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SUM �tA RI

An ATPase ansd p-nmitrophmenvl phmosphmatase activity hunts beems chmarmscteriZed! ins the per-

fused frog ventricle. Addlitions of ATP arid J)-nmitrophuenmyl pisosphiate to time perfusate results
ins their rapid imydroiysis upon contact with time venitricle. A spectrophuotometnic systenm svmss

developed to monitor time perfusate continuously to determine time imydrolytic activity of

time venstnicle svisile also monitoring commtractionu. Ouabainu at 3 �mi sigmmiuicanstly inshuibits time
ATPase durinsg time positive insotropic actions of time drug. Thus inihuibitionmprogressively in-

creases as insotropism proceeds toward toxicity. Term-fold huigimer conmeenutrationus of ouabainu
(30 �mn) do riot inhibit time p-nsitrophenyl phuospiiatase. ATP inmcreases time toxicity of digoxins
and its binsdinsg to time ventricles. It is proposed that time ATPase activity of time venmtriche

might be associated witim time (Na+ + K�)-depeisdemit ATPase enuzynme system

I NTROI)UCTION

Skou (1) hints reviewed studies which mmdi-

cat e timat tue membrane-localized sodium-
plus potassium-stimulated ATPase is time
eiszvme system responsible for time active

trarssport of sodium aiid potassium ionms ins
the cell. This erszyme is luigimly sensitive to
inmimibitions by time digitalis glycosides, arid it

imas been suggested timat it migimt be time

receptor responssible for time cardiotonsic effect

of tisese drugs (2). Althuough thus enzymatic

activity hsa.s beers widely studied in frac-

tiomuated imeart muscle, studies ins wimole heart
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t iSstle imave riot , to our knowledge, beers

mitt enumpt ed. Perfused i ieart �)reparat ion is are

knsownm to isvdrolvze miucleotidles and other

phiospl mat e-commt ainuinig orga tiiC compounsds
introduced into time J)erfusate (3, 4), but tue

Sl)ecifiCilV ttti(l cellular origin of thus activity
mire unscertairm. Time presenst investigation
was unu(lertakems to chiaracterize this i)hiOS-

phatase activit further ins intact, fully funmc-
tiommal heart nmusche. Intact frog heart yen-

tricle.s were ciuosens because tue gross ansd
cellular simplicity of this preparations elimi-

nsates some of the ambiguities iniimerenit ins
other c:trdiac preparmst ions.

METHODS

Frog ventricles fronm Rana pipiens hearts

were mounsted on time til)s of Straub canu-

msulae by tiuread tied! around time atriovens-

tniculam groove arid perfused ins 2 nml of
I�imuger’s solutions containing 91.3 mmt NaCl,

25 nmmn NaHCO3 , 2.5 nusm KCI, 1.0 nmmi



200 BROOKER AND THOMAS

CaCI2 , arid 5.0 mit dextrose. Time solutions
was gassed with 95 % O�-5 % CO2 , pH 7.4,

amid the venstricles stimulated at 30/mm
withs a 4-V square wave pulse of 1-msec

durations. Perfusion consisted of back-arid-

forthi movemenst of the Ringer’s fluid be-
tween the ventricular cavity and cansnsuia
during const raction . The venst riches were

allowed to equilibrate for 1 imr before expeni-

merits were started. Experiments were done
at room temperature, whicim was main-

tainsed between 23#{176}ansd 25#{176}.Ins some cx-
perimensts a niew tecimnsique was developed
wimerein continuous monitoring of the per-

fusions fluid mnbsorbanmce mu a quartz 1-cm-
square caninsula was made possible by mount-

insg the cannmula ins time light path of a Cnsry
15 recording spectrophmotometer (Fig. 1).
Time solutions was gassed tiurougis a No. 30

hypodermic needle. Neitimer gassinsg nor

movement of fluid mu the canmnula immterfered
with time optical recordinmg. Ins order to re-

cord constractionm.s (stroke volume) simul-
taneously, tue tip of time caninmula holding time
venstricie \vnts insserted ins arm airtighmt clumimber

consnmected to ms pletimysmographmic transducer

ansd elect ronmic lems writer.
All reagents used were of thme hmighest grade

available. Pimospimate compounsds were in-
troduced as solutions nmeutrahized to pH 7.4
svitii NaOH. Crystahhinme pyruvic kinsase and
lactic deimydrogenmase enzyme suspenssionus ins
2.2 �r amnsonium sulfate were obtainsed

from Sigma Cimemical Compammy arid! Cal-

biocimem, respectively. Before use, time ens-
zymes were centrifuged, time ammonium
sulfate was removed, arid time enzyme was

taken up ins an equal volume of 25 m�r so-
dium phmospimate buffer, pH 7.4. Insorganic

pimospisate was determinued by time metimod

of Fiske and SubbaRow (5) irs Hinsger’s fluid

at timed instervals after the addition of

pimosphate-containuinsg compounds. Magnse-
sium chuloride (3.5 mM) was added to the

Ringer’s solutions wimen pyruvic kinsase was
used arid in time 3H-digoxins amid [a-32P]ATP
labeling experiments. Aithougim ATP and
other phosphate substrates inst roduced into

time perfusion solutions have the potential to

cimanmge the pH of time solution, constinuous

monitoring of the pH with a glass pH elec-

trode during time course of experiments

FIG. 1. Diagrammatic representation of a frog

ventricle mounted in the spectrophotometer

The cannula was mounted in the light path to

monitor the absorbanuce of the perfusate. The
ventricle was electrically stimulated by the plati-
num point electrodes, and the stroke volume was

monitored by changes iii the chamber surrounding
the ventricle.

showed rio change ins pH from 7.4. 3H-Di-
goxin was kindly supplied by Burroughs
Wellcome ansd Compansy, Tuckahoe, N. Y.
(100 Ci/mole).

Ins the labeling experiments, ventricles
were I)erfused with 3 .e�n 3H-digoxin in
Ringer’s solution alone or with ATP, Ai\IP,

or epinseplmrine for 3 mm as indicated. Tue
hearts were tisen givers three 30-sec washes

with the respective solution minus 3H-di-

goxin to clear time extracehlular space. For
eacis experiment five constrol ventricles were
compared witim five experimental ones. Tis-

sues were blotted, weighed, and digested

witim “NCS” solubihizer obtained from Nu-
clear-Chicago Corporations ansd counmted in a

liquid scintillation counter. External stand-

ard quenching correction was employed. Up-

take was expressed as disintegrations per
minute of 3H-digoxin taken up per milli-
gram of tissue, wet weight. Ea-32P]ATP (3

Ci/mmole) was obtained from International
Chemical and Nuclear Corporation, Irvine,
Calif. 35SO1 and 3H-insuhin were obtained
from New Ensgland Nuclear Corporations.

The [32P]ATP, 35SO1, and 3H-inulin uptake
experiments were performed in time same
way as the 3H-digoxin experiments but
without washing out of the ventricles. So-

dium sulfate was added to the 35S04 to give
a final concentration of 0.1 m�i. ATP was

I
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measured by a modification of time firefly

assay for ATP (6).

RESULTS

Hydrolysis of phosphate esters by perfused

frog ventricle. The phosphate esters listed in

Table 1 were introduced into the perfusion
solution of Straub cannulated frog ventricles,

and inorganic phosphate present in the per-
fusate at 5 and 15 mm after addition of the
ester was determined by the method of
Fiske and SubbaRow (5). Further hydroly-

sis of these substances did not occur once
the perfusate was removed from tue vers-
tricle, indicating that this hmydrolysis was

caused by contact of these substrates with
the ventricle arid was riot due to hydrolytic

enzymes leaking from the Iseart. ATP intro-

duced into the perfusate yielded twice

as much inorganic phosphate after 5
mini of perfusions as did AMP after 5 mini of

perfusion. The rate of imydrolysis was not
linear between 5 arid 15 mini of perfusion

because of substrate depletion. As shown in
Table 1, addition of ATP to the perfusate
was followed by release of 236 nmoles of
insorganic phosphate per 100 mg of tissue
ins 5 mm. This large release cannot have
been due simply to the same rate of hydroly-

sis at each step in the scheme
1. ATP-�ADP+P1
2. ADP -f AMP + Pi

3. AMP adenmosine + P�
since step 3 yielded 122 nmmoles of inorganic
phosphate per 100 mg of tissue anmd step 2

TABLE 1

Hydrolysis of phosphate esters by frog ventricles
The imuitial concentrationm of all phosphate

esters was 0.1 m�. Each value is the mean ±

standard error from perfusions in six vemmtnicles

(vemmtricle weight, 115 ± 6 mg).

Addition to 2 ml of p1 released into perfusate
Ringer’s solution - .

.s mm 15 mm

nmo!es /2 mi/lOU erg, wet wt

None 48 ± 3

fl-Glycerol phosphate 86 ± 7 149 ± 7

AMP 122±5 141±5
ADP 138±7 222±9
ATP 236±9 334±9

_o I 2 3 4 5 6 7 8 9 0
minutes

FIG. 2. Rapid disappearance of ATP added to

perfused frog ventricle

ATP rennaimiimig ins the perfusate at the times

immdicated after inmtrodstctionm of 0.1 nmmi ATP into

the 2 nml of perfumsate.

released 13$ nsmoles of J)� per 100 mg of

tissue. Sinsce step 2 produced onsly 16 nmoles
more of insorgansic pimosphmate timan step 3 in
time same time period!, most of time 236 nmoles
of P, released from ATP must hsave come
from tise complete hydrolysis of ATP to
ADP as ins step 1, plus subsequeist Iuydroly-

sis of some of time resultinmg ADP. It was

confirmed timat time rate of ATP Imydrolysis

by time venstricle was far greater than thiat

of ADP or AMP, by measuring tue ATP
content of tue perfusate of a ventricle at

instervals after time initiations of perfusion

with 0.1 mist ATP. Time firefly nmethuod of

Stanley ansd Williams (6) was used for thus

determination. After only 1 mirs of perfusion
more thmanm 66 �Z of tue ATP added! appeared
to be hydrolyzed. A time course of ATP
disappearance is shsowns ins F’ig. 2. Analysis
for AT� ins time perfusate from a ventricle
perfused for 2 mini witim solutions alone mdi-
cated thmat ATP did riot leak into time Ier-
fusate from time ventricle, since onsly 0.6 ns�n
ATP wmts detected. Because perfusions for 5

mins withs AMP or ADP resulted in imydroly-
Mis of 61 and 69 (7�, respectively, of the esters

addled, it svas comschudled thuat thme rate of

ATP iuydrolvsis was far greater than that of
AI)P or AMP.

Labelinq of ventricles wit/i [a-32PjA TP. Be-
cause ATP disappeared rapidly frons time per-

fusion solutions, venmtriches were labeled! for 3
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the perfusate with the ventricle, and not to

mm with [a-32PjATP to determine whetimer
ATP was taken up by the ventricles. 32�

spaces determined with [32P}ATP at a cons-

centration of 0.1 m�r in three ventricles
after 4 mm of perfusion were 29.4 %, 2S.9 %,

and 29.7 %. This was calculated by the

formula

1 cpm/(tissue wt)

I cpm/(perfusate volume equal ) X 100%

\ to tissue weight) /
where the volume ins milliliters is equal to

weight in gram.s of time tissue. For example,

if the tissue weight is 100 mg, time ATP

space is the ratio of the disintegrations per
minute in time tissue to the disinstegrationms

Ier minute ins 100 � of perfusate X 100%.
Niedergerke (7) has found timat time insulins

space of ventricles perfused in a manner
similar to timose reported here was about

18 % after 3 mm of perfusion while the sul-

fate space was larger, being about 21 %. Ex-
periments ins our laboratory witim Sephadex-
purified, tritiated inuhini ansd with 35S042
confirm this. Timerefore, on time basis of insulins

and 35S052 space, a very small percenstage
of the label from Ea-32P]ATP appears to have
been takers up instracellularly by time yen-
tricles. This mighmt be in time form of 32p1 up-

take, since [32P]ATP is rapidly dephos-
phorylated mnrsd time [�P]ADP formed even-

tually becomes degraded to adensosinse ansd
labeled insorgansic phospimate. It should be
pointed out that ins 4 mini of perfusion with
ATP, 91 % of time ATP added, as measured

by the firefly method, disappeared from time

2 ml of perfusate (see Fig. 2). From tise

isotope space studies it cans be calculated
that only 0.55 % of the total amounut of
ATP hydrolyzed during this time period
cans be accounted for by intracellular liv-

drolysis. These findings would seem to cx-

elude time bulk of time intracellular phase as

the site of hydrolysis arid are conusistent
with an enzymatic site on or witimin time cell
membrane.

Kinetic properties of p-n itrophenyl p/ios-

phate hydrolysis by perfused ventricle. It be-
came apparenmt timat it would be difficult to

perform competitions studies for tue hy-
drolysis of two different pimospisate esters by

the perfused ventricle withs only insorgansic

heart
Stopped

-�

hE- mln�__I

4’

� �

� � �

0.01 oo�
PNPP (mM)

FIG. 3. Kinetics of p-nitrophenyl phosphate

(PNPP) hydro!ysis by frog ventricle

Top: absorbance with respect to time of frog
ventricle perfusate monitored spectrophotometni-
cally at 400 m� after introduction of 0.1 mn�s p-

nitrophenyl phosphate immto the perfusion solution.

Bottom: absorbance at 400 mr with respect to time
after introduction of p-nitrophenyl phosphate at
the couscentrations insdicated.

phiospisate as an indicator of the reactions.

Hence an optical density-monitoring system
was developed so tisat the single selected

lmydrolysis product could be specifically

measured.
F�rog ventricles were mounted in the re-

cording spectropimotometer as described
under METHODS. p-Nitrophenyl phosphate,
whers imydrolyzed to p-nitrophenol arid in-

organic piuosphate, changes its absorption
maximum from 300 m�.s to 400 m�c (8). To
measure p-nit ropimensyl phosphate imydroly-
sis, tue spectropimotometer was set at 400

mM so that increasing absorbance would in-
dicate the production of p-rsitrophensol, the
product of the reactiorm. Ins the top tracing
of Fig. 3, 0.2 Lmole of p-nsitrophensyl phos-
phate (final concentration, 0.1 mM) was

added to time perfusate of a contracting ven-

tricle mounmted ins time spectrophotometer.
The absorbance immediately began to ins-
crease at a constant rate. This change in
absorbance stopped abruptly when the
stimulator was turned off and the ventricle

ceased to constract arid to exchange fluid
witim the cansnula. The hydrolytic activity
must therefore have been due to contact of
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leakage of enzymatic activity into the perfu-
sate. Varying time concentration of p-nitro-
phenyl phosphate from 0.01 to 1 m�i gave
increasing rates of hydrolysis, as shown ins

the lower half of Fig. 3. These results, plotted

according to Lineweaver and Burk (9) , gave
straight lines in double-reciprocal plots. The

apparent Km for p-nitrophenyl phosphate
hydrolysis by the frog ventricle was be-

tween 20 and 80 MM in seven preparations
studied. As show-n in Fig. 4, the additions of
p-nsitrophenyl phosphate to the perfusate of

a frog ventricle caused a measurable increase
in p-nitrophenol appearance during the first

two contractions (4 see) of the ventricle.
Thus rate of hydrolysis continued consstanst

for the next minsute, when the wavelength
\va,s changed from 400 to 300 m� to monitor

disappearance of substrate from the solution
as shown by the decrease in optical denisity.

Time rate of decrease in p-nitrophenyl phos-
phmate was calculated from this graph, with

suit able corrections for p-nitrophenol inter-
ference at 300 m�L, arid was found to equal

exactly the appearance of p-nitrophenol.
Other phosphate esters were tested as in-

hmibitors of p-nmitropimenmyl phosphate imy-

drolysis. Table 2 lists timese inhibitors ansd

their inhibitory constants. All timese agents
were shown by double-reciprocal plots to be

competitive inhibitors. It is of interest timat

this enzyme has a greater affinity for time

synst het ic phospisatase subst rate t hans for

the agents listed ins time table. An irshibitor
conustant for ATP inshibition of p-nitro-
phmenyl phosphate hydrolysis was riot calcu-

lated because of time rapid cimange ins ATP

concentration when ATP was added to the
perfused ventricle. Whmeni ATP was added
to a ventricle perfused witis time substrate,
it appeared to be about as potent an insiuibi-
tor of p-nmitrophsemsyl phosphate hydrolysis as
ADP. p-Nitropisemsyl phsosphmate isydrolysis

(0.1 m�n) was riot insimibited by 10 MM ouabain
or by 28 MM epinsephmrinue.

Validity of coupled enzyme system for meas-

urement of A TP hydrolysis by perfused ten-
tricle. A lactic deimydrogenase-pyruvic kinmase

coupled enzyme-measuring system was ins-

troduced into time perfusion solutions for con-

tinuous monitoring of time cormversions of

added ATP to ADP by the frog ventricle.

FrG. 4. Appearance of p-nitrophenol and dis-
appearance of p-nitrophenyl phosphate after addi-

lion of substrate to perfused ventricle in. the spec-

trophotometer

At the hegimmmsimug of the experiment (bottom
right) 2 ml of Ringer’s solution containing 1 mm

p-nitrophenyl phosphate were added and the
solutiomm was monitored for the appearance of

p-nitrophenol at 400 nm�s. As indicated, the dis-

appearance of p-nitrophenuyl phosphate was then
monitored at 300 ms.

This enzyme system cormsisted of 0.5 nmM

phuosphoensolpyruvic acid, 200 inst erniat ionsal

enzyme units eacim of pyruvic kina.se arid
lactic dehydrogenmase, arid 0.325 mu NADH,

equivalent to ans absorbaruce of 2.0. Timis
linked enzyme system for measurinsg (Na+ +
I�)-ATPnLse was first suggested by Albers
and Koval (10), anmd its utility imas beens
recently dliscussed (11). An important ad-
vanit age of t isiS coupled! enzyme-measuring
system is that ATP is regenerated, keeping
its conscenst rat ions consst ant t hsrougimout ars

experi merit.

Since this nmeasurinsg system is a multi-

componmenst system with two coupled remsc-

tions, tests were performed! to confirm timat

upons additions of ADP a new steady-state

absorbansce w’is reachmed alnmost instantane-
ously. Ins additions, wimeni time constractionms
of time heart were stopped ins time presence
of ATP, time slope of NAI)H disappearansce
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TABLE 2

Inhibitors and K4 determined from double -reciprocal

plots of p-nitrophenyl phosphate hydrolysis by
perfused frog ventricle

p -Nitrophenol produmctiomm from p -mu t rophemmyl

phosphate perfusions of frog ventricles was nsommi-

tored spectrophotometrically at 400 mis. The

Km in each experiment was determinued from a
double-reciprocal plot of the hydrolytic rates at

p-nit rophenyl phosphate concentrations varied

from 0.01 to 1 m�. The inhibitory conustansts were

determined from double-reciprocal plots of p-

nmitrophenyl phosphate hydrolysis at two comuceni-

trations of inmhibitor (0.1 amid 1 mM).

K,,, for
p-nitrophe-

(ompetitmve inhibitor nyl phos-

phate

K4 of in-
hibitor

mu nUt

fl-Glycerol phosphate

AMP

AMP
AMP

ADP
3’-AMP

3’-AMP

Imiorgammic phosphate

ins thus system cimaniged inmstanstarseously to
zero, also indicating that time measuring

system was riot lagging arid that ATPase
enszymes or ADP had not leaked from the
heart into the perfusate. Ouabains and epi-
nephrinse at the concenmtrations used in these

experimensts also had rio effect ons the coupled
enzyme measuring system.

F’igure 5 is a tracing from a frog ventricle

perfused in time spectropimotometer with

Ringer’s solutions containing 2.0 absorbansce

units of NADH ansd time coupled! enmzyme
system. A decrease ins absorbansce com-
menced upon time additions of phiosphoensol-
pyruvate. Thus was due to conversion of

pimosphoenolpyruvate to pyruvate by the
pimosphatase activity of time heart. Ins the

presence of pyruvate, the substrate for
lactic deiuydrogenase, XADH s�.nss oxidized

amid the absorbance decreased. Upors time
additions of 10 m.�n �3-glycerol phmosphate this
hydrolysis stopped. a-Glycerol phosphate
amid phosphoenolpyruvate were found to be
competitive inhibitors of each other, so thuat

FIG. 5. Continuous measurement of ATP hydro-

lysis to ADP by perfused ventricle

The pyruvic kinase-lactic dehydrogenase-
nmeasuring system was included in the perfusate.

The decrease mu absorbance upon the addition of

phosphoenolpyruvate (PEP) indicates its by-
drolysis, which was blocked by fl-glycerol phos-
phate (BGP). The subsequent addition of ATP
is followed by its rapid conversion by the yen-

tricle to ADP, as inudicated by a drop in absorbance

or a decrease in NAI)H.

phuosphsoenmolpyruvat e hydrolysis was pre-
vented by adding a large excess of a-glycerol
phosphate. Ins Fig. 5, additions of 0. 1 m�i
ATP caused a sharp and immediate decline
in optical density, indicating that the heart
was rapidly hydrolyzinig the added ATP.

The rate was constanst during time course of
time experiment. Ins otimer experiments time

concenstration of ATP was varied, a double-
reciprocal plot was constructed, and the
apparent Km for ATP iuydrolysis svas founsd
to be about 0.1 m�i.

Correlation of inh ibitien of A TPase in

frog ventricle by ouabain with positive mo-
tropic effect. Figure 6 shows the effect of

ouabain on ATP hydrolysis in a typical frog
ventricle. The initial decline irs absorbansce
was due to hydrolysis of ATP after addition
of time complete ADP analytical measuring
system, including 10 m� a-glycerol phos-
phmate and 0.1 m�sn ATP, as was done in the

experiments shown in Fig. 5. The upper
graphs indicates time stroke volume of the

ventricle, corresponding to the elapsed
time. At time poinut indicated, 3 MM ouabain
was added and perfusions was continued.
The stroke volume of the ventricles in-
creased at the same time that a decline in
slope of time absorbance time curve was ob-
served. This conmcenmtrnstion of ouabains is
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FnG. 6. Correlation of inhibition of ATPase by

ouabain with positive inotropic effect

The main tracing shows chanmge ims absorbamuce

at 340 mjs of the perfusate from a 78-mg frog
ventricle constaining the ADP-measuring system,

with respect to time. At the arrow, oimabain was

added in a volume of 10 ,�l to make the 2-ml Per-
fimsate concentratiomu 3 Mi! with respect to ouabaimi.

At top of figure are shownu the stroke volmmnue

cisanuges after additioms of nuabainu, obtainmed

sinmult armeously frons t he plet hysmographic t rans -

ducer.

eventually toxic to frog hearts, u.s indicated
by the later decline ins stroke volunme. mm

Fig. 6 the stimulator was turned off at 8.2
mini thus immediately isolating time perfusate

from contact with the ventricle. The slope

of ATP hydrolysis immediately became

zero, indicating that time measuring system
was riot inhibited or lagging. ADP was then

added, and the slope abruptly changed, ins-
dicating tisat the mea.surinsg system was nsot

inhibited but that time ATPase activity of
time ventricle was inhibited. Furthermore,

these records show thmat inhibitions of the
ATPase began well before the onset of
toxicity arid was coincident with the posi-
tive insotropic effect of time glycoside. Bescim
et al. (12) have recently simown in a different

kind of experiment timat (Nat + K�)-ATP-
ase prepared from hearts treated with nuo-

tropic amounts of ouabain was inhibited.
Potentiation of di�qoxin toxicity by A TP in

perfused frog ventricle. Ventricles mounted
on ordinary Straub canmnulae were perfused
with Ringer’s solution, and the stroke vol-
ume was recorded as described under METH-

ODS. Ins this study, a 50 % decrease in stroke

TABLE 3

Effect of AT!’, AM!’, and epinephrine on �H-

digoxin uptake by frog ventricle

Ventricles were perfused as indicated for 3

mimi with ‘H-digoxin iii Ringer’s solution arid
ATP, AMP, or epinuephrimue as indicated. The

hearts were thems givens three 30-sec washes,
blotted, weighed, digested, counted by liquid

seintillationm, amid corrected for quensching. Sta-

tistical significance refers to Student’s (-test.

Experiment A

3 �.mii 3H-digoximm

3 �mn 3H-digoximi +
0.1 mm ATP

Experinmenst B
3 ,sM 311-digoxin

3,smt 311-digoxin +
0.1 niM AMP

Experiment C

3 MM ‘Il-digoxims

3M�� 3H-digoxinm +�
25 mimi epinieph-

rine

Experinmemit I)
3 �rM ‘H-digoximm

3MM ‘H-digoxin +�

2.5 �mi epinephm-�

rine 238±22� 5

ilesuits are nmeamis ± standard errors
Not signmificant.

volume from control levels was chosen as a

convenient index of toxicity. Ins four yen-
tricles without ATP, 3 MM digoxin caused a
50 % decrease in stroke volume in 18 mm

(SEM = ±1.0 mini). In another four ven-
tricles treated witis digoxirs plus 0.1 mM
ATP, a 50 % decrease in stroke volume oc-
curred in 11.8 mm (SEM = ± 1.0 mm)
(p < 0.05). As a control, perfusion in three
ventricles with the above concentration of

ATP for 15 mm caused only a 2 % ± 6 %

(SEM) decrease in stroke volume. It thus

appears that ATP enhances the pharmaco-
logical effect of digoxinm.

3H-Di�,oxin uptake by perfused frog yen -

tricle. Sinsce ATP seemed to inmcrease time

potency of digoxinm ins time perfused ventricle,
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time possibility timat time responmsible mecha-
rsism might be an inmcremised rate of uptake

by the heart was tested. Matsui and

Sclmwartz (13) isave simowns that ATP in-
creases cardiac glycoside bindinsg to time iso-

lated (Nat + I’�)-senssitive ATPase in

vitro. Ventricles were prepared arid labeled
for 3 mini as described unsder METHODS. Time

addition of 0.1 m�n ATP significantly in-
creased the uptake of 3H-digoxins ins time per-

fused ventricle, as simowns in Table 3, experi-
merit A. F’ive control venstricles were in-

cluded on the same day wills eachs set of five
experimental venutricles. Sinsce ATP is posi-
tively inuotropic ins the frog ventricle (14),
another insotropic agenst, epinsepimrinse, was

also tested to determine whether the in-

creased uptake of 3H-digoxins ins time presence

of ATP was due to time augmentation of
contractility by ATP. As shmowns ins experi-

mensts C and I), Table 3, epinsephrine did
nsot alter 3H-digoxini uptake at two insotropic
conmcentrationms. Since insotropic activity did
riot alter digoxins binudinsg ins time frog vets-
tricle, AMP was tested to determinme wimether

time presence of a nucheotide othmer timans ATP
could alter tue uptake of 3H-digoxins. The
results ins Table 3, experimenst B, show that
AMP had no effect ons digoxins uptake in the
frog ventricle, ins conmtrast to time large ins-
crease ins uptake in time presence of ATP. It

was thus concluded timat ATP could increase
time pharmacological properties of digoxini in

the frog yenstricle by increa.sinsg binding of
time glycoside, presumably to the ventricular
(Nat + K�)-ATPase, if extrapolations from
work in vitro is valid.

m�rseussrox

Time intact, canmnsulated frog venutricle was

cimosen for these experimenits because it
would make interpretation of time enzymatic
localizatiors less difficult. Cuttirmg of tissue
is riot necessary ins timis preparation, so that
enzymatic activity at cut muscle fiber sur-
faces riced hot be conusidered. Also, since the
frog heart containss nio vascular system, time

experimerutal perfusion system for these
ventricles is muchm time same as in viva, where

time blood timat is pumped also batises the
muscle fibers. Finally, tue muscle fibers of
the frog ventricle constairms nuo tranmsverse

tubular system (15), so that penetrations of
substrate by this route is not possible.

Strong evidence for a membrane-localized

ATPase is the finding that [32P]ATP did not
enter the muscle fibers to any appreciable
extent duriimg a period when 91 % of the

added ATP was hydrolyzed. A [32P}ATP
space of 30 % could accounmt for only 0.55 %

of time hydrolyzed ATP, assuming that 20 %
is time true extracellular volume. Since the
ratio of time 2-mi perfusate volume to vens-
tricular cell volume (100 mg) is about 20: 1,
if time hydrolyzed ATP were distributed
equally between time venstricle and perfusate

4.6 % should have been founmd in the yen-
tricle. Since only about one-tenth timis

amount was found, it appears likely that

ATP is not hmydrolyzed instracellularly. How-

ever, hydrolysis in a small, rapidly turning
over membrane pool of less than 10 % of

time tissue volume caisnmot be ruled out by
thmese experimenmts. Ins furtimer support of a

membrane-localized ATPase is the finsdinmg
that whets production of ADP was meas-
ured in the perfusate time inorganic pimos-

phmate released equaled the ADP produced
(calculated from Table 1 arid Fig. 6). The
exact locations of thuis apparent membrarse
ATPase activity must await more detailed
kinetic arid histological studies. The finding
that ATP does nuot permetrate the myo-

cardium intact was first reported by Hoff-
mann and Okita (16) ins th� guim’a pig

imeart . Although otiser workers (17, 18) have
suggested that ATP penetrates the myo-

cardium, their data do nmot preclude its
prior dephosphorylat ions, as suggested by

Hoffmann and Okita.

The results presented ins this paper simow

that ouabain inimibits an ATPase activity of
time frog ventricle coincident with time posi-

tive inotropic effect of time drug. It appears
in many ways to resemble time (Na+ + K+)�
ATPase isolated from heart muscle, since
it is inhibited by ouabains, seems to be
localized in the membranme, arid takes up
labeled glycoside ins the presence of ATP

but not AI\1P. Bescim et al. (12) imave simowns
thmat (Nat + K�)-ATPase prepared from
dog hearts is inimibited durinmg the positive
inotropic influence of ouabain.

The phenyl pimosphatase ins time ventricle
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s�’as riot inhibited by ouabain, evens at very

imighi concentrations. It is commonly as-

sumed that p-nitropimeniyl phosphate is an
artificial substrate (19) for the potassium-
stimulated phosphatase which dephospho-

rylates the phosphate-protein intermediate
created by the sodium-stimulated kinase of

the (Na� + K�)-ATPa.se system. It is gen-
erallv thought that cardiac glycosides act at

this second step, thereby limiting the de-
phosphorylation of the ATPase enzyme.

Two explanations of these findings are
possible: either (a) time frog ventricle p-nsitro-

phenyl phosphata.se is not a part of time
(Nat + K�)-ATPase system or (b) it is a
part of the system, but inhibition by oua-
bain is not apparenst for other reasons.

p-Nitropimenyl pisosphate might not be as

good a substrate as time true phosphoprotein
undoubtedly present in this intact, beating

preparation. In the presence of the true sub-
strate, the artificial substrate might be in-
effective. In fact, it is thought timat the
cardiac glycosides inhibit dephosphorylations

of the phospisorylated intermediate by
binding to it (13). It seems unlikely thmat
ouabain would bind to p-nitrophensyl phos-
phate. Another reason for lack of phospha-

tase inhibition migimt be time presence of
sodium in the perfusate, which has been

reported to inhibit timis enzyme (20). Ins-
hibition by sodium ion might reduce time

effectivensess of ouahain u.S an inilsibitor of
time phosphatase.

The cardiotoxicity of digoxin is increased
ins time frog venstricle ins time presence of ATP.
Ins addition, ATP added to time perfusate of
the ventricles significantly increased time
binding of labeled digoxins to time ventricle.
Time increased toxicity arid uptake of tue
drug would be expected if it were actinmg
upons time (Nat + K�)-ATPase. The insimibi-
hors of the ATPase in the frog ventricle

appears to increase witim time after additionu
of time drug. One explanations for thmis mighmt

be that time uptake of digoxin by the (Nat +
K+)�ATPa,se is isot instantaneous. Ins time
presence of MgI+, ATP, and Na+, in ansotimer
study (21), the half-time for complete binsd-

insg of tritiated digoxins or ouabairs to time

isolated (Xa� + K�)-ATPase was about

15 nsini. \Iatsui armd Sciswartz (13) imave

shmowns timat ATP, but msot AMP, caused

binidinsg of digoxins to time purified (Nat +
K�) -ATPase isolated from cardiac muscle.

Because ATP is positively insotropic ins time
frog venstricle, epinepimrine was used ins time
present uptake studies ILS a control for into-
tropic activity. Both corscentrationms of epi-

nmephrine failed to alter time uptake of time
drug insto time ventricles. Recently it ima.s

beets simowrm that immotropic activity does nsot
alter cardiac glycoside uptake mm time per-

fused guinea pig atrium (22). Sinsce tritiated
digoxins was takers up by time ventricles
without ATP ins time perfusate, it is pos�sible

that ensdogenous membrane pools of ATP
exist which are utilized for time binmdinsg of

time drug to time receptor. If thus is true, it is
conceivable timat I)ttt ienits refractory to time
drug may have some deficiency ins their myo-

cardial membrane stores of ATP or of time
(Na� + E±)-ATPSLSe system.
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