was recirculated at

a concentration of 0.2 �tg/ml, in the absence
of IMA, time inotropic response was over

witimin 2-3 mmmin. In time presence of 14.5 �ig/
nul of I:\IA, imowever, time inotropic effect

was maintained indefinitely. This is nmost
likely due to blockade by II\IA of time

chronotropic response to epinephrine. The

interval-strengtim relationship of the rat
heart is anomalous in that an increase in
rate results in a decrease in force (28).

The values for time percentage of glyco-
gen syntimetase in time I form differed sonme-
what depending on the mmmethod of assay, but

were in neitimer ease affected by epineph-
rine over a period! of 2 mm. Time metluod of

Leloir and Goldemherg (18) indicated that
26.9% of the syntimetase was in the I form,

witim an average total glycogen synthetase

activity of 79.2 1.tnmoles of UDP formed per
hour per gram of tissue. At no tinme was
there a significant difference between the

control hearts and those that had been
exposed to epinephrine.

Attenmpts to elicit a positive inotropic

response with eitimer cyclic AMP itself or
several of its derivatives (12) were conm-
pletely negative. Time dihutyryl derivative

was tested in a series of timirteen working

hearts. Recirculated in concentrations up to

6 X 10� M, it failed! to alter time perform-
ance of the imeart in any way. Cyclic AMP
itself, the N-nmonobutyryl derivative (12),

and the recently syntimetized N-henzoyl
derivative were likewise ineffective.

Since it was not known wlmetlmer these

conmpounds could penetrate the myocardiai
cell membranes of time rat heart, time experi-
nments designed to nmeasure the uptake of
cyclic AMP were carried out as described
in Materials and Method!s. Analysis of the

perfusate for 14C, tritium, and cyclic AMP
simowed no decrease in time concentration

of 50I1)itOi or cyclic AMP during 30 nuin
of perfusion with time radioactive buffer
(Table 3). It was not possible to detect
increased! intracellular cyclic AMP by

enzynmic assay, since time average tissue

concentration to be expected on time basis

of the perfusate concentration (Table 3)
and the sorbitol space (Table 4) was 26.7
mp.moles/g, whereas time actual nmeasured

TABLE 3
Effect of perfusing rat heart for SO mm on the

perfusate concentrations of sorbitol and

cyclic AMP

Initial perfusate volume was 20 ml. Aliquots were

renmoved 5 and 35 mm after perfusion with the

radioactive buffer had begun. These were diluted

fivefold and counted after mixing 1 nml witlm 20 ml of

Bray’s solution (22). Contributions from ‘4C and 3H

were calculated by time discriminator-ratio method
(23). The aliquots were diluted 250-fold for meas-

urenment of cyclic AMP. Each value followed by a
standard error represents the mean of four hearts.

Parameter

Time of perfusion (mm)

5 35

‘4C (cpm/ml) 18436 ± 8 18532 ± 50
Tritium (cpm/ 24513 ± 72 24590 ± 42

ml)

‘4C/’H ratio 0.75 0.75

CyclicAMP 92.3±2.1 92.4±1.4

(mpmoles/ml)

concemutration, using our standard assay

(16), was 24.2 ± 0.8 nmp.moles/g.

Comparison of tissue tritium radioac-
tivity with perfusate tritium (Table 4) in-
dicated timat time tritiuimm space was about

357 p.l/g, or about 68 �J/g greater timan the

sorbitol space. Timis would suggest that

after 35 mm of perfusion sufficient tritium

had accunmulated intracellularly to be the

equivalent of 12.2 nm1�moles of cyclic AMP
per nmilliliter of intracellular water. If timese

tritium counts were still in the form of
cyclic A1VIP, time enzymmmic assay would imave
been capable of detecting it. Analysis of
tissue extracts by paper cimromatography

indicated timat approximately 27% of the
tritiummm present could be accounted for as
metabolites of cyclic AMP (versus about
2% of time tritium in the perfusate). If one

assumes that all the tritium which entered

the cell entered in the forum of cyclic AMP,
and w’as timen modified intracellularly and

trapped timere, the average rate of entry
could be estinmated to he ai)out 0.35
nmp�nmoles per mumilliliter of intracellular

water per minute. Figure 2 shows that
between 3 and 60 sec after epinephrine the
rat imeart is on the average capable of
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TABLE 4

Apparent uptake and intracellular accumulation of

cyclic AMP and/or its metaholites by the

perfusea rat heart

Each of 4 hearts were perfused for 35 mm with
radioactive buffer, as described in Materials and

Methods section. All values for sorbitol and cyclic

AMP in this table are based on measurements of

‘�C and 3H, respectively, usitug the original buffer as

the standard. Values followed by a standard error

are the means of 4 hearts.

Parameter Value

Tissue sorbitol (pg/g) 150 ± 3

Perfusate sorbitol (pg/ml) 521 ± 1

Sorbitol space (pl/g)a 289 ± 6

Apparent tissue cyclic A�vIP 34.2 ± 1.9

(mpmoles/g)

Apparent perfusate cyclic AMP 95.8 ± 0.9

(mpmoles/ml)
Apparent cyclic AMP space (pl/g)a 357 ± 21

Total tissue water (pl/g) 820 ± 7
Intracellular water (pl/g) 531 ± 12

Apparent intracellular cyclic AMP 12.2 ± 2.6

(mpmoles/ml/

a Space, pl/g
- (tissue concentration, pg/g) (1000)

- (perfusate concentration, pg/mi)

Intracellular cyclic AMP, mpmoles/ml =

(cyclic AMP space - sorbitol space, pl/g) times
(perfusate cyclic, AMP, mpmoles/ml)

(total water - sorbitol space, pl/g)

reducing its intracellular concentration of
cyclic AMP fm’om 2.84 to 1.16 nmp.nmoles/ml

(assuming 50% of the wet weigiut of time

tissue to be intracellular water), represent-
ing an average rate of destruction of 1.77

m�moles/mi/min. Timis value is likely to
be an underestimate of the true rate of

destruction, since the peak concentration
of cyclic A�\1P after epinephrine may in

fact be greater timan the 3-sec value plotted
in Fig. 2. Even on this basis, however, it

can be seen timat the heart is capable of

destroying cyclic Ai�IP at a rate five times
faster than the calculated rate of entry. If
some of time cyclic AMP was mmmetabolized
before it entered the cells, then time rate of
entry would be correspondingly less.

It is also possible to calculate time rate

of entry on time assummuption that the 2%

of perfusate tritium wimicim could not be

accounted for as cyclic ANIP represents

material timat entered the intracellular

space as cyclic AMP, was metabolized

tluere, and subsequently escaped into time

external nmedium. The data necessary for

timis calculation are time apparent perfusate
concentration (95.8 nm�ummoles/nml) , the final

perfusate volume (approximately 15 ml),

the tinme of perfusion (35 nuin) , the weight
of the heart being perfused (approxinmateiy

1.2 g), and the intracellular water (531
j.cl/g) . The rate of entry on this basis is

1 .63 m�.cnmoles/nml/nmin (1.28 mp�mmoles/ml/

mm plus the 0.35 m�nmoie/ml/min caicu-

lated previously) , whiclu is still less than
the rate of destruction calculated from
time data in Fig. 2. Timese observations
would suggest timat under time conditions of

tlmese experiments exogenous cyclic AMP
does not enter the cells of the rat imeart at a

rate sufficient to build up intracellular con-
centrations comparable to timose seen after

time injection of epinephrine.

DISCUSSION

It has now been denmonstrated that epi-

nepimrine causes a rapid transient increase
in the concentration of cyclic AMP in the
isolated perfused working rat imeart. Since

this change precedes time inotropic response,

time data are in accord with time hypothesis

that cyclic ANIP is an intermediate in time
inotropic effect of epinephrine. Timis hy-

pothesis suggests that epinephrine nmust
first interact with and activate time menm-

brane adenyl cyclase system (29), result-
ing in an increased intracellular concentra-

tion of cyclic AMP. The cyclic AMP acts
in turn to trigger anotluer event which then

leads to the increased force of contraction.
This hypothesis is supported by the studies

with netimalide and N-isopropyimethox-

amine. Nethalide blocks both time cyclic
AMP effect and the inotropic response,
while IMA, wimich blocks many of the

metabolic effects of epinephrine (26),

blocks neither the rise in cardiac cyclic
AMP nor the inotropic response. Our in-
ability to mimic time nmyocardial effects of

epineplmrine with cyclic AMP, whicim ap-

pears to be possible in time unanesthetized
dog (11), is explained on the basis of the
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low perimieabiiity wimicim time rat imeart

eximii)its toward this nucleotide, togetimer

witim its higim plmosphodiesterase activity.
\\Timetimei. or not conditions can be found in

the perfused rat heart timat will permit the
intracellular accuimmulation of exogenous
cyclic AMP and time siimiultaneous meas-

urement of contractile force is a matter for

future researcim.
Assuming that cyclic AMP is involved in

time inotropic response to epinephrine, the
question arises as to how it might be in-

volved!. Experinments wimicim appeared to

show a direct effect of time nucleotide on the

rate of superprecipitation of actonmyosin
could! not be confirmmmed (30). The earlier

notion timat epinepimrine nmiglmt act tiurough

phospimorylase activation seenms to be no

longer probable (31-33), and the increased
oxygen consumption seen after epinephrine

appears to be a result rather timan the
cause of time inotropic effect (34, 35).

Hypotimeses based! on the idea timat an

increased availability of intracellular ATP
would necessarily lead to an increased force
of contraction seem unattractive in any

event, since work with various muscle
models (36, 37) would suggest timat increas-

ing time concentration of ATP could as

easily lead to a negative inotropic effect as

a positive one.
Recently, Kocim-Weser et al. (38) have

presented evidence to support their conten-

tion that epinepimrine increases myocardial
contractility chiefly by increasing the
amount of time positive inotropic effect of
activation (PlEA) produced per beat (28);
epinepiurine imas little or no inotropic effect
if time interval hetw’een heats is sufficiently
prolonged (28, 38). Since it may be as-

suimmed! timat epinepimrine stimulates the

adenyl cyclase system whether the heart
is beating or not (6), a reasonable sug-

gestion would seem to be that cyclic AMP
exerts its effect on an enzynme or enzyme
systenm involved in the production of the
PlEA. The chemical nature of the PlEA
is presently so obscure, however, that fur-
ther speculation on this point would not be

warranted!.
While it is well known that the anmount

of pimosphorylase in time “a” form increases

following time administration of epinephrine

(39) , the tinme course of this response has
not previously been measured. It is inter-

esting that the maximum pimospluorylase
response lags behind time inotropic response.

Indeed it is conceivable timat part of the

phospimorvlase effect may be clue to the
increased work of time heart ratimer than to
the effect of epineplmrine per se. Electrical
stimulation of anaerobic skeletal muscle

leads to incm-eased levels of phospimorylase

a in timat tissue (17, 40, 41).
The apparent lack of effect of epineph-

rine on cardiac glycogen synthetase is in
agreement witim time recently reported work
of Willianms and Mayer (42). These investi-

gators, using an open-chest rat preparation,
showed timat while large doses of epineph-

rine could cause an increase in time per-
centage of the enzymmme in time I fornm, smmmaller

doses, capable of eliciting a maximimal mo-
tropic response, had no significant effect on
cardiac giycogen synthetase activity. It

seenms likely that other factors, including
the tissue glycogen level (43), may be
more inmportant in regulating time activity
of this enzyme than are transient changes
in time level of cyclic AMP. An effect on
giycogen synthetase would not appear to

be an iimmportant component of the inotropic

response to epinephrine.
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