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SUMMARY 

I. During incubation at i ° in saline medium buffered either with phosphate or 
bicarbonate, slices of Morris hepatoma 3924 A, and of a chemically induced tumour 
of rat  mammary gland, lost K + and gained Na +, Ca 2+ and water. 

2. Upon subsequent incubation at 380 in oxygenated medium, these changes 
were partially reversed. In the hepatoma, the reaccumulation of K + was equally 
efficient in phosphate or bicarbonate medium, and in the presence and absence of 
glucose. Ca ~+ was extruded in bicarbonate, but not in phosphate medium, and its 
extrusion was reduced in the presence of glucose. 

3. When respiration was inhibited in the presence of glucose, K + transport by 
the hepatoma continued to an extent which varied with the glycolytic activity of the 
slices, suggesting that  the rate of ATP synthesis was a limiting factor under these 
conditions. 

4. In the absence of glucose, the transport of Na + and K÷ was completely 
stopped by respiratory inhibition. However, more than 50 % of the O 3 uptake had to 
be inhibited before any effect on transport was observed, suggesting that the rate of 
synthesis of ATP from endogenous respiration is in excess of that required to maintain 
transport. 

5. Inhibition of transport by ouabain was accompanied by a 30 % fall in the 
rate of endogenous respiration, and by a fall of 33 % in the rate of glycolysis in the 
presence of cyanide plus glucose. 

6. Comparison of the minimum rates of respiration and of glycolysis (in the 
presence of glucose plus cyanide) required to maintain the maximal extent of K ÷ 
transport in the hepatoma slices, suggests that  ATP derived from oxidative phos- 
phorylation or from anaerobic glycolysis is equally efficient as a source of energy for 
ion transport. 
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INTRODUCTION 

The energy-dependent transport of cations has proved to be a useful model for 
studying the relation between energy-conserving and energy-utilising aspects of cell 
metabolism I. In many types of cell, transport is dependent on oxidative phosphoryla- 
tion, apparently because of the low glycolytic activity, but in others it can be ad- 
equately supported by high-energy compounds synthesised by either glycolysis or 
oxidative phosphorylation 2 s. The rate of the energy-conserving pathways is related 
to the demands of the transport mechanism 9-16, but  only in one case so far, the ascites 
turnout, has control of both anaerobic glycolysis and respiration been demonstrated 
in the same type of cell 17,1s. 

Anaerobic gylcolysis is a less efficient source of ATP, per mole of substrate, 
than oxidative phosphorylation and it can be calculated that  in many anaerobic cells 
the Pasteur effect only partially compensates for the loss of ATP production by oxida- 
tive phosphorylation; yet in such cells the transporting activity is often close to the 
aerobic level 2. Thus, either the ATP produced by glycolysis is used more effectively for 
the support of transport, or the rate of ATP production from oxidative phosphoryla- 
tion is well in excess of that required for transport. I t  should be possible to distinguish 
between these two possibilities by comparing the glycolysis-dependent or respiration- 
dependent transporting activities in the presence of varying rates of the appropriate 
energy-conserving pathway. Rapidly growing hepatomas offer a suitable material 
for such studies, since they have a high rate of glycolysis 19, and are known to support 
at least one anabolic process (protein synthesis) with equally efficient utilisation of 
the ATP formed by oxidative phosphorylation or glycolysis 2°. 

In addition to the above problem of general importance, we have considered 
two questions which are more specifically of interest in tumour physiology. The first, 
is whether mitochondria within tumour cells exhibit coupled respiration 2°. This has 
been approached by studying the effects of ouabain, since inhibition of 0 2 uptake 
by  this specific inhibitor of ion transport seems to be due, to a considerable extent, 
to the controlling effects of ADP (released upon consumption of ATP by the transport 
mechanism) on coupled respiration 1,2. Secondly, although the abnormal K + and Ca ~+ 
content of tumour tissues (compared to the normal tissues from which they are derived) 
has long been of interest 21-2~, studies of active ion movements in them have been 
largely confined to ascites tumour cells 5,17, 24 and to slices of the rather slowly growing 
Morris hepatoma 5123tc (refs. 25,26). We have therefore at tempted to see whether 
the differences in composition between hepatoma and liver can be qualitatively 
related to differences in transport activity. 

We show below that slices of the rapidly growing, Morris hepatoma 3924 A are 
able to effect metabolism-dependent movements of K +, Na + and Ca 2÷. The K + 
transport can derive energy with equal efficiency from either aerobic or anaerobic 
metabolism, but  while the rate of respiration is well in excess of that required, the 
rate of anaerobic glycolysis is often a limiting factor in the K + transporting activity. 
We also describe experiments done with samples of a chemically induced tumour of 
rat  mammary gland. 

METHODS 

Tumours. Female rats of the ACI/T strain were inoculated in both hind legs 
with the cells of hepatoma 3924 A in the laboratory of H.P.M. 27, and were shipped to 
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the Johnson Foundation. The m a m m a r y  tumours were induced in 5o-day-old, female, 
albino rats (approx. 15o g body weight) by  a single administration, via stomach 
tube, of 20 mg of 7,I2-dimethylbenzanthracene in I ml sesame oil, the tumour de- 
veloped 7 weeks later and was used after a further 2 weeks. In order to obtain enough 
material  for the experiments, all tumours were allowed to grow to a diameter of at least 
I cm before use. 

In the case of the hepatomas, the diameters varied from i.o to 2.5 cm and the 
age from inoculation ranged from 27 to 41 days. Such tumours always contained a 
necrotic centre; their peripheral areas were white and free of obvious necrosis, although 
histological examination of these areas (for which we are indebted to Dr. P. Gambet t i  
of the Depar tment  of Neurology, University of Pennsylvania Hospital) indicated 
the presence of microscopic foci of necrosis which could account for up to IO % of 
the total  tissue volume. 

Experimental procedure. Rats were killed by decapitation, the tumours rapidly 
removed and cooled in ice-cold Ringer solution. Further dissection was done on a 
Petri dish cooled with ice. The capsules and adhering foreign tissue were cut away. 
Several blocks were cut of the uniformly white, peripheral areas, free of obviously 
necrotic and haemorrhagic tissue, and these were then cut with a razor blade into slices 
that  were o.15-o.3 mm thick. The slices cut from the two tumours of a single animal 
were placed in fresh, ice-cold medium, and mixed randomly. The time between death 
of the animal and completion of slicing was approximately 15 min. 

The slices were first incubated at I °, and subsequently at 38 ° in the Warburg 
manometric apparatus gassed with O 3 or CO2-O 2 (5:95, v/v) (as appropriate to the 
medium), according to the procedures published previously11, ~8. When respiration 
was to be measured, 20 % NaOH was placed in the centre well of the manometric 
flasks. In the ti tration experiments with cyanide (Fig. 4), the centre wells contained 
mixtures of KCN and KOH as described by  ROBBIE "9. Initial cyanide concentrations 
of 0. 5 mM or more cannot be accurately maintained in this way39; however, this does 
not affect the results, since at each initial concentration of cyanide the rate of respira- 
tion was constant throughout the experiment, and the plot of Fig. 4 is concerned with 
the rate of respiration rather  than with the concentration of cyanide. 

After the appropriate incubation periods, the flasks were detached from the 
manometers;  when lactate was measured, an aliquot of the medium was removed 
by pipette and transferred to a centrifuge tube containing ice-cold, IO % HCIO,. 
The slices were separated from the remaining medium on a sintered glass filter, 
gently blotted with filter paper (Whatman No. 54), and placed into a tared, hard- 
glass weighing bottle. The tissue was dried at lO5 ° and the fats and ions extracted 
as described previously 11,38. The ions were estimated by  atomic-absorption spectro- 
photometry.  The samples of lactate in the HCIO 4 were neutralised with K~CO~- 
triethanolamine 3° and analysed enzymically 31. 

RESULTS 

Incubation at x °. Unincubated tissues of the m a m m a r y  tumour and hepatoma 
3924 A were very similar with respect to their water  and cation composition, except 
tha t  the latter contained rather more Ca 3+ and less Mg 3+ (Tables I and II). Compared 
to normal liver ~, the hepatoma contained 50 % more K + and Mg 2+, IOO % more 
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Na + and water, and 500 % more Ca ~+ per unit fat-free dry wt.These and other aspects 
of the fresh tissue composition will be described in more detail elsewhere 32. When 
metabolism was slowed by  incubation at  I ° in the phosphate medium, slices of both 
types of turnout lost K + and gained Na + and water (Figs. I and 2) ; identical effects 
were seen with the hepatoma in the bicarbonate medium (Table I). Similar changes 
occur in most tissues, including normal rat  liver83, ~, but whereas the liver finally 
retains only 25 % of its initial K ÷ content, hepatoma 3924 A retained almost 5 ° %. 
Using the reasoning of HECKMANN AND PARSONS 35, it can be calculated that  most of 
the residual K + is 'bound'  in some non-diffusible form within the slices*. The average 
amount  of 'bound'  K + thus calculated to be present in cold-incubated hepatoma slices 
was 164 :t: 6 (33) mmoles/kg fat-free dry wt., whereas liver slices contain approxi- 
mately 50 mmoles/kg 3~. Like normal liver slices ~, the hepatoma gained Ca ~+ during 
incubation at I ° in either medium (Table I), but this was not true of the m a m m a r y  
tumour (Table II).  In neither tumour was the Mg ~+ content affected by cold incubation. 

6.0 

5.5- 

5.0- 

1200- 
| 

Ne + o / 1 ~  - ~ -  . . . .  

/i • 

8 0 0 -  / 

2 0 0  

u o [  
0 6O 

(Fresh t lssue)  

| 
! 

Time at  1 ° ( rain ) 

( 
0 

o 2~ 4b 6b 8'0 
(Fresh tissue) f [ m e  ot 1 ° (n l i n )  

Fig. i. Changes in wate r  and cation content  of slices of hepa toma  3924A during incubat ion  at i ° 
in phospha te  medium. Each  poin t  represents  a single observat ion.  For  composi t ion of medium,  
see Table I I .  i , ,  H,O; O, Na+; m, K+. 

Fig. 2. Changes in wate r  and cation con ten t  of slices of m a m m a r y  t u m o u r  during incubat ion  at  I o 
in phospha te  medium. Each  poin t  is the mean  4- S.E. of 4 observat ions.  For  composi t ion of 
medium,  see Table II. m, H~O; o, ?Ca+; O, K+. 

* These a rguments  are based on the findings t ha t  the d is t r ibut ion of Na + and C1- (as the 
main,  diffusible ions) between the mu l t i - compar tmen t  t issue wate r  of liver slices, and the medium, 
is determined by  a modified D onnan  equil ibrium, in which the  dis t r ibut ion ratio 

ENa+Jt • [C1-]t 

[Na+] m" [C1-] m 

is slightly greater  t han  un i ty  (ref. 35; the subscr ipts  ' t '  and  ' m '  refer to concentrat ions  in the  
to ta l  t issue wate r  and the  medium).  In  o ther  exper iments  wi th  slices of he pa toma  3924A incubated 
at  i o for I2O-I8O min,  the dis t r ibut ion rat io was found to  have  the value, 1.12 4- o.o8 (18) (ref. 26), 
which is similar to values obta ined wi th  liver slices 3~. 
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The net changes in composition were largely completed by 9 ° min and 12o min 
in the m a m m a r y  turnout and hepatoma, respectively, and in subsequent experiments 
these were taken as the standard times for preincubation at I °. 

Recovery during incubation at 380 
Na + and K+. When tumour slices which had been preincubated in the cold were 

restored to metabolically favourable conditions (i.e. an oxygenated medium at 38°), 
the changes in composition were reversed, to a considerable extent, by metabolism- 
dependent transport  processes. Fig. 3 shows the time-course of the recovery for slices 
of hepatoma 3924 A which were incubated in the phosphate medium containing glu- 
cose. The net changes were completed by 12o min, at which time the slices had 
regained 7 ° % of the lost K + and had extruded 60 % of the extra Na + and water. 
The rate of respiration was constant throughout incubation at 38o (the mean rate was 
5.6 ± 0.3 (7) #10~/mg fat-free dry wt. per h) ; the aerobic lactate production is includ- 
ed in Fig. 3. Inhibition of the respiration with I mM cyanide stimulated lactate 
production, especially during the first 30-60 min, but had no effect on the rate or 
extent of the net transport  of Na + or K +. Thus, in this series of experiments anaerobic 
glycolysis was an adequate source of high-energy compounds for the support of active 
transport.  However, the degree of recovery in the presence of cyanide varied some- 
what in different series of experiments (see below). 

Table I shows that  the active movement  of water, Na + and K + by slices of 
hepatoma 3924 A was also observed in the bicarbonate medium. Despite the low glyco- 
gen content of this tumour ss, endogenous substrates alone were adequate to support 
the transport  when respiration was active. Addition of glucose gave a slight, but statis- 
tically insignificant increase of the net transport. In these experiments cyanide, in 
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the presence of glucose, inhibited the loss of water and Na + by  about 3o %. Ouabain 
completely inhibited Na + and K + transport,  but reduced water extrusion by only 
3 ° %. A similar dissociation of cation and water movements  has been observed in 
slices of kidney cortex 89. 

Slices of the m a m m a r y  tumour were also able to extrude Na + and accumulate 
K + aerobically, whether or not glucose was present (Table II).  Unexpectedly, how- 
ever, these cation movements  were differently affected by respiratory inhibition, the 
K + transport  being considerably inhibited by cyanide in the presence of glucose, while 
the movements  of Na + and water were unaffected. Ouabain completely inhibited 
active movements of K +, Na ÷ and water. 

Ca 2+ and Mg 2+. Upon incubation at 38° in the bicarbonate medium, the hepa- 
toma slices extruded almost all of the Ca ~+ taken up at I ° (Table I). The presence of 
glucose appeared to reduce the extrusion, but a significant loss of Ca 2+ still took place, 
and neither cyanide nor ouabain had any further effect. No extrusion of Ca 2+ by  slices 
of either tumour was observed in phosphate medium (Table I I  ; cf. liver slices in ref. 28) ; 
the m a m m a r y  tumour slices were not studied in bicarbonate medium. The Mg 2+ 
content of both tumours was much more stable than that  of the other three ions. 
The only significant effect observed was a small loss of Mg 2÷ from hepatoma slices 
incubated in the presence of cyanide (Table I ;  cf. rat  liver slices, ref. 28). 

Effect of varying rates of energy metabolism 
Respiratory inhibition. In the absence of glucose, slices of hepatoma 3924 A 

were completely unable to support the active movements  of cations at cyanide con- 
centrations of I mM or greater; thus, under these conditions the transport  processes 
derived their energy exclusively from respiratory metabolism. In order to determine 
the form of the relationship between respiratory and transport  activities, the rate 
of respiration of slices oxidising only endogenous substrates was varied by  using 
different concentrations of cyanide (in the range, I .  lO -5 to 5" IO-S M). When the net, 
active movement  of water or cation is plotted against the rate of respiration, it can 
be seen that  the Qo2 had to be reduced below 2/~l/mg fat-free dry wt. per h before any  
inhibition of the net movements  of Na + or water occurred (Fig. 4)- In the case of K +, 
the variation in amount of K ÷ accumulated was rather  large at  intermediate values 
of Qo2, but here also a significant inhibition was not seen until the rate of respiration 
was less than 2-3 #l/mg per h. A similar discontinuous relationship between net ion 
movement  and the rate of respiration has recently been reported for slices of normal 
liver 2. Clearly, the normal 03 consumption of slices of these tissues is considerably in 
excess of that  required to maintain the maximal  active transport  at tained in vitro. 

Variations of glycolysis. As a counterpart  to the last experiments, the relation 
of glycolysis-dependent transport  to the rate of lactate production was studied in 
hepatoma slices which were incubated in the presence of glucose plus cyanide. Slices 
with differing rates of glycolysis were obtained in two ways: (i) There was found to 
be a large 'spontaneous'  difference in the rate of lactate production between hepatomas 
from different individual rats. The K + accumulation in each sample (expressed as a 
percentage of the respiration-dependent K+ transport  observed in control slices in the 
same experiments) varied directly with the rate of glyeolysis until it at tained a value 
not significantly different from the aerobic level (IOO %). This point was reached at a 
lactate production of about 800 mmoles/kg fat-free dry wt. per h (Fig. 5). However, 
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the Na + extrusion was much less sensitive to variations of glycolytic rate over the 
range occurring 'spontaneously'. (ii) Variations in the rate of anaerobic glycolysis 
were also induced with varying concentrations of iodoacetate (in the range, I .  I O  - s  

to 2- IO -s M) ; at a concentration of I mM, this inhibitor reduced lactate production 
by 9 ° % and completely abolished the active movements of Na + and K+. In this 
series of experiments, the maximal rate of anaerobic glycolysis (i.e. the rate with no 
iodoacetate present) was approximately 500 mmoles lactate/kg per h and so, by  
comparison with the results of Fig. 5, any further reduction of glycolysis, by iodo- 
acetate, would be expected to lead to a concomittent decline of K + uptake. This was 
found to be the case (Fig. 6). The results with Na + extrusion in the same experiments 
were too scattered to draw definite conclusions, but there is some indication that,  in 
agreement with the findings of Fig. 5, Na+ extrusion was not inhibited until the rate 
of lactate production fell below 200-300 mmoles/kg fat-free dry wt. per h. 

Control of respiration and glycoIysis by energy requirements of ion transport 
In a variety of tissues, the specific inhibition of ion transport (e.g. by ouabain) 

is accompanied by a fall in the activity of respiration or glycolysis, depending upon 
which pathway provides the energy for the transport 9-18. In Table III  both of these 
effects are demonstrated for the hepatoma slices incubated in phosphate medium. 
Under aerobic conditions, with endogenous substrate only, the Qo2 was inhibited by 
29.8 4- 5.8 (II) % when ouabain caused complete inhibition of the net, active move- 
ments of K + and water. In the presence of glucose plus cyanide, the inhibition of trans- 
port was accompanied by a reduction of lactate production amounting to 33-3 4- 4.7 
(II) %. In contrast, the results of Table I, lines 4 and 6, show that  aerobic glycolysis 
proceeding in the presence of glucose was not significantly affected by ouabain. 

In Table II, lines 4 and 6, the inhibition of transport in the mammary-tumour 
slices was also accompanied by a 40 % decline of the respiratory rate. 

T A B L E  I I I  

EFFECTS OF OUABAIN ON THE RESPIRATION AND ANAEROBIC GLYCOLYSlS OF SLICES OF HEPATOMA 
3924 A, IN PHOSPHATE MEDIUM 

Slices were incubated for 12o min at  i o, followed by 7 ° rain at  38 °. Values for t issue water,  K +, 
and for medium lactate, represent  the differences between slices incubated at  380 and control 
slices incubated only at  I °. 

Substrates and inhibitors (n) kg water/kg mmoles K+/kg 
fat-free dry wt. fat-free dry wt. 

Qoz mmoles lactate 
(t~l/mg fat-free in medium[hg 
dry wt. per h) fat-free dry wt. 

I. Endogenous  subs t ra te  (8) --o.77 -~- o.13 154 -4- 24 5.5 -4- o.3 --3.o 4- 3.9 

2. Endogenous  
+ ouabain  (i raM) (io) +0 .59  4- o.16 --53 4- 14 4.0 4- 0. 3 .  6.8 4- 5.5 

3. Glucose (20 mM) 
+ CN-  (2 mM) (12) --0.52 ± o.15 86 ± 18 - -  47 ° -}- 29 

4. Glucose + CN-  
+ ouabain  (i mM) (11) +o .31  4- o.18 --61 4- 8 - -  304 4- 25"* 

* Significantly different ~rom value wi thou t  ouabain,  by  S tudent ' s  t test, P < o.oi.  
** Significantly different f rom value wi thou t  ouabain,  by  S tudent ' s  t test,  P < o.ooi.  
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DISCUSSION 

Our results show that  after a period of lowered metabolic activity, cells of 
hepatoma 3924 A are able to bring about energy-dependent, net movements of Na +, 
K+, water  and (in bicarbonate medium) Ca 2+, so as to restore their composition to- 
wards normal; the same is true of the m a m m a r y  tumour studied, with respect to 
Na +, K + and water. In the hepatoma, at least, either oxidative phosphorylation or 
anaerobic glycolysis can provide the necessary high-energy compounds, and both of 
these energy-conserving pathways are partially inhibited by  ouabain. The following 
discussion will consider the various questions raised in the INTRODUCTION. 

Transport activity and fresh-tissue composition 
The energy-dependent movements of ions in hepatoma 3924 A were qualitatively 

similar to those seen previously in normal, rat  liver u, 40, 41; however, the K + transport  
shows certain quanti tat ive differences from that  of liver slices: 

(i) Slices of hepatoma and liver differ in the amount of K+ recovered during 
incubation at 38°. In a large number of experiments, rat-liver slices have been 
found to re-accumulate 205-255 mmoles/kg fat-free dry wt., or 81-97 % of the K + 
originally lost during cold incubation (G. D. V. VAN Rossu~,  unpublished observation). 
In contrast, slices of the hepatoma incubated aerobically, either with or without 
glucose, re-accumulated 126-172 mmoles/kg fat-free dry wt., or 43-66% of the 
lost K +. 

(ii) From the results of Fig. 3, the maximal  rate of K + uptake was 192 mmoles/ 
kg fat-free dry wt. per h, which is considerably less than the rate in liver slices (3o0- 
492 mmoles/kg per h; G. D. V. VAN ROSSUM, unpublished observation). 

Neither of these differences in K +- transporting activity of liver and the hepa- 
toma is in the direction required to account for the greater initial K + content of the 
latter. On the other hand, our results provide evidence that  the difference in K + 
content is at least par t ly  due to differences in the amount of 'bound'  K + which is not 
free to diffuse out of the tissues. Thus, the fresh hepatomas we studied contained an 
average total  K + content of 498 :h 18 mmoles/kg fat-free dry wt., which is about 
18o mmoles/kg more than the total  K + of normal liver. The 'bound'  K+ content of 
the hepatoma, as estimated after cold incubation, was greater than that  of liver by 
some IiO mmoles/kg, and thus accounts for a considerable part  of the difference in 
total  K + contents. 

A difference in the transporting activity does not appear to underlie the wide 
differences in Ca 2+ content of hepatoma 3924 A and liver either, since under appropriate 
conditions the hepatoma slices extrude Ca 2+ more completely than liver slices do ~8. 
More detailed investigations of the content and transport  of Ca 2+ by  hcpatoma 3924 A 
are in progress 26, 22. 

Coupling of metabolism to Na+ and K+ transport 
When the transport  of Na + and K+ by hepatoma 3924A or the m a m m a r y  

tumour  was inhibited by  ouabain, the O~ uptake was reduced. Following the sugges- 
tion of V~HITTAM 4, this is probably due to a coupling of respiration to the transport  
mechanism by  way of ADP released by  the latter, and hence provides evidence that  
well-coupled, phosphorylating respiration occurs in the mitochondria within cells of 
both of these tumours. However, recent results TM suggest that  in liver slices part  of 
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the lower respiratory activity in the presence of ouabain arises from the persistence 
of an intracellular environment with low K + and high Na + concentrations. Such an 
environment appears to be detrimental to the oxidative metabolism. Our present 
results do not allow us to estimate what proportion of the ouabain-sensitive respira- 
tion of the tumour slices was due to this latter effect. 

In the case of the fall in the rate of anaerobic glycolysis induced by ouabain, 
the abnormal intracellular environment cannot have been a factor causing inhibition, 
since glycolysis is known to be somewhat more, not less, active in the presence of low 
concentrations of K + and high concentrations of Na ÷ (ref. 42). Another possible ex- 
planation for the effect of ouabain is that  the transport of glucose into the cells may 
be coupled to Na + transport (cf. glucose transport by  the small intestine, ref. 43) 
and may be the rate-limiting step in anaerobic glycolysis. Na + dependence is not a 
universal property of glucose transport systems 4~, 45, and two findings of the present 
work may indicate that  the entry of glucose into the cells of hepatoma 3924 A is also 
independent of Na +. (I) Aerobic glycolysis was not significantly affected by ouabain 
(Table I). (ii) The most rapid rate of glycolysis occurred during the first IO min at 38°, 
at which time relatively little Na ÷ had been extruded in the presence of cyanide 
(Fig. 3). The Na ÷ dependence of glucose transport in other types of cells appears to 
be related to the existence of a gradient of Na + across the plasma membrane ~3, but 
measurements of intracellular water content suggest that  no such gradient exists 
in cells of hepatoma 3924 A during the first IO min, because of the simultaneous 
extrusion of water ~6. Thus, although neither of these observations rigorously excludes 
the possibility of an effect of ouabain on glucose entry, we incline to the view that 
the effect of ouabain was probably entirely attributable to a control of the rate of 
glycolysis by the rate at which high-energy compounds are utilised by the active 
transport of Na + and K + - a n  effect which has been clearly demonstrated in erythro- 
cytes13,16. If this is accepted, and if it is further assumed that  none of the ATP sup- 
porting ion transport is diverted to other reactions when transport is inhibited, then 
the ouabain-sensitive glycolytic activity provides an estimate of the energy require- 
ment of the transport mechanism (see further below). 

Relative e~ciency of A TP from glycolysis and oxidative phosphorylation as source of 
energy for K + transport 

The results of Figs. 4 and 5 allow estimates to be made of the rates of ATP 
production required to maintain the maximal level of K + accumulation (defined as 
the K ÷ uptake in aerobic conditions, in the absence of inhibitor) when oxidative 
phosphorylation and anaerobic glycolysis, respectively, are the sources of ATP. 
From the results of Fig. 4, a Qo2 of 3.5/A/rag fat-free dry  wt. per h may be taken as 
the average, minimum requirement for the maintenance of the maximal, respiration- 
dependent K ÷ transport. Assuming a P/O ratio of 3 for the oxidative phosphorylation 
of the tumour mitochondria 46, the rate of ATP production corresponding to this Qo2 
would be 850 mmoles/kg fat-free dry wt. per h. This is very similar to the rate of anaero- 
bic lactate production (which, with glucose as substrate, is numerically equal to the 
rate of net ATP synthesis) that was found (Fig. 5) to be required for the maintenance 
of net K+ uptake at the aerobic level. This suggests that  for ion t ranspor t  as for 
protein synthesis 2°, rapidly growing hepatomas can utilise the AT}' produced by 
anaerobic glycolysis or by oxidative phosphorylation equally effectively. 
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Two qualifications must be made to this conclusion. First, the argument assumes 
that  the effects of inhibitors on the net ion movements during 70 min at 38 ° are an 
indication of their effects on the rate of the transport process. This assumption is 
justified by a study of the response of the rate of transport in rat-liver slices to various 
concentrations of respiratory inhibito# 7. The second qualification is that, because 
of the apparent differences in response of Na + transport and K + transport to variations 
in the rate of anaerobic glycolysis, the argument is only strictly valid for the transport 
of K +. However, in the absence of measurements of changes in the extracellular 
water content, it is not certain that changes in total Na+ content are always an ac- 
curate reflection of intracellular Na +. The apparent differences between anaerobic K + 
and Na + movements thus require further study. 
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Fig .  6. R e l a t i o n  b e t w e e n  t h e  n e t  m o v e m e n t  of K+  a n d  t h e  r a t e  of g l y c o l y s i s  of s l ices  of h e p a t o m a  
3924A i n c u b a t e d  in  p h o s p h a t e  m e d i u m  in  t h e  p r e s e n c e  of g l u c o s e  (20 mM),  c y a n i d e  ( i  raM) a n d  
v a r y i n g  c o n c e n t r a t i o n s  of i o d o a e e t a t e  (o, I .  lO -5 , 5" lO-6, I .  lO -4 , 5" lO-4, I .  IO -a, 2.  IO -a M). 
V a l u e s  of K + a c c u m u l a t i o n  a re  g r o u p e d  a c c o r d i n g  t o  t h e  r a t e  of g l y c o l y s i s ,  i r r e s p e c t i v e  of t h e  
c o n c e n t r a t i o n  of i o d o a c e t a t e .  N u m b e r s  of o b s e r v a t i o n s  a re  i n d i c a t e d  on  t h e  ba r s .  

Energy requirements for K + transport 
I t  has been indicated above that a rate of ATP synthesis of approximately 

800 mmoles/kg fat-free dry wt. per h was needed to maintain the optimal extent of 
K + accumulation in the hepatoma slices. However, this is a maximal estimate of the 
ATP requirement of the transport mechanism per se, because it is likely that other 
processes can compete with K + transport for the available ATP. As noted earlier, 
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the ouabain-sensitive lactate production may offer an estimate of the requirement 
of ATP for the support of the transport mechanism itself. From Table III, this was 
seen to amount to an average of 470 minus 304 = 176 mmoles lactate/kg per h for a 
series of experiments in which the glycolysis-dependent K + transport was 86/154 
---- 0.56 of the aerobic level. Thus, the maximal level of transport activity would 
require a glycolytic rate of 314 mmoles/kg per h in order to support the transport 
mechanism itself. This is substantially less than the 800 mmoles/kg per h actually 
found to be needed for the maintenance of transport, and a large difference remains 
even when the former value is increased by 30 % in order to allow for the stimulation 
of glycolysis by the high Na + content of the slices incubated with ouabain 42. This 
difference would appear to indicate the extent to which reactions other than transport 
utilise ATP under anaerobic conditions. We cannot, at present, make the correspond- 
ing comparison of the minimal 0 3 uptake required to support transport upon limita- 
tion of respiration, with the extent of 0 3 uptake coupled to transport inhibition, 
since the results do not permit an allowance for the effects of altered cellular ionic 
composition TM to be applied to the latter. 

The question of the significance of that  part of the respiration which can be 
inhibited without affecting the transport, requires further investigation. In liver 
slices, at least, this fraction is coupled to ATP synthesis 2. If the same is true for hepa- 
toma 3924 A, then it seems likely that  this respiration supports energy-requiring pro- 
cesses which show a smaller affinity for ATP than the ion transport mechanism does. 
Such reactions would become preferentially inhibited when the ATP supply is limited. 

Energy coupling of Ca 2+ transport 
The fact that  ouabain did not reduce the Ca 2+ extrusion observed in the presence 

of glucose, suggests that in hepatoma 3924 A, as in liver 28 and erythrocytes 48, the 
transport of this cation is independent of the mechanism transporting Na + and K+. 
The failure of cyanide to inhibit shows that  glycolysis can provide the necessary 
source of energy, as well as respiration. Glucose reduced the Ca 2+ extrusion below that  
obtained with endogenous substrate, aerobically, and this may indicate a competition 
for ATP between the Ca 2+ transport system and hexokinase. In contrast, the Na + 
and K + transport is unaffected by the addition of glucose under aerobic conditions so 
that,  if this explanation for glucose inhibition of Ca 2+ transport is correct, the Ca 2+ 
transport mechanism must have a lower affinity for ATP than the Na + 'pump'. 
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