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SUM MARY

This papei’ descm’iimes time kinetics of time changes in time levels of time glycolytic inter-

immediates, �imospimom’ylase a, cyclic AMP, ct-eat-inc imhosphate, time adeniime nucleotides, and

inorganic pimospimttte ill isolated pei’fused rat imeam’ts following time adimministration of

epinc� )imrimme.
Cyclic A�\1P, Ai)P, A�\1P, creatimme and inorgamlic 1)imospimate, all increased nmommotoni-

cahlv fi’ommm time onset of time collt mactile force increase. Cyclic AMP levels reached peak
values after about 10 see, and mmiaximmmunm values of ADP, AMP, cm’eatine, and inorgamlic

pimospimate were oi)serve(l after about 25 sec. lime increases of AI)P and AMP were stoi-
cimiommmetricahly accounted for by a fall in ATP, ant! time increases of (melttimle and inorgamiie

phosiimate by a fall in creatinc 1)imosPimate. Pimosphorylase a activity immcm’easeci by 60’/.

and reached a broad peak after 20-30 seconds. Timis increase occurred a few’ seconds after

time onset of time inotropic response. Time tissue levels of �thl time glycolytic intermediates

also increased transiently, timere being a 10-15 sec delay relative to time inotrol)ic response.

Timese m’esults (!elmlonstm’ate time trammsient effect of cyclic AMP on time i)imOsl)imom’Ylase sys-

tem, and time temmmporal separation of the inot topic ammt! glycogenolytic effects of epinephm-
rine.

Control sites in time utihizatioim of glucose ammd glycogen imave i)eeml identified at the steps
of glucose penet-rtttion into time cell, imexokinase, l)imOsPimOfiuctokillase, and at an enzyiimic

site between ghyceraldehyde-3-P and 3-P glycei’ic acid!. Time rate of intracellular gilmeose

and glycogen utilization appears to 1)e controlled pm’nmcipahly by the activities of imimos-

pimoryhase an(l pimospimofruictokinase. Measureimment of time cOiiml)lete pattem’mm of glycolvtic
intermediates during time period of rapi(! glycogenolysis induced lw e�)inephmm’ine hits �xm’-

mittedl an analysis of tile control exerted at time l)imOsl)ilOfIUctOkimmase site due to cimanges

in time t.issume content of adenine nucleotides, inorganic 1)imospimate, an(i cyclic AI\IP.

I NTRODUCTION

It imas i)l’eviOImsi�’ h)een simown timat epi-

nepimrine ilmcl’eascs time glucose uptake of time

rat imeart perfused! witim Itn(l witimout imlsuhin

(1), and :tlso increases time level of glucose-

6-P to a �‘tuhi.ie well above time ?fl vmtro

inimibitory constant for imexokinase (2).
These results contrast- witim timose oi)tainedl

when epimmephmrine is added in vitro to immcu-

bated! rat diapimrttgimms (3) or to anestimetizedi

rats in moo, and time diapilragm and! skele-

tal immuscie subseciumemmtlv Itnalyzedl for intra-
cellular glucose aimi! glueose-6-P (4, 5

Kipnis et a!. (5) observetl a simultaneous

accumulation of glumcose and glucose-6-P in

mimuscie tissumes of time rat- after e�)inepilI’iile

treat-mmment, and thmcv interpreted timese find-

ings as indicating a decreased rate of glum-
cose pimospimorylation (lute to glucose-6-P

inhmii)ition of imexokinase.

� Possible reasomm fom’ time apparently (hf-
feremmt nletabohic response of cardiac ammd

skeletal muscle may i)e that wimile time
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cedures, and flumorommmetric metlmods (9, 14)
were employed! for mmmost- of time otimer

analyses. Cyclic AMP’ was assayed by the

nmetimod of Posner et a!. (15).

RESt LTS

Effects of Epinephrine on G!ucose-6-”C

3letaboli.s m

Time results of an experimmment, in wimicim

epinephrine (final concentration 0.2 jig/mmml)

was added after 30 mm to hearts l)erfusedl

with mmmedmumm containing glucose-6-’’C and

5 X 10- M EDTA, am-c summmmarized in Fig.

1. Between 15 and 60 mm of perfusion time
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l)erfused iI(amt l)I’(’I)am’tttion is �)erfom’mmling
contractile �voi’k, time in(ui)Itte(l skeletal

muscle and (hitt�)hmm’mtgmmm l)rel)arations ale

quiescemmt. It is l)Ossil)lc, therefore, timat glum-

cose uptake IllIly i)e increased! w’imen work is

I)eing done by imeart nluscle because of aim

activation of omme om’ immom.c rate-contm’oliing

steps in time glycolytie sequence. Phospho-

fructokinase is one possible site fom’ this

type of fee(!back control. Its activity can i)e
greatly modified by cimanges in time a(hemline

nucieotides amm(l mmmorganic phosphate 6

and! it imas also been shown to exert a con-

trolling influence on time mate of glycolysis

in rat imeltrt undem’ It variety of mmmetabohic

conditions (7-9).

In time present stu(ly, a (letailed kimmetic

invest-igatiomm of nmetabohite cimanges follow-

ing epineplmrine admrnnistration to time per-
fused i-at imeart is reported. Control sites in
the glycolytic pttthmway hmave been i(!elmti-

fled, an(l an ttttemmmpt has been nlttde to

!eterimmine time nature and degree of control

at these sites by time Immeasurenlemmt of

changes in time levels of key intermediates

in time imeart dumimmg Itn(! after time l)em’iOd of

rapid glycogenolysis. In thus manner, it imas
been possible to estabhisim wimetimer evidence

for control ttt enzymmmic sites obtained from

in m-’itro studies ate consistent with nmetttlmo-

lite cimanges observed in tile intact tissue.

Preliminary accoummts of part of this work

have bceim l)Ilbhisimed (2, 10, 11).

M.-�TERIALS ANI) METHODS

Mttle Spmague-1)awley om’ Wist�tr mats

weigiming between 220 and 280 g were used.

All aniimmals hma(l unrestricted access to food

and water. lecimniques used! for imeart l)er-

fusiomm, isotopic techniques, Itni! nmost of the

analytical pm’oce(lures for time (st immmat ion of

metabolic interlmledilttes are fumli\’ described

elsewimeme I 9, 12 ) . Inomganic pimosplmate

was detem’mmli mmcd in fresim l)em’cimloric extracts

by a mmminom modification of time mmmetimo(! of

Waimler ant! \\ohlcnberger (13� , and time

opticttl tiemmsity of time pimosphmommmolybdate

complex in isopmo�)yl acetate was immeasured

at 310 nm1i. imm a Zeiss spectrophotomneter.

Analytical (icterimminat ions i’epol’te(I in

Tai)ies 1 ant! 2 and Figs. 2, 4, and 5 were

immade using spectropimotommmctric assa\’ plo-
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11(1. 1. LtJiit of (‘piit(/)/triite on the uptake aitil

in etaho!isut of glncos(’-(J-”c’

The hearts were perfused with 20 imil nmediumii

containing 5 m� glucose, 5 X 10� M EI)TA, anti

0.1 pC/mi gluicosc-6-”C. Epinephmrine (F;) was
a(I(ie(i after 30 Olin to give a final concentrat iou of

0.2 pg/nil in time circulating mmle(liuimm. Each point

represents the mean �s’it ii 2-4 hearts in each group.

r�ttes of glucose umptake, count-s removed

from time mediummm, and! 1�CO2 production

were linear in control imearts butt were

mnarke fly st-immmulated by epinepilrine, time
results being summilar to tlmose j)reviously

vt-potted witim umnifornmly labeled glucose-
1’C (1). Glycogen set-ved as tile precursor

1 The cyclic AMP measurements were lone in

collaboration with Dr. \V. ‘V. Chmeung.
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MEDIUM COUNT

DECREASE
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0 - 2296±41) 2148±32 93±0.5 115±3.5

1 + 2485±48 2305±21 97±0.4 126±2.6

3 + 2752±56 2538±47 92±0.6 115±1.4

5 - 2077 ± 11% 2042 ± 55 90 ± 0.9 112 ± 3.2

5 + 2567 ± 25 2292 ± 24 S9 ± 0.5 111 ± 1�i
10 - 2105 ± 57 1872 ± 1% 90 ± 1.9 112 ± 1.1
10 + 2581 ± 28 2225 ± 59 91 ± 0.9 119 ± 4.8

30 - 2071 ±24 1884 ±32 91 ±0.8 113 ± 1.3

30 + 2140 ± 47 1928 ± 26 83 ± 3.0 131 ± 2.0

Mol. Pharm-acol. 2, 206-220 (1966)
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of immost of the lactate formmmed in time pres-

ence of epinephrine. Time nonlinear incm’ease
in time rltte of ‘‘CO2 production indlicat-e(l
timat unla 1)eled Pyruvate (liluted time l)�’ru1-
vate-14C pool (lumring time first 15 mm of

perfusion w’itim epinephmrine. Parallel stumihes
with glucose-I -‘‘C simowed that time ratio of

time specific �‘ields (16) of ‘‘CO2 fm’oimm
glucose-6-14C ant! glumcose-1-1’C were not
�igtmiflcammtiv diffcremmt frommm unity, hotim in

tile presence and absence of epinepimm’ine.
Timem’efom’e, despite time elevated levels of

glucose-6-P, it is unlikely timat oxidation of

glucose by t-he pentose-pimospimate P�ttim�vay
represents a qumantitatively signifieltnt con-

tribution to time total glucose mmmetabolismmm

in epinepimrine treated! imearts. It Imas been

shown previously (17) timat insulin likewise
failed to affect the sl)eciflc yield! of 11C02

frommi glucose-1-’4C and _6_14C, butt botim

insulin (17) and epinepimrine (18) increased

time ratio of NADPH to NADP in time rat

heart.

Effect of Epinephrine on Glucose Plios-

phorylation

The rate of glucose pimosphorylation imm
time heart is nmeasured by time differemmce
between time rate of glucose uptake and time
mate of accummmulation of intraceliulltr glumcose

(19. Nornmaliy, free glucose cannot be

detected in time perfused rat heart; all time
glucose wlmiclm enters time cells is rapidly

pimospimom’ylate(l. An increase in glucose

uptake witimout glucose accummulation in the

int-racellulat’ fluid signifies timat timere imas

been an increase in time rate of transport
into time cell. Wimen insulin is present in time

perfusate, time permeability restriction is
removed, and the glucose space becoimmes

greater timan the extracellular sh)ace. �n(ler
timese conditions, time rate of glumcose utptake

is linmited by the rate at whicim it can be
pilospimorylated and immetahoii zed in time
glycolytic pathway.

Table 1 simows time effect- of epiimephrimme

(0.2 j�g/ml), in the presence and! absence of
insulin, on the intracellular water volume,
and on time ratio of the glucose space to the

sori)itoi (extracellular) space of time heart.

Epinepimrine caumsed a transient itmerease of

time intracellular volummme, 1)0th in time pres-

ence and! in time absence of insulin. In the

absence of insulin, time glucose space was

slighmtly less timan the ext.racehhumlar sl)ace,

and epinepimrine had no effect on time ratio
of timese qumantities. On the otimer imand, in
the presence of insulin, the glumeose space
was greater timan time extracehlular space,

(lemmoting time presence of free glucose in time

TABLE I
Effect of epiitepbtrine on the intracellular u’ater volume a-nd the ratio of the ylucese space to the sorbilol space

After 15 mm of preliminary perfusion witim flimid comitaining 5 nm�i glucose, 5 X 10-s �u EDTA, 0.5 g/l

“C-D-sorbitol (ummiformiy labeled), and 2 miiliunits/mI insulin (if preseitt jim the later perfusion), hearts were
transferred to a recirculation apparatus and perfused for time times stated with 15 ml of a similar flumid con-

t�uning insulin and/or epinepimrine, as noted in tile Table. Values shown are the meauts ± standar(l error of

the mean of 4 or more hearts.

Tiumme of perfusioum

(mm)

Intracellular water

(pl per g of imeart, dry wi

Epinepimrine - - -�-�- --- -

(0.2 pg/mi) No ittsuliit Insulin

Glucose space/sorbitol space

(%)

� iulsuuliil lnsuliui
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Fic. 2. Effect of epinephrine on time jut race!lular glucose content

The t)erfiision conditions were the same as those for Table 1.

30

Minutes

Fic. 3. Effect of epinephrine in It cart rate and force of contraction

Hearts were perfused witlm 20 am! recirculating fluid containing 5 nm�i glucose and 5 X 10� M EDTA.

The vertical bars represent two standard errors of the mean with 5 hearts in each group.
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cells. Epinepimrine produced a snmahl incm’ease
in the ratio of time glucose space to the

extraceilular space only after tile first
minute and at time end of 30 mm.

The effect of epinepimrine in time presence

of insulin on time intracelluilat’ glucose con-
tent of time cells is immore readhly seen in

Fig. 2, wimere time intracellular glucose, ex-

pressed in �moies/100 g dry w’t, is shown as

a function of time. It may i)e seen that

8

a
C

there is a significant extra accumulation of

glucose above that found with insulin alone

after 1 mm, and after 30 mm, but not after
3, 5, or 10 mm of perfusion with epineph-
rine.

Effect of Epinephrine on Heart Rate and

Contractile Force

Figure 3 simows the mean changes in the

heart rate and contractile force in a series of
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imettrts after time addition of 4 �.tg epineph-
rine to 20 immi of perfusttte recirculating

timrougim time imeamts. Control lmeamts simowed

only smmmall cimanges of lmeart rate or con-

tractile force over time 30-mmmin perfimsioim

period. Epineplmrine i)ro(lulced! a 50% in-
crease of contm’actile force aftem’ 1 mimin. Timis

declined to a nmean increase of 10% after

3-5 mm, and timen increased to a plateau

value winch was maintained fom’ time dumra-
tion of tile experiment. Time cimanges of

imeart rate in response to el)inel)imrilme ��‘ere
summall, i)ut commsistcnt, an(l a nmaximimum in-

crease from a nmean of 295 (range 267-315)

to a mmmean of 331 i)eats/min (range 275-

365) was observed after 5 nmitm.
Time size of time inotroh)ic immaxinmum in

relation to time ammmphitu(le of time plateau

(!epende(! on time epineplmrine those and time

time ammd metimod of e�)inepimrine addition.

A imettrt, given a large (lose by time injection

of a smmmall volumumie of concent-m’ated soiumtion

or by commtinumous pem’fumsioim, responded in It

mitnner simmmilar to timat simown in Fig. 3.
Sumbnmaximmmal (loses in�ecte(! in concelmtm’atedl
forum also pro(!uced an inotropic l)eak pi’ior

to time l)lateaul, and! m’epeated doses accentut-

ated time effect. On time otimer imand, wimen a
suhimmaxinmal (lose was recirculated timrough

tile imeart, time force increased immmnme(!iatelv

to a plateaum (20). In all imearts, a nmaximimuim

increase of force was attained! witimin 10-15
Secon(ls. Time dumration of tile effect die-

pende(! omm time (lose and was prolonged! by

the presence of EDTA in time perfusate.

Effect of Epin-ephrine on Glycolytic Inter-
in cilia tes

Figure 4 simows timat giutcose-6-P and

fructose-6-P incm’eased approximmmately 4-
fold witimin time first minuite after perfusioim

witim 0.2 1.tg/mmml epinepimm’ine, timen decreased
rapidly to valumes about twice time contm’ol.

Thereafter, time levels of timese intem’immediates
grad!uaily incre�tsed in time epinepimrine-
treated ilettrts, wimile in the control imeai’ts

they decreased shigimtly. Frumctose-1 ,6-(hiP
mci-eased 11 -fold! witimin time fimst- minute

and subsequiently decreased, reaciming levels
approximately time sammme as time control after
30 mm. Time triose pimospimates followed a

sinmiiar pattern, but time cimanges wem’e less

FiG. 4. E�ect of epin(’phrute ott tbte ki’e!s of

glyco!ytic intermediates

Hearts were perfiis�d with fluid containing 5
m�i glucose and 5 x 10 M EI)TA. The filled

circles depict analyses of control hearts at the
stat-ed times, and time open circles represent anal-

vsis of hearts l)erfused in the miuesence of 0.2 pg/

ml epinephrine. The vertical bars indicate two

standard errors of the mean with 4-8 imearts in

each group.

pronouince(!. Time glycogen content de-
creased by about 50 �moles/g dry wt to a
constant level during time first 3 mm of

perfusion witim epinepimrine (1); hence, the
initial large accumulation of glycolytic in-

termediates is undoubtedly caused by an

increase in time i’ate of formation of hexose
monophospimates from glycogen which ex-

ceeds timeir tate of removal by the subse-

quent reactions of giycolysis.

With mmmore prolonged! periods of perfu-
sion, time elevated glucose-6-P level is

probably a reflection of the increased rate

of glucose pimospimorylation, as indicated by
time following experiment-. Groumps of four

hmeau’ts were first deplete(! of glycogen by a
10-mmmin period of anaerobic perfusion in the
ai)sence of substm’ate (21) and subsequmently

perfused aerobically fom’ a fumrtimer 10 mm
witim immediuummm containing 10 m� acetate

or 5 mmm� glucose as sui)strate. Time anaerobic
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perfusion decreased time glycogen content
fronm 119 ± 4 to 7 ± 2 p.moles/g dry wt.

Upon aei’ohic i)elfusion witim acet ate-
containing nle !iummm, epinepimrine pmodumced

tile usual increase in time force of contrac-

tion but no cimange iim time n�eatm glycogerm

content of imearts an(! only a snmali cimange

in tile level of glumcose-6-P (fronm 13 ± 2 to

17 ± 3 1.ommoles/100 g dry wt). On time otlmer

imand, if time imeam-ts wet-c pemfumse! fom a

similar 10-mm period with me(!iummm con-

taining glumcose and epinepimrine, time glyco-
gen content renmained low (8 ± 3 �nmoles/g

dry wt), but- time glucose-6-P level in-

creased! to 126 ± 10 1�nmoles/100g dry wt-.
Time residual himmmit-glycogen renmaining after

time anoxic treatment is imot susceptible to

furtimer degradation by plmospimorylase;

imence, gluicose in time mmmediunm must i)e time

I)m’ecultsor of glucose-6-P iim time tissue.

FIG. 5. Effect of epiitcpltiiite in the �)i�scttce- of

insulin in tbte levels of g!ycol��tic utterinediates

‘1l�e exl)euuuulleilt il condit ions were sin,ilar t a

those for Fig. 4 except for t lie at It litiommal preseimti

of 2 x 10 umnits/nul unsulium in the perfusate of

both control 11111 epiimepltrune-t rca I cii hearts.

Figume 5 simows time effects of epinepimrine

in imearts perfusei! witim glucose and insulin.

All time nmcasum’ed ilmterumle(Iiates immcrcased

nmaximaily after 1 mm of perfusion witim
epine�)imline an! (Iecm’eased to values sinii lttr

to time controls after 5 mm. Between 5 an(!

30 ilium of perfusion with epinepimrine, glu-

cose-6-P and frumcto�e-6-P incm’eased by

34C/( Ittl(1 40%, respectively, while fructose-

I 6-diP itnd triose-P dect’cased by 70� atmd
62�%, respectively. Time glycogen content of

imeart-s perfused witim gluicose, insulin ItIl(!

epitmepimrine decm’eased! by 44% over tile first-

5 mmminutes of l)et’fusion and! timen immcreased

at time sanme rate as that of imearts peifuse(l

witim gluicose and insumhin (1). Since tile

giycogen cimange is in tile direction of a
svntlmesis after time fit-st 5 nminumtes of

epmnepimrmne act-ion, and free glucose is

l)teseflt- in time cell, time resumlts simow t-imat
after timis initial period, time rate of glucose

pimospimou’ylation is gt’eatei- t-iman time i’ate of
fructose-6-P pimospimot’yiat ion, and! identify

l)ilOsPimoft’uictokinase as time rate-controhlimmg

step in time glycolvtic patimway. A commml)ari-

5011 of Figs. 4 an(! 5 simows timat insulin alone

increased! time levels of glucose-6-P ttnd

fiuictose-6-P appi’oxiimmateiy 3-fold i)ult imttd

little effect on time levels of fi-uetose 1 ,6-(liP
aimd time triose l)imosl)imates.

Kinetics of the (Jhanqes in- the Levels of flue

Glycol-ytic Intermediates

Detailed changes in time levels of time gly-

colytic internmediates witimin time first 2 mmmium
after time injection of 1 1ig epinephrine itlto
flutic! passmlmg to imeam’ts perfulse(l witim 10 mm�si

glucose witimouit- t’ecirculation, at-c shown jim

Figs. 6 and 7. Timmme is nmeasumred froumm time

onset of time mnotropmc respotmse. Lam’ge in-

ct’eases in time levels of all time nmtermeditttes

oceumrred aftcu’ 20-30 sec. i)ut time levels

sumbsequmently declined to values wimicim Ill)-

proacimed time commtt’ols aftem’ 2 imlmn. Frotmm time
large accutmmulation of gluicose-1-P, it is
cleat’ timat- timem’e is a Immassive inflow of imex-

ose PimOsPimates into the glycolytie systeimm

dime to rapid glvcogenolysis.

Aimalysis of time curves immtlieates, fist,

timat umm�tnv of time intermmmetliatcs (10 not

cimange appm’ecmably umntil aftei an itmtem’val

of approxummately 10 sec. and secoumtl, that-

the accumnmulation-depletmon cun’ves of dif-
fereimt gt’oumps of mntertmme(liates 11111 immto

sevet-al categories. In time expem’itmment show’n
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FIG. 6. Kinetics of epinephrin-e effects in gljjcolytic inteimediates

Hearts were perfused witim medium containing 10 m� glucose. Epinephrine (1 �zg in 0.2 ml medium)

was injected into fluid passing to the heart which was attached to a strain gauge. Zero time was incas-

ured from the start of the increased contractile response.

in Figs. 6 and 7, immaximum accumulation of

time imexose immonophosplmates was observed
after 30 see; peak values of fructose-1,6-
diP and time triose phospimates occuu’red

after 26 see; and peak values of 3-P-
glycem-ate, P-enol pyruvate, and pyruvate

after 21 sec. Maximunm values of a-glycet’o-

pimospilate tumd lactate were observed after
45 ammd 30 see, respectively. Time different

kinetic patterns of the cimanges in time inter-

mediates allow time location of control sites
at different times during the giycogenolytic
flux as will be discussed in a later section.

Equilib rin in and D iseq uilibriu in of the

Glycolytic Reactions

Figure 8 shows the relation of time nmass

action ratios to the thermodynamic equi-

lii)m’iummm constants of five 2-partner i-eac-

tions aimd one 3-partner reaction of time

glycolytic pathway (luring tile flux increase

induiced by epinepimu-ine. Time resumits of two

separate experiimments are shown in time fig-

nrc. Tlmese reactions are all freely reversible
and are classified in the near-equilibrium
gt’oump of i-eactions whicim (ho not exert a

control in time glycolytic flux (9, 22). De-
spite large cilanges in time total contemmt of

time glycolytic intei’mediates duiming time first
2 nmin of epinepimrine action, it- is seen that

time mass action ratios of time reactions
remain fairly constant and ate not (his-

placed from equilibrium by nmore timan one
order of magnitude. Certain cimaracterist-ic
small-order deviations from eqimihibriuimn are

of interest. In control hearts where glyco-
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Ftc. 7. Kinetics of epinephrine effects on glycolytic intermediates

The conditions of the experiment were the same as those for Fig. 6.
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thermodynamic equilibrium constant of the reaction.

genolysis is negligible, time content of glu-

cose-i-P is too snmall relative to time glucose-
6-P level for time equilibrium proportions of
time phosphoglucomutase react-ion; while

during active glycogenolysis, time equilib-

rium proportions of glucose-I-P and glu-

cose-6-P are reacimed or even exceeded.
Aldolase is also somewhat displaced from
edluiiibrium in control hearts but ap-

proacimes equilibrium during the period! of
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peak flux. Triose-P isomerase renmains 4- to
6-fold displaced fionm equilibrium in favor

of glycem-aideimyde-3-P over time 2-mm ex-
perimental l)eI’iod. Time displacenments of

aldolase almdl ti-iosephospimate isoimmerase

fronm equilibrmuim imave l)een noted pre-
viouisly (9, 22), and! immay be due to time

spatial �uxtapositmon of timese enzymes in

time cytoplasmic struicture (23).

Kinetics of f/ic Changes in the Levels of the

.1 (len inc N iicleotides, Crea tine-P. and

Inorganic Phosphate

Chmanges in time levels of time atlenine

nucleotides in gi-oumps of imearts l)em’fused

continuiously witim 0.2 p.g/imml epmneplmrine

for timimes up to 30 mm are simown in Table

2. Timere was a snmall, butt nevertheless

\‘alues are stated as micromoles � granm dr� weight.

Sigitificaitlly (liIIereIit from (ttlttr(tl (P < (1.01

statistically significant, (!ecrease of ATP

after I mitm of perfusion w’imicim was reflected

by a 2- to 3-fold rise in time levels of ADP

and AMP. Botim ADP and AMP retmiamtmed

elevated in tlmese experitmments for uip to 10

mm ierfusion witim epinepimrine, buit valumes
after 30 nmin were not significantly different
fmotmm the controls. Hearts perfused for 30

mmminin time absence of epinel)imrine contained
2.71 ± 0.14 p.moles/g dry wt- ADP and!

0.34 ± 0.03 1�mmmoles/g (!ry wt AMP (4
hearts in each group), simowing that time
levels of time adenine nucleotidcs (lid not

cimange appreciably during perfutsion in time

absence of epmeplmrine.

Figure 9 shows time early kimmetics of time
cimanges in time levels of time adenine imumcleo-

tic!es, cteatine-P, cm-eatine, and mmmorganic

pimospimate (P� ) after time addhit ion of 1 1�g
epinepimrimme to time l)erfusate passing to time

imeart-. Time levels of ATP decreased mono-

tonically over tile flu-st 20 sec and suui)se-
quently mci-eased to valumes similar to time

control after 2 nmin. Time cimanges of ADP

and AMP w’ere approximately reciprocal to

time ATP, and peak values were reached
betwecim 21 and 26 sec. However, botim AI)P

and AMP remained slightly elevated above

time commtrols after tIme 2 mm of perfusion

witim epinephm-mne. Time balance between time

thisappeam’ance of ATP and! appearance of

ADP and! AMP was remarkably good! comm-

sidernmg time great pm’eponderaumee of ATP

and time m’elativelv simmall cimanges immvo!ved.
Thmums, ATP decreased mmmaxiimmaily by 3.2

1�moles/g dry wt (14%) wimile ADP in-

creased by 2.4 pmoles/g dry wt (120%)
and AMP l)y 0.34 1imlio!e/g dry wt- (213% 1.

Fimete was also an approxinmately reciprocal

t’elationship between the increaseS of P

afl(! creatine, and time decrease of ei’catinc-

P, time immaxima or nminimmma occumt’riimg betweeim

20 mumil 30 sec. Inorgaumic pimospimate in-

et’eased by 23 1tummoles ‘g dry �vt, and ciea-

tame h)y 23 [Lnmoles /g thy wt, wimiie creatine-
P tiecm’eased by 19.5 /Lnmoles/g dry w’t. As

immay be seen ft’om a conmpat’ison of time val-

ties in Fig. 9 atmd Table 2, tIme effect- of a
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o 20 40 60 80 tOO 120
Seconds

simmgle dose of epimmepimrimme passimmg t imrouglm

time coronary cn’cimhation on time ailenine
numcleotides was, as immay be expected, eon-

siderably mote evammcscemmt. timan time effect

prod!umce(l by recimcumlation of peifuisate colm-
taming EDTA anti epmepimrimme. Time data
also simo��- timat t-lme adenine ilucleoti(Ie

chmarmges occuir witim time onset of time mo-

tropic stiimmulus and imot after a timmme lag as

observed witil time glycolytic intei’immediates.

Correlation of Contract-i/c Foice wit/i Tis-

sue Levels of Cyclic AMP and with-

Phosphorylase a Activity

The cause of time time lag between time

inotropic response and time simarp rise in time
levels of time glycolytic intermediates was

investigatedl by immeasum rilmg time levels of

cyclic AMP atmd �imospimorylase a after time
audition of I 1tg epinepimritme to a series of

hearts pet’fumsed witim nonrecircumlat ing time-
diuum containing 10 imm� glucose. Timese

results ate shown in Fig. 10, togetimem’ witim

glucose-I -P values and time percentage

increase of time contt-actihe force. Time glum-
cose-1-P valimes simown in Fig. 10 at-c time

same ones as timose l)resented it1 Fig. 6.

Zero tinme is taken frotim time timmme of onset

0 20 40 60 80 00 120

Seconds After I�g Epi

of time coimtractile force increase. Time immcan

level of cyclic AMP in control imearts prior

to time addiition of epinephrine was 1.5

mn�tmmmohes/g thy �vt., and! 10% of time total

pimospimorylase � Present as pimospimo-
rylase a (maimge 8-14% in five imearts).

Witilin 2 sec of time epinepimrine effect o�m

time conti-actile force, cyclic AMP levels

increased 2-fold. However, pimospimorylase a

levels reimmained in the sanme range as time

conti-ol hearts, wit-h values of 14%, 14%,

and 10% for tiimmes 1.5, 2, and 2.3 sec.

respectively. Sumbsequently, the pimospimo-

rylase a levels increased to teach a i)roa(i

peak after 20-30 secondls; time cyclic AMP
level continumee! to iise rapidly, reacimed a

sharp peak after 10 seconds, and! abrupt Iv
(lecu-easedi to a value sligimtly imigimer timamm

time control after 30 seconds. As may be seen
from Fig. 10, tIme rise ammd fall of time cyclic

AMP closely followed time initial peak of

tile contractile force. Glumcose-1-P did not
begin to rise appreciably umntil time commtrac-

tile fom’ce imad reached a maximum value
and time pimospimot-ylase a level was between

50 and 60% of time total pimospimorylase.
Tlmere is timuis a d!istinct t-immme lag between

time incueases of cyclic AMP and phos-
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e/o Increase

Of Force

80�
Force �8O

6Oi-��
5,

-60Phosphorylose a -

GIP 2O-.3Q�

i)imOi�’lttse a, on the one hand, and
phospimorylase a and! glucose-i-P on time

other.

DISCUSSION

Control of glucose phosphorylation. It
has been time lumpose of timis paper and the

preceding paper (.18) to diistinguisim be-
t-ween effects wimicim occur immmmed!iately upon

epinephrine addition andi effects of a nmore

secondary nature caused by time immcreased

frequency and force of contraction. Al-

thouglm effects of epinephrine on the metab-

oiisnm of cardiac muscle are generally sinmi-

1am’ to those on skeletal muscle, timem’e al-c
also marked differences wimich appear to be
related to the state of mechanical activity.

Recent studies by Krebs and associates
(24, 25), togetimer with earlier work qumoted

in these papers, imave simown that epinepim-

rine initiates glycogenolysis in skeletal
and cardiac imiuscie by a similar nmecimanism.

Cyclic AMP is formed fronm ATP by time
cyclase enzyme and prommmotes activation of

plmospimom’ylase b kinase wimichm, ium tm-n,
causes the phosphorylation of pimospimo-
rvlase b to pimospimom-vlase a. Pimosphorylase

a is time more active form of time enzyme
under the conditions of low AMP and high
ATP concentrations prevailing in time cell,
and time rise of pimospimorylasc a is respolmsi-

i)le for the increased rate of glycogenolysis.

�lycogen metabolism interacts witim glumcose

metabolisnm at time level of ghumcose-6-P (lime
to timis intermediate benmg a potent inhibi-

tot of hexokinase (26). The rate of disposal

of hexose monopimospimate will timus influence

time u-ate of glucose �Imospimorylation. when

glucose an(i glycogen are being immetabo-

hized simultaneoumsly.

Unlike rat diapimragm and skeletal nmus-

dc (3-5), epinepimrine increases glucose
uptake in the perfuseci rat heart witim no

accuimmulation of intracellular glucose in the

absence of insulin. Timese results simow timat

glumcose uptake remmmains linmited by trans-

port, and timat- transport ratimer than time

indmeasedi level of glucose-6-P limmmits time

rate of glucose pimosphou’ylat-ion. In time

presence of insulin, w’ith transport no longer

limiting, epincphrine caumses a further stinm-

ulation of glucose uptake over timat pro-

ducedi by mnsuhn alone. Since the increase

in time steady st-ate-level of intracellular

glucose is small in comparison with the

glucose umpt-ake, these results indicate that
glucose pimospimorylation has been increased

despite an md-ease in the concentration
of glumcose-6-P to above 1 mM (assuming

umniform distrilnmtion in time intracellular

space). Timis concentratiomm is an om-der of
nmagnitude greater than time Kj for mnimihi-
tion of imexokimmase in vitro: hence, it is

clear that- factou’s other timamm the level of

glucose-6-P regumlate time mate of glumcose

l)imOsphorylation in time cell wimen time sub-



METABOLIC EFFECTS OF EPINEPIIIIINE IN ItAT I1EA1tT II. 217

Mo!. Pharmaeol. 2, 206-220 (1966)

strate commcentrations are aI)ove time K,,�

values.

Two sets of observations help explain time

differences observed between the effects of

epinepimrine on cardiac and skeletal immuscie.

Time first concerns a commmparison between

time effects of electrical stimulation and of

epinephrine on isolated fmog skeletal nmus-

dc (27); and time secolmd, time finding thmat

inorganic phospimate counteracts time inhibi-

tion of ilexokinase by glumcose-6-P (28).
Karpatkin et al. (27) found that wimen frog
muscles were stimulated anaerobically in

the absence of glucose, increased! l)lmOs-
phorylase activity resulted in a large in-

crease of lactate formation, an increase of
inorganic phospimate, and an increase of

glumcose-6-P. On the otimer imand, wimen �‘pi-
nepimrine was added to nonstimuhated muis-

des, thmere was a dlecrease of inorganic

phosphate and a large increase of glucose-
6-P without a corresponding increase of
lactate. Fructose dipimospimate showed little
cimange with epinephmrine butt was nmarkedly

increased in time stimulated mumscles 29).

Timese results ind!icate that witim stimulation

theie was a faiu’ly well coordinated! increase
in time activities of imimospimorylase and

plmospimofructokinase. With epinepimiimme, al-
timouugim pimospimorylase was activated, pimos-

phofructokinase activity was not increased

proportionately. Timums, time key to time dif-

ferent behaviom’ of time glycolytic systemmm in

the two situmations seemmms to resid!e at time

level of control at- time plmospimoft’umctokinase

site.

Time increased production of itmorganic

pimosphate during electrical stimmmulution of

frog nmuscle (27) sumggests that timere is an

imbalance between energy sutppiv ammd umt-i-
hization, particularly at. imigim rates of stiimmu-

lation. Time ensuing decrease of ATP and!

corresponding increases of ADP and AMP,

possibly in con�utnetion with pH changes
in tIle muscle (30), would all ten(l to acti-

vate pimosphofruictokinase (6) ant! hence

coordinate glycolytic flux witim energ uti-

lization. On time other imand, wimen epimmepim-

rine is added to nonstmmumlated immumscle,

there is little or no increase of etmergy
utilization despite glycogen nmohilizat ion,

and l)imOsPimofruletOkinase remains mactm-

vated. Since inorganic PimosPimate levels fall

wimile glucose-6-P increases (27) , it is

likely timat hexokinase beconmes fully sus-
ceptible to inhmibition by ghucose-6-P so timat
glucose uptake is inimibited. In time present

experitiments with rat imeart, inorganic phos-

pimate levels increase after epineplirine
ad!ditiOn (hue to the gm’eatem’ expenditure of
energy, t-ilcrei)y, increasing time K1 for ilex-

okinase inimibition by glucose-6-P (28) and
allowing a greater �hmospimorylation rate

despite elevated levels of time inhibitor.

Time nmecimanisun for time facilitation of
glucose transport by epinepimrine in cardiac
muscle is not- known at- l)resent, but it ap-

iears to be related to time increased mechan-
ical activity of time imeart since it imas been

shown timat glucose uptake may be greatly

increased by increasing the work load on a

working rat Imeart preparation (31).

Control of phosphof-ructokinase. Measure-

ment of time nmetabo!ite levels in perfused rat

hmeatt reported in thus paper sumggests timat,
during time first few nminumtes of epinepimrine
action. enimanced glycogen utilization is the

principal factor imposing dhlanges on time
metabolite pattern. Time rapid rate of lac-
tate product-ion shows timat the glycolyt-ic

flux is increased to sucim an extent timat time
capacity of time mmtochondrial pyruvic oxi-

dase system is exeee(hed, and the excess

pyruvate is reduced by NADH gemmerated
at time triose deimydrogenase step. Activa-

t-ion of pimosPlmofructokinase occurs partly

due to time elevated fructose-6-P levels, hut

mainly (lute to ehmanges in the concentration
of the allostem’ic activators and! inhibitom’s
of time enzymmme (6). Relative cimanges of

timese intermediates in i’at imearts during time

first- 90 sec of epineplmrine action are simm-
nmarized itm Fig. 11 togetimer witim time rela-

tive change of pimospimofrumctokinase activity
in Imearts. Timis latter qumantity is estimated

froum time ummass actiomm ratios (K�,) of time

pimospimofrumctokimmase react-ion as calculated
from time nmeasured contents of F6P, FDP,
ATP, anti ADP found in time tissue at the

relevant times. Time immeasured eontemmts of
time pimospimofrumctoki imase reactants and
products indicate that. timis reaction is dis-

placed from equilibrium in time rat heart 1)y
about five orders of mmmagnitude; hence, a
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Fuc. 11. Effect of epinephrine on the pu’rcrittage

changes of ATP, ADP, AMP, cyclic AMP, and

illorganic phosphate in rc!at ion to tlte mass action

ratio of the phospbtofruetokinasc’ reacitoit (K,,,,

PFK)

cimange of time K0), towau-d time equmilibmium
value (1 .2 )< 10� is taken as dcnotimmg an

activation of time enzynme, ammd \‘wt’ versa.
It mmmav be scemm froimm Fig. II timat after a

simom’t. (lelay, time K), of tile l)imOsl)imOft’umdtO-

kimmase reactiomm increases simam’plv to reacim

a peak after about. 25 see and timemm abruptly
fails to a new steady state value foum’ timmmes

greater timan time initial. Time percentage
cimanges of AMP, Al)P ortimolmimoslmimate, an(i

ATP follow time K, curve fairly closely

(luring activatioim and dheactivation of

piiospimofrumct.okinase, suggest iimg a goo I
correlation between time cimanges of thmese

intem’mmmeuhiates ammd control at time pimos-

pimofructokinase site. On time otlmer imand,
altimougim cyclic AMP (an additional ac-

tivator of pimospimofruictokinase in vitro

increased almost 3-fold!, time cimange oc-

cuurred somewimat earlier than time activation

of l)imOspimofrulctokinaSe, sumggest ing tim at
cyclic A�\1P mmmav imave a miminor role ium time

mmmo(Iumlation of PimOsI)imOfm’uCtokitmase activity
in cardiac mmmuuscle. Time fail in time K,,,.

wimicim occurs between 26 and 30 sec after

time addition of epinepimrine in time experi-

tmlent simown in Fig. 11, is ratimer mmmore sumd-

(len timan immay be anticipated frotmi time

chammges in Ai\IP, ADP, and ortimopimos-
pimate ; and time possil)ilit-y thmat iumcm’eases in

time level of citi’ate over timis i)em’iOdi Inay

also contribute to stenmnming time flow of

sumi)st-rate timroumgim time pimosphmofrumctokinase
g ueadt-it�)fl lmas been d!is(Usse(i recetmtly ( 1 1 )
.; Control (it other sites. Since l)imOsl)ho-

fructokinase is time rate-controllimmg reaction

in time li�mear glycolytic sequtelmce from

gluicose- 1 -P to lactate, immcrease(l activity
could! iesuilt- imm omme of two possii.)ihities:

control of fluix coumlcl eitimem’ be retained at
pimospimofrumct-oknmase 01’ i)e transfet-red to

anot.lmei’ enzyumme site fumrtimer dowmm time gly-

eolytic patimway. If time fom’mmmer possibility

were time case, changes in time levels of the
glycolyti c intermimedi ates between fm-uctose

diphmosl)ilate and pyruivate would be ex-

pected to follow time kinetic pattern of
fruietose dipimosl)hmate; wimile in time latter

case, timose intermmmediates below time new
control site woumld be decm’easing at time same

timmme as time intermediates above the site

were inereasnmg. Time (lata in Figs. 6 and 7
simow that- ovem’ time tinme immterval from 21 to
26 sec after time onset of time inot-m-opic effect

(timese being time times at wimicim two sumc-
cessive imearts were frozen) , all time glyco-

lytie immtem’ummediates up to and incluiding
glyceraldeiiyde-3-P increased wimile 3-P-

glyceric acid, 2-P-glyceu-ic acid!, P-enoh

pyrumvate, and pyt’umvate deem-eased. The
lattet’ possibility, timem’efore, seems to be
correct. ammd alt Imoumghm complete data simow-

ing time kinetic cimanges of all time glycolytic
intcm’mmmediates a ftei’ epinepimriime hmave only
been presente(i for one expermment, qumali-

tatively simmmilar cimanges simowing time same

type of contm’ol transference ovet’ a limmmmted

tiimme lmavc been obtained! in otimer experi-
nmcmmts of a sinmilar nature. After 26 seconds,

fruictose dipimospimate levels fall, and timere
is a restoration of control at pimosPhOfi’lmcto-

kinase, as hscussed above. There is thus

a brief i)ei’iOd dluurnmg whicim evidence of
control at a site between glyceraldeimyde-
3-P ammd 3-P-glyceric acid is obtained. This

places it at citimer time tm-iose dehydrogenase
step or time ttiose kinase step, but since

levels of I .3-diP-glyceric acid are not

available, it is not possible to distinguish

directly betweeim timese two locations. A
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cmossover i)hot of time glycolytic intem’nmedi-

ates ovet’ time two successive tinme intem’vals

from 21 to 26 sec and! frommm 26 to 30 see,
illustrating time commtroi phmenommmena (his-

cussed above, has i.)een pui)hisime(h eisew’imere

(11).
Time sequence of metabolic crents. In

time preceding papem’ (18) nmeasun’enments of

the tissue flumorescence of time beating imeart
after time adchition of e�)inephrine simowed

that time nmean cimange of time pyridine nuucle-
otide was initially towau-d a imiome oxidiized
state, and timat subsequently timere was a

preponderant large cyclic change toward a
more reduced state. It was proposed! that

the initial pyridine nucleotide oxidation
represents prinmarily a mitocimondi’ial re-
sponse, comparai)le to state 4 to 3 transi-

tion in isolated immit-ochondria (32) as res-

piration was stimulated by a rise of ADP,

while the later pyridine numcleotide reduc-
tion is caused by time accelerated rate of
arrival of glyceraldeimycle-3-P at its deimy-

drogenase as glycogenolysis is stimulated.
The analytical results l)mesente(! imem’e sup-

port- this interpretation. Timums ADP in-

creases fronm time onset- of time inotropic
effect, whereas glycogenolysis is delayed, as

shown by time kinetics of time increases of

pimosphorylase a and time glycolvtic inter-
me(hiates.

The temmml)omal separation i)et.ween time in-

creased force of contraction and! time rise of

phosphorylase a is of particumlam’ interest in

relation to time varioums theories wimichm imave

been proposed! to explain time inotropic effect

of epinephrine (33). Time preSent results

would seem to rule oumt time possibilities timat

increases of imexosepimosphates (34), imigh-

energy i)hOSPimate comnpounds (33), pho�-
phorylase a (35), 01’ l)imospimoft’umctokinase

activity (36) bear any relation to time

initiation of time immcreased cotmtractilc
response.

Time prol)abie tiimme sequmence of mmmetabolic

events following epinepimrine admmmimmistm’ation

to cardiac mmmuscle may be summmmnmarized as

follows. An increased i)todiumction of cyclic

AMP appears to be one of time eailiest

eveimts. \\imetimer (pimme�)lmtine affects time
commtmacti Ic mmmecimammisimm directly om’ timrougim
time immediatioim of cyclic A�\1P must m-eniain

an open question, but time resuilts l)m’eselmtedl

imem’e and i)y Cimeung and Wihhianmson (20)

are consistent witim time possibility (37) that
time increasedi pi’oduction of cyclic AMP is

closely associated witim time inotropic effect.

Time increased exl)enditumre of energy needled
to sumpport- time contractile i.esponse m’esumlts

in an energy imbalance, so timat ATP levels
fall and ADP levels rise. Time rise of ADP
is stm’ongly buffered by interaction witim time

adenylate cyclase and creatine I)imOsI)imo-

kinase systems as simown by concommmitant
increases of AMP, cm’eatine, and immorganic

plmospimate, and! a decrease of creatine phos-

l)imate. Timese reactions in effect nminiimmize

time cimanges of A1)P wimich would otimerwise
be mumcim larger (38) . Altimougim it is not pos-

sii)le to apportion accurately time cimanges of

AI)P between tmmitocimondrial and cytoplas-
mid conmpam’tments, it is likely timat the
cimanges in botim compartments are in the

same direction, In time mmmitochonc!ria time

rise of APP is timoumgimt to leach an increased

mat-c of respiration (32) ; wimile in time cyto-

plasimm. pimospimofm’umctokinase is activated.
Timese cimanges, togetimer with the facilita-

tion of glumcose transport and pimospimoryla-

tioim, are considered secondary effects aris-

ing frommm time incm’eased mmmeeimanical activity.
lim time beating imeart, it is only after time

above cimanges are initiated timat incm’eased
levels of pimospimorylase a an(! intermmme(liarv

products of glycogen breakdown are oh-
sem-ve(h (lime to time lags in time successive

enzyimme activation steps of time pimospho-

rylase systenm.
Finally. mt is interesting to note that

cyclic AMP immav also imave an effect on

cardiac lipase siimmilar to its activation of

adipose tissume lipase (39) since glycerol
release is stinmumlated by epinepimtine l)otim

imm normal (1) ammd potassiimnm-ai’rested iso-

lated lmeam’t l)t’epam’at ions (40)
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