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SUMMARY 

I. The ATP concent ra t ion  in the cu l tu red  ra t  hear t  cells d id  not  change signifi- 
can t ly  when ei ther  glycolysis  or ox ida t ive  phosphory la t ion  was inhib i ted  with 
2-deoxyglucose and ol igomycin,  respect ively.  When  bo th  glycolysis  and  ox ida t ive  
phosphory la t ion  inhibi tors  were present  s inmltaneously ,  t i le ATP level d ropped  sig- 
nif icant ly.  The combined  effect of bo th  inhibi tors  exceeded ti le sum of ti le effects of 
the  ind iv idua l  inhibi tors .  

2. The u t i l iza t ion  of ATP in ti le presence of ei ther  ol igomycin or 2-deoxygluc()se 
and in the  presence of bo th  inhibi tors  s inml taneous ly  was reflected in a decrease in 
phosphoerea t ine  concentra t ion.  

3. The ra te  of high energy phospha te  u t i l iza t ion  in quiescent  ceils was calcula ted 
to be 0.289 _~ 0.040 n lnole /mg pro te in  per  rain. The u t i l iza t ion  of energy for c()n- 
t rac t ion  was ca lcu la ted  to be 0.055 ~: O.OLO nmole /mg prote in  per contract ion.  

4. Tak ing  into considera t ion the energy requi rements  of bea t ing  cells and  the 
change in ATP -7 phosphoerea t ine  when the inhibi tors  were present  s ingly and simul-  
taneous ly ,  i t  was concluded t ha t  a control  of metabol i sm involving glycolysis  and  
oxyda t i ve  phosphory la t ion  is opera t ing  under  normal  ox ida t ive  condit ions.  Tile sum 
to the  ra tes  of tile two pa thways ,  when opera t ing  alone, is greater  t han  the sum ()f 
thei r  ra tes  when opera t ing  s inmltaneously .  

INTRODUCTION 

I t  has been d e m o n s t r a t e d  t ha t  hear t  cells in t issue cul ture  cont inue to beat  in 
the  presence of e i ther  ol igomyein,  an inhibi tor  of ox ida t ive  phosphory la t ion  1, or 
2-deoxyglucose,  an inhib i tor  of glycolysis.  Vqhen bo th  inhibi tors  are present  s imul-  
taneously ,  the  cells cease to bea t  spontaneous ly  bu t  remain  contract i le  when s t imu-  

la ted  electr ical ly  2. 

* Present address: Fleischmann Laboratories, Stanford University School of Medicine. Palo 
Alto, Calif. 943o4, U.S.A. 
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The ATP concentration in the cells was practically unchanged when the in- 
hibitors were used singly, but dropped considerably when both inhibitors were present 
simultaneously. It  was of interest to establish the mechanism for the maintenance of 
normal concentrations of ATP in the presence of individual inhibitors. From the many 
studies on the chemical energetics of muscle 3-6 and from the studies of the kinetics 
of phosphocreatine kinase 7, it was expected that phosphocreatine is used for ATP 
resynthesis. This has been demonstrated in the present study. 

It  has been suggested that normally glycolysis and oxidative phosphorylation 
operate below their maximum potential 2. If this were so, oligomycin inhibition of 
oxidative phosphorylation would increase the rate of glycolysis and 2-deoxyglucose 
inhibition of glycolysis would increase the rate of oxidative phosphorylation. To in- 
vestigate this, the utilization of total high energy phosphate, i .e. ATP and phospho- 
creatine, was determined in the presence of both inhibitors and compared to that 
when the inhibitors were used singly. Such comparison would indicate whether the 
sum of glycolysis and oxidative phosphorylation operating alone is greater than the 
sum of both operating together. The energy requirements under different conditions 
of inhibition had to be considered; therefore, an evaluation of resting metabolism 
and energy utilization per beat of the heart cells in tissue culture was made. 

MATERIALS AND METHODS 

The heart cells were derived from newborn rats and cultured in plastic plates 
in complete medium into a network of synchronously beating cells, by methods previ- 
ously described 8. Each plastic plate had a layer of cells derived from %-I  rat. Cells 
cultured from 3 to 6 days were used in all experiments. 

The volume of the medium in each plate was 4 ml and the plates were equi- 
librated for 2o min at 22-24 ° prior to the experiment. 2 #g oligomycin in 95 % ethanol 
(2o/A), and 2-deoxyglucose (o.12 ml), in a final concentration of IO × the glucose in 
the medium, were added to the 4 ml medium in the plate either singly or simul- 
taneously. Plates without the inhibitors, but otherwise identically treated, served as 
controls. The control and experimental plates were always from the same batch of 
cells, cultured for the same length of time. The rate of beating was determined visually 
under the microscope. 

The extraction procedure was carried out at o °. The medium was decanted and 
the plates were rinsed immediately with ice-cold salt solution and drained, without 
disrupting the cells. I ml of ice-cold 0.3 M HCIO 4 was added, the cells were scraped 
and the suspension centrifuged in the cold. The precipitate was washed with cold 
HC104, the extract and washings combined, neutralized with KOH and diluted to 
a final volume of 2 ml. The potassium perchlorate was centrifuged, and aliquots of 
the supernatant extract taken for the determination of ATP, and total and free 
ereatine. The HCIO 4 precipitate was used for protein determination. 

In the experiments in which hearts excised from newborn rats were used for 
analysis, six hearts were frozen immediately in isopentane, preeooled with liquid 
nitrogen, and two groups of three hearts each extracted with ice-cold HCIO 4 (ref. 9). 

Protein was determined according to the method of LowRY 10, ATP was de- 
termined with the fluorimetric enzyme assay technique n, and phosphocreatine by 
the difference of total and free creatine determined according to a modification of 
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the method of E N N O R  A N D  R O S E N B E R G  lz .  All the enzymes and cofactors used in the 
enzymatic methods were obtained from Boehringer and Sons; all reagents were of 
analytical grade. 

R E S U L T S  

In two groups of 3 hearts each from newborn rats, the concentration of ATP 
was 62.2 and 47 nmoles/mg protein and phosphocreatine was 54.5 and 46.6 nmoles/mg 
protein, respectively. The cells in tissue culture have a range of 25 45 nmoles ATP/mg 
protein and 2o-47 nmoles phosphocreatine/mg protein with only occasional values of 
less than 25 nmoles, and less than 2o nmoles, respectively. Thus the highest values 
obtained with cells in tissue culture are in the range of those of the intact hearts, 
while the lower values probably reflect the presence of cell types other than heart 
cells in the culture of those batches. 
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Fig. I shows the effect of addition of oligomycin (Fig. Ia) and 2-deoxyglucose 
(Fig. Ib) singly, and simultaneously (Fig. IC) on the beating rate and the concen- 
tration of ATP and phosphocreatine. A curve representing the concentration of the 
sum of ATP and phosphocreatine (total high energy phosphate) is also shown. 

In all experiments the rate of decrease of phosphocreatine was nmch faster than 
the rate of change of ATP during the first 15 3 ° rain after the addition of tile in- 
hibitors, while in the time interval between 15 3o and 6o min the rates of the decrease 
of ATP and phosphocreatine were roughly parallel. A new steady state seenls to be 
established during the second period. 

The change in ATP concentration was much greater when both inhibitors were 
present simultaneously than when either one was present alone. In most experiments 
ATP did not change during I5-3o lnin with either inhibitor ahme. The change in 
phosphocreatine concentration was greater in the presence of both inhibitors, but 
either inhibitor alone invariably causes a drop in phosphocreatine. The beating ceased 
in the presence of both inhibitors and sometimes the rate decreased in the presence 
of either inhibitor alone, while control plates maintained the same rate of beating 
throughout the experiment. A decrease in phosphocreatine level was seen at each 
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time interval. The rate of decrease was greater in the first 3o min than in the 30-6o min 
interval. This change in the rate of decrease of phosphocreatine coincided with the 
change in the rate of beating. In this experiment when beating ceased phosphocreatine 
was reduced to about 1/6, while ATP was still maintained at about 75 % of the control. 

The curve representing the change in the total high energy phosphate is similar 
to that  of phosphocreatine. I t  is clear from Fig. I that the total high energy phosphate 
was not maintained when either inhibitor was present alone, and the decrease in the 
concentration was continuous. A statistical evaluation of the decrease in total high 
energy phosphate at random time intervals was made for 28 plates with oligomycin 
alone, 23 plates with 2-deoxyglucose alone and 31 plates with oligomycin and 2-deoxy- 
glucose combined and a sign. test gave P values of o.o192, 0.0008 and o.oooi respec- 
tively lz, supporting the observation of continuous decrease in the concentration of 
high energy phosphate. I t  therefore appears that  a control mechanism at the metabolic 
level does not compensate fully for an inhibited pathway, even though the energy 
requirements are diminished in more slowly beating cells. 

Table I shows the results of one experiment of a series of 20. Duplicate plates 
were taken for control, with no inhibitor added, for either inhibitor alone and for both 
inhibitors present simultaneously. 

In considering the question of metabolic control, we are concerned with the 
changes in ATP and phosphocreatine obtained when both inhibitors are present 
simultaneously, (A [oligomycin + 2-deoxyglucosel) and with the sum of the changes 

T A B L E  I 

INHIBITOR E F F E C T S  O N  H I G H  E N E R G Y  P H O S P H A T E S  

T h e  p l a t e s  w e r e  e q u i l i b r a t e d  for  2o mi l l  a t  r o o m  t e m p e r a t u r e .  T h e  i n h i b i t o r s  w e r e  a d d e d  d i r e c t l y  
to  t h e  i n c u b a t i o n  m e d i u m .  T h e  e x p e r i m e n t  w a s  t e r m i n a t e d  b y  t h e  a d d i t i o n  of ice-cold  0. 3 M 
HC104 a t  t h e  t i m e  i n d i c a t e d .  T h e  b e a t i n g  r a t e  w a s  r e c o r d e d  j u s t  p r i o r  to  t h e  t e r m i n a t i o n  of 
e x p e r i m e n t .  D = ( A [ o l i g o m y c i n  + 2 - d e o x y g l u c o s e ] )  --  (A Eol igomycin]  + A E2-deoxyglucose! ) .  

Experimental Time Beats A TP AA TP Phospho- Total A Total 
conditions (rain) per rain (nmoles/mg (nmoles/mg creatine high energy high energy 

protein) protein) phosphate phosphate 
(nmoles/mg (nmoles]mg 
protein) protein) 

(a) Con t ro l  25 33.3 26.2 59.5 
C o n t r o l  25 37.2 28 65 . 2 

(b) O l i g o m y c i n  3 ° o 18.3 a - -  b 7.7 26.0 a --  b 
+ 2 - d e o x y g l u c o s e  3o o 19.6 16.2 36.4 

(c) O l i g o m y c i n  60 o 9.2 b --  c 7.4 16.6 b - -  c 
+ 2 - d e o x y g l u c o s e  60 o 12. 7 8.o 8.3 21.o 7.1 

(d) O l i g o m y c i n  3 ° 25 26.8 a --  d 9.2 35.0 a --  d 
3 ° 21 31.2 6.2 14.2 45.4 22.2 

(e) O l i g o m y c i n  60 21 29.2 d --  e 11. 5 35.7 d --  e 
60 23 26.7 I . i  9.9 31.5 6.6 

(f) 2 - D e o x y g l u c o s e  3 ° 21 31.3 a --  f 21. 7 53.o a --  f 
3 ° 21 32. 7 3.2 22.8 55-5 8.1 

(g) 2 - D e o x y g l u c o s e  6o 19 25-3 f --  g 26.4 53.7 f - -  g 
60 20 29.4 4 .6 33.9 53.3 0.8 

D in 0 - 3 0  m i n  6.6 6. 7 
30--60 m i n  2.3 0.2 
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obta ined  when one inhib i tor  is present  a t  a t i lne ( J lo l igomye in ]  + , , l [2-deoxy~ 

glucose]).  The difference, D - -  (A [oligomycin + 2-deoxyglucose])  - - ( A  o l i g o m y c i n  
~J [2-deoxyglucose]) ,  if s ignif icant ly  grea ter  t han  zero indicates  an increased syn- 

thesis  of high energy phospha te  from the un inh ib i ted  source. Tile results  of 20 exper i -  
m e n t s  (the protocol  of which was out l ined  above) were subjec ted  to s ta t i s t ica l  tests  
of significance by  the pa i red  var ia tes  test ,  in which the difference i) is ob ta ined  by 
choosing each change in the expression of D at  r andom from exper iments  d(me with 
the  same ba tch  of cells ~a. This procedure  e l iminates  the  ex t raneous  differences tha t  
exist  between different ba tches  of cells. 

TABLE II 
STATISTICAL TEST OF SIGNIFICANCE 

The results of statistical test of significance of 2o experiments, conditions as in Table i. In all 
experiments, in the presence of both inhibitors the beating stopped between 2o and 3o rain. 
13 (] [oligomycin q 2-deoxyglucose]) -- (A [oligon/ycinj + A [2-deoxyglucose]). 

Time b#crval D .4 TI  ) :L S.E. Significance D Total SiDzijicanct 
(m~zoh s/mg high e~l.crgy 
proteb~) phosphate _L S.E. 

(~zmoles/~ng 
protei.) 

o and 20-3o mi1~. 5'41 -- I"79 ° ' ° ° ° 5 ~ P ~ ° . ° ° 5  4.7 t 3.3.4 P;>o.i 

2o 3 ° and 60 min o.g5 ~ ~.4 a Pi>o.t 3 .00 _ 3.93 P;>o.~ 

Table  I I  shows tile results  of tile s ta t i s t ica l  eva lua t ion  of t i le exper iments .  The 
value,  D, for A T P ,  i.e. 5.4 z _h I.Z9 nmoles /mg,  is h ighly  significant and  demons t ra t e s  
the  ab i l i ty  of the  cells to ma in ta in  the  s t eady- s t a t e  level of ATP when ei ther  glycolysis  
or ox ida t ive  phosphory la t ion  are inhibi ted .  The value,  D, for the  to ta l  high energy 
phospha te ,  i.e. 4.7z ~ 3.34 is not  s ignif icant ly different  from o, however,  the  cells 
were bea t ing  in the presence of ind iv idua l  inhibi tors ,  bu t  ceased bea t ing  when both 
inhibi tors  were present .  Actua l ly ,  even when D = o, a control  of me tabo l i sm has to 
be assumed in view of the much grea ter  energy requ i rement  for bea t ing  than  for 
quiescent  cells. As ca lcula ted  in the  following section on rest ing me tabo l i sm and 
energy ut i l izat ion,  the  bea t ing  cells ut i l ize approx,  z9.8 nmoles /mg prote in  of high 
energy phospha te  more than  the quiescent  cells and thus  even though the D value  
is not  s ignif icant ly different  from o a control  mechanisnL supply ing  the I9.8 nmoles 
of high energy phospha te  per  mg protein,  nmst  be ew)ked. 

The eva lua t ion  of the control  mechanism dur ing the 3o-6o min in te rva l  is nmch 
more ambiguous .  The cells which s topped  bea t ing  in ti le presence of both  inhibi tors  
ut i l ize the  high energy phospha te  for rest ing metabo l i sm only,, while the cells with 
single inhibi tors  cont inue to beat ,  very  often at  a slower rate .  I t  is also probable  
t ha t  o ther  secondary  effects occur at  the  la te r  t ime.  

Krona the d a t a  of 2o exper iments ,  the  ra te  of u t i l iza t ion of energy for the rest ing 
metabol i sm,  was ca lcula ted  in cells inhib i ted  with  ol igomycin and 2-deoxyglucose 
s imul taneously ,  where no net  resynthesis  of high energy phospha te  is p resumed to 
occur. The difference in to ta l  high energy phospha te  between cells which jus t  s topped  
bea t ing  (usually at  2o 3 ° rain) and  the level at  6o rain was d iv ided  by  the t ime in 
min .This  gave the u t i l iza t ion  of high energy phospha te  per rain for rest ing metabol ism.  
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Plates from the same batch were paired at random. The value for the resting metabo- 
lism was o.289 ± o.o4o nmole high energy phosphate/mg protein per min. 

The average energy for contraction was calculated from the difference in high 
energy phosphate between control cells and cells inhibited with oligomycin and 
2-deoxyglucose simultaneously, at the time when the latter stopped beating. In each 
batch a control was paired at random with cells that have received both inhibitors. 
This difference, divided by the time it took to stop beating represents the energy 
utilized for both contraction and resting metabolism per rain. The resting metabolism 
(as calculated above) was subtracted from the total energy difference to give the 
energy for contractions per min. If we assume that the beating rate drops linearly 
from the initial value of the control plate to the final value of zero in the inhibited 
plates, then the average contraction rate can be taken as ~ of initial rate. The average 
energy for contraction was calculated by dividing the energy for contractions per min 
by the average number of beats per min, and the value for high energy phosphate 
obtained was o.o55 ± O.OLO nmole/mg protein per contraction. 

Comparing the utilization of energy of the cells when both oligomycin and 2- 
deoxyglucose are present, with cells treated with one inhibitor only, one must take into 
consideration that the latter have an average rate of beating which is approximately 
twice that of the former. During the 3o min this represents approx. 36o beats more 
for the singly inhibited cells, thus utilizing at least 36o × 0.o55 = 19.8o nmoles/mg 
protein. Thus even when the value D, as calculated in the above section, is not sig- 
nificantly different from o, one has to account for an energy requirement of 19.8 
nmoles high energy phosphate/mg protein, and that amount must have been supplied 
bv the uninhibited source of metabolism. 

DISCUSSION 

The present study supports previous findings 2 that the inhibition of either 
glycolysis or oxidative phosphorylation does not alter significantly the concentration 
of ATP in cultured heart cells. The concentration of ATP decreased only when the 
phosphocreatine level was greatly diminished as a result of inhibition of both glyco- 
lysis and oxidative phosphorylation. The latter observation agrees with results of 
studies dealing with the kinetics of phosphocreatine kinase 7, where it was demon- 
strated that this enzyme is adapted for rapid phosphorylation of ADP. 

When glycolysis and oxidative phosphorylation are inhibited the resynthesis of 
ATP is available only from the finite store of phosphocreatine. However, when only 
glycolysis or oxidative phosphorylation is inhibited the resynthesis of ATP is ac- 
complished also by the uninhibited metabolic source. The problem then arises whether 
the rate of synthesis by the uninhibited source of energy is the same as its rate when 
both glycolysis and oxidative phosphorylation are functioning or if there is an in- 
creased rate of resynthesis by the uninhibited source. In order to answer this question 
the total high energy phosphate compounds i.e. ATP and phosphocreatine as well as 
the energy requirement of the cells have to be considered. 

By comparing the change in ATP + phosphocreatine when the inhibitors were 
present singly and simultaneously and by taking into consideration the increased 
energy requirements for beating, it has been demonstrated that a control of metabo- 
lism involving glycolysis and oxidative phosphorylation operates under normal con- 
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ditions. The mechanism of this control is of particular interest and it seems plausible 
that  either free creatine or phosphocreatine exerts such a control, possibly at the 
enzyme level. An allosteric effect of phosphoereatine on phosphoffuctokinase has 
recently been demonstrated (T. MANSOL'R, personal communication). 

The quantitation of the utilization of chemical energy for resting metabolism 
and for the contraction of the beating heart cells might however be underestimated 
if the inhibition of metabolism is not complete and some resynthesis occurs. This 
could account partially for the values reported in this study being considerably lower 
than those of POOL A N D  SONNENBLICK 6, a direct comparison, however, is not possible 
because of species difference and the difference between tissue culture and fresh tissue. 
The possibility must also be considered that  the quantitation of energy utilization 
for contraction might have been overestimated. If the lower ATP concentration 
and/or phosphoereatine concentration causes a lower rate of resting metabolism, then 
the energy utilization of the beating cells would give a higher calculated value for 
the energy utilization for contraction. 
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