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S U M M A R Y  

1. The activities of  glycolysis and K + transport have been studied in slices 
of Morris hepatoma 3924A incubated under anaerobic conditions in the presence of 
different concentrations of  glucose (1-50 raM). 

2. Ouabain-sensitive net transport of  K + was observed at all glucose concen- 
trations greater than 1 mM; ouabain reduced the rate of  glycolysis by about 25 o/, at 
all glucose concentrations able to support ion transport. 

3. The net entry of glucose into the intracellular phase was studied at varying 
glucose concentrations. The rate of  glucose entry was similar to the rate of glucose 
utilisation by anaerobic glycolysis at medium concentrations of 10 mM and less, 
but exceeded the rate of glycolysis at 20 mM and above. 

4. The glucose entry was not Na+-dependent and was not inhibited by oua- 
bain. 

5. The results suggest (a) that the reduction in glycolytic activity caused by 
.ouabain is not due to an inhibition of glucose transport and (b) that the glucose 
transport system of this poorly differentiated hepatoma has properties similar to that 
of  normal liver. 

I N T R O D U C T I O N  

We have reported that slices of the poorly differentiated, rapidly glycolysing 
Morris hepatoma 3924A are able to support the net transport of  Na + and K + with 
energy derived from anaerobic glycolysis [1 ]. We also showed that inhibition of ion 
transport by ouabain was accompanied by a reduction in the rate of  glycolysis, one 
interpretation for which is that the reduced utilisation of ATP by the ion-transport- 
ing mechanism renders the relative concentrations of  the adenine nucleotides less 
favourable for glycolysis [2, 3]. Alternatively, the effect of  ouabain on glycolysis 
could be explained if the entry of glucose into the cells is the rate-limiting step of 
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anaerobic glycolysis and if the glucose transport system of the hepatoma is of the 
Na+-dependent,  ouabain-sensitive type [4]. 

Studies on glucose transport in liver and hepatoma cells are relatively few in 
number. The sugar appears to enter liver cells very rapidly [5, 6] but, at low external 
concentrations, its entry into the cells of  the rapidly glycolysing Novikoff hepatoma 
has been implicated as a rate-limiting step for glycolysis [7]. In both liver and Novikof[ 
hepatoma, glucose transport proceeds by facilitated diffusion [6, 7]; it therefore seems 
unlikely to be a Na+-dependent process, as such dependence appears to be confined 
to active transport mechanisms. However, a direct test for Na+-dependence does not 
appear to have been made in cells of either liver or the hepatoma. There was appar- 
ently a marked point of difference between the normal and neoplastic tissue in that 
the apparent K m for glucose transport was reported to be about 17 mM for liver [6] 
but only 1 2 mM in Novikof fhepa toma [7]. 

We report here experiments which studied the relationship of glucose entry 
to the rate of glycolysis in slices of hepatoma 3924A, as a step in the understanding of 
the effect of ouabain on glycolysis. The apparent K m for transport in this turnout was 
similar to that reported for normal liver. The results suggest that glucose entry may 
have a rate-limiting role on glycolysis at low external concentrations, but provide no 
evidence for a Na + dependence or direct ouabain sensitivity of the transport mech- 
anism. The effect of  ouabain on glycolysis in this tissue is thus not mediated by a 
reduction in glucose entry. 

M E T H O D S  

Cells of Morris hepatoma 3924A were transplanted subcutaneously into both 
thighs of female rats of the ACI/T strain and were taken for use after 20-25 days 
growth. The majority of  the individual tumours used were grown in Rome, where 
hepatoma 3924A has been maintained for the last four years. The ACI/T rats used 
to start the colony, and the initial samples of 3924A, were obtained from the labora- 
tory of H.P.M. in Washington. Other experiments were done in Philadelphia, using 
turnout-bearing rats inoculated in H.P.M. 's  laboratory and shipped by air. 

Preparation of the tumour  slices has been described previously [1]. The 
slices were immediately placed into a phosphate-buffered Ringer medium (see below) 
at I °C and allowed to pre-incubate for 120 min, during which time they were trans- 
ferred 3 times to fresh portions of medium. The pre-incubation allowed equilibration 
of the extracellular marker, inulin, with its available space in the tissue water [8], and 
also caused depletion of cellular K +, thus making these experiments directly com- 
parable with our earlier work [1 ]. The vessels containing the final portions of medium 
each held 100-200 mg wet wt. of tissue slices in 3 ml medium and were gassed with 
O 2 o r  N2, as appropriate. The experimental periods were initiated by placing the 
stoppered incubation vessels in a shaking water-bath at 38 °C. Duplicate or triplicate 
flasks were incubated at each point in each experiment. At least three experiments, 
using different animals, were done for each of the series of  experiments summarised 
in the tables and figures. 

The phosphate-buffered Ringer medium contained: Na + 155.0mM, K + 
5.0 mM, Mg z+ 1.0 raM, Ca 2+ 1.25 raM, CI-  147.5 mM, SO¢ 2- 1.0 mM, phosphate 
10.0 mM (pH 7.4). Inulin, when used, was at 0.5 °.~i w/v. For anaerobic experiments, 
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the medium contained 2 mM KCN and was gassed with NE: for aerobic experiments, 
the medium was gassed with O2. Glucose and other additions were made to the final 
concentrations indicated in the text. 

After completion of the appropriate incubation period, a sample of medium 
was withdrawn from the incubation vessels and deproteinised with I ~ w/v HC104. 
The remaining flask contents were rapidly tipped onto a circle of hardened filter 
paper supported on a sintered-glass filter, and the slices separated from medium by 
suction followed by gentle blotting. Samples of the slices were transferred to a tared, 
hard-glass weighing bottle for drying, extraction with 0.1 M HNO 3 and analysis of 
water, Na +, K + and dry weight. Other samples were deproteinised in 8 o/,,, w/v 
HCIO4 (at I ~C), homogenized and centrifuged. The pellets were assayed for total 
protein by the biuret reaction. Perchloric acid extracts of tissue and medium were 
neutralised with a mixture of K2CO 3 and triethanolamine [9], and assayed for lac- 
tate, glucose and glucose 6-phosphate, as appropriate. Lactate was assayed by use of 
lactate dehydrogenase (EC I. 1.1.27), glucose 6-phosphatewith glucose-6-phosphatede- 
hydrogenase (ECI. 1.1.49) and glucose with hexokinase (EC 2.7.1.1 ) and glucose-6- 
phosphate dehydrogenase [9,10]. Further details of the procedures and assay methods 
are given by van Rossum [11 ]. 

Changes in slice composition or lactate production during the experimental 
period were determined by comparing samples of tissue and medium taken at the 
end of the pre-incubation period with samples taken after varying periods at 38 °C. 
Intracellular contents have been calculated by assuming that the inulin-containing 
compartment of the slice water contained all diffusible substances at their concen- 
trations in the medium. Results are expressed in terms of the tissue protein content. 
In cases where tissue dry weight, rather than protein, was directly assayed, the con- 
version to units per weight of protein was made on the basis of estimates that the pro- 
tein content was 0.592+0.015 (26) kg protein/kg dry weight. The results are expressed 
as mean ~ standard error of the mean. The number of observations is noted in 
parentheses, where a single observation is the mean of duplicate analyses carried out 
on the contents of a single reaction vessel. 

RESULTS 

Gb'colysis 
The time-course of anaerobic glycolysis was determined in slices that were 

incubated in the presence of I and 5 mM glucose; it should be noted that (unless other- 
wise stated) the pre-incubation (1 °C) of each set of slices was conducted in medium 
containing the same concentration of glucose as that used for the experimental in- 
cubation (38 °C). Control slices were incubated in glucose-free medium throughout, 
in order to estimate the contribution of endogenous substrates to the lactate formed. 
Fig. I shows that the extra lactate production in the presence of 1 mM glucose was 
linear for 45 min at 38 °C but fell off somewhat at longer times. Analysis of the me- 
dium showed that the glucose concentration had fallen to 0.65~ 0.06 (11) mM by 
45 min, a concentration which was below the apparent K m for glycolysis (see below) and 
which would thus account for the declining rate of glycolysis. Slices incubated with 
5 mM glucose showed a linear production of lactate during the whole period at 38 °C, 
and after 70 min the medium glucose concentration was 3 .53i0 .24  (7) mM. 
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Fig. I. Time-course of anaerobic lactate production by slices of hepatoma incubated in I mM or 
5 mM glucose. Slices were incubated for 120rain at I C followed by incubation at 38 -'C in the pres- 
ence of KCN (2 raM) and a Nz atmosphere for the time indicated; glucose was present in the media 
throughout. 0 ,  5 mM glucose; O, 1 mM glucose. 

In the medium initially containing I mM glucose the ratio, tool total glucose 

utilised/mol total lactate produced, varied from 0.56:[:0.08 (I 1 ) after 10 min at 38 °C, 
to 0.38 + 0.09 ( I 1 ) after 70 min, and so did not differ significantly from the value of 
0.5 expected for glycolysis. Similar results were obtained in the presence of  5 mM glucose, 
the ratio being 0.65_+0.07 after 10 min and 0.545_0.03 after 30 min. The tissue content 
of  free glucose decreased during incubation at 38 °C, the initial level of  25.7:L: 1.5 mmol/  
kg protein after pre-incubation in 5 mM glucose decreasing by 5.6 ± 1.0 mmol/kg after 
I 0 min at 38 -:C and by 1 1.3 ~- 1.5 mmol/kg after 30 min. By 30 min, the tissue glucose 6- 
phosphate showed only a very small increase of  0 .48~0.20 mmol/kg protein. It is con- 
cluded that, in these anaerobic cells, all the glucose utilised was accounted for by the 
increased lactate production observed in the presence of  the exogenous substrate. 

The dependence of  glycolysis on exogenous glucose was further studied over a 
range of  concentrations from I to 50 mM. Incubat ion at 38 °C was continued for a 
standard time of  30 min, this being on the linear portion of  all the time-course curves 
(Fig. 1). The endogenous lactate production (mean value 7 0 ~ 5  mmol/kg protein 
per 30 min)was  determined as above, and was subtracted from the experimental values 
in order to estimate the rate of  glycolysis from exogenous glucose only. 

The experiment was done with tumours  f rom each of  the two sources (see 
Methods),  and Fig. 2 illustrates that there was no more than 10 o//o difference between 
them at any glucose concentration. In each case, the maximal rate of  glycolysis 
occurred at 20 mM glucose. Since glycolysis is the sole source o f  ATP in these anae- 
robic slices, the ion-transport ing activity of  the cells may also be expected to depend 
upon the concentrat ion o f  glucose. Fig. 3 shows the net reaccumulation at 38 °C 
of  the K + lost during pre-incubation at 1 °C. The rate of  glycolysis induced by 
1 mM medium glucose was insufficient to support  a significant net uptake of  K +, 
but higher glucose concentrat ions permitted an accumulat ion which was closely 
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Fig. 2. Effect of  medium glucose concentration and ouabain on the rate of  lactate production by 
t umour  slices from different sources and under varying conditions of  incubation. Slices were incubated 
for 120 min at 1 °C and 30 rain at 38 °C; glucose and inhibitors were present throughout.  Q,  Hepato- 
mata inoculated in the laboratory of  H.P.M.; incubation in the presence of  K C N  (2 raM) and Nz 
atmosphere (n -- 6). C), Hepatomata inoculated in the laboratory of  T.G.; incubation in the presence 
of  KCN (2 mM)  and N2 atmosphere (n = 10). III, Hepatomata  from T.G., incubated in the presence 
o f o u a b a i n  (1 raM), KCN ( 2 m M )  and N2 atmosphere ( i t - -  10t. A, Hepatomata from H.P.M.; 
incubation in 02 atmosphere (n -- 6). 
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Fig. 3. Effect of  medium glucose concentration on the net accumulation of  K + by anaerobic slices 
of  hepatoma. The analyses were done on the slices whose lactate production is shown in Fig. 2. 
O,  Hepatomata  from H.P.M.; incubation in the presence of  KCN (2 raM) and Nz atmosphere 
(n -- 6). O ,  Hepatomata  from T.G.; incubation in presence of  KCN (2 mM) and N2 atmosphere 
( n  - -  10). II. Hepatomata from T.G.: incubation in presence o f o u a b a i n  (1 mMj,  KCN (2 raM) and 
N2 atmosphere (n = I0). 
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Fig. 4. Double  reciprocal plot o f  the effect o f  glucose on  anaerobic lactate product ion.  Results arc 
replotted f rom Fig. 2. T u m o u r s  f rom T. G. were incubated with KCN in a N2 a tmosphere ,  with or  
without ouaba in  (1 mM  ). 0 ,  Lactate product ion in presence o f o u a b a i n ;  0 ,  total lactate product ion 
minus  lactate product ion in presence ot ouabain .  

related to the rate of anaerobic glycolysis. This may be compared with our earlier 
finding that the inherent variation between animals in the rate of anaerobic glycolysis, 
at a constant glucose concentration, was also linearly related to the K + uptake [1]. 
Comparison of the curves obtained with slices from the two sources showed that there 
was a tendency for those obtained directly from H.P.M.'s laboratory to accumulate 
more K + at lower rates of glycolysis, but that there was no significant difference 
between the maximal amounts of accumulation achieved at 20 and 50 mM glucose. 

The presence of 1 mM ouabain completely inhibited K + reaccumulation and, 
indeed, permitted some further loss of K + beyond that occurring during the pre- 
incubation period (Fig. 3). It also reduced the anaerobic lactate production by 
20-30 o; at all those concentrations of glucose which supported a significant, net 
active transport of K +, but not at I mM glucose (Fig. 2). By subtraction, the anaero- 
bic glycolytic activity may be separated into ouabain-sensitive and ouabain-insen- 
sitive fractions. From double reciprocal plots (Fig. 4) the apparent K m values for 
glucose of the two fractions were found to be somewhat different: the values were 
0.9 mM for ouabain-insensitive glycolysis and 3.4 mM for the ouabain-sensitive ac- 
tivity. 

For comparison, Fig. 2 includes results on the glucose-dependence of aerobic 
glycolysis in the slices of 3924A. The form of the curve is generallylsimilar to that shown 
by the ouabain-resistant anaerobic lactate production. 

Net entry of glucose 
We next studied the rate at which glucose enters the cells, in order to compare 

it with the rate of utilisation of the sugar by glycolysis. The slices were pre-incubated 
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Fig. 5. Effect ofiodoacetate (2 raM) and medium Na + on the entry of glucose into bepatoma slices 
incubated in presence of KCN (2 raM) and a N2 atmosphere. Medium glucose concentration was 
5 raM. For experimental procedure, see text. O, O, 2 mM iodoacetate present; E, ~], no iodoacetate 
(control). O, E, Incubated at 38 °C in Ringer with normal Na + concentration. O, --], Incubated at 
38 'C in Ringer containing Li + instead of Na +. , , E.C. (1AA) or E.C. (control) represent the 
equilibrium glucose contents of the extracellular (inulin-containing) tissue compartments incubated 
with and without iodoacetate. 

in glucose-free medium conta in ing  the necessary inhibi tors  and inulin. Entry o f  glucose 
was ini t iated by t ransferr ing the slices to medium at 38 °C which conta ined glucose 
at the appropr i a t e  concentra t ion .  Samples  o f  the slices were then taken for analysis  
at intervals. 

The s tudy of  the entry  of  glucose into an actively glycolysing tissue is com- 
plicated by the rapid  phosphory la t ion  and metabol i sm of  the sugar. The effect of 
metabol ic  activi ty in removing free glucose as soon as it enters the cells is i l lustrated 
in Fig. 5, where it can be seen that  the presence of  2 m M  iodoaceta te  (to inhibit  
glycolysis)  greatly increased the amoun t  of  free glucose detectable  in the slices that  were 
incubated  anaerobica l ly  in 5 m M  glucose. In the slices incubated  without  iodoaceta te ,  
the glucose space was not  significantly different from the inulin space, suggesting 
immedia te  phosphory la t ion  of  intracel lular  glucose. In the presence of  iodoaceta te  
and  cyanide all react ions synthesising A T P  are inhibited and it is reasonable  to con- 
clude that  glucose enter ing the cells remains  unaltered.  Therefore,  the major i ty  o f  the 
remaining experiments  on glucose entry  were carr ied out  in the presence of  iodoaceta te .  
This device has been used previously in work  on sugar t r anspor t  by bra in  slices 
[12, 13]. 

The rate o f  entry o f  glucose into the slices was de termined in media  conta in ing 
glucose at concent ra t ions  f rom 0.5 to 50 raM, and the extracel lular  glucose was esti- 
mated  f rom s imul taneous  measurements  of  the inulin dis t r ibut ion in the same samples 
of  slices. The tissue contents  were corrected for the small  amoun t  of  endogenous  glu- 
cose (mean value 0.54-~0.06 (32) mmol /kg  prote in)  found  in control  slices incubated 
in glucose-free medium.  Table  I shows that  the presence o f  iodoaceta te  prevented 
net p roduc t ion  of  lactate dur ing  incubat ion  at  38 °C at  any concent ra t ion  of  glucose, 
the lactate detected being equal  to that  present  after glucose-free pre- incubat ion at 
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TABLE I 

Products of  glucose metabolism in hepatoma slices incubated in the presence of  2 mM C N - ,  2 mM 
iodoacetate and different concentrations of  glucose. Results from experiments shown in Fig. 6. After 
preincubation for 120 min at 1 C in the presence of  the inbibitors, slices were transferred to media at 
38 °C which contained the inbibitors and varying concentrations of  glucose. Glucose 6-phosphate 
was analyzed in the tissue and lactate in media and tissue. Results obtained in media containing 0.5. 
1.0, 2.0 and 5.0 mM glucose have been pooled in one group, and those in 10, 20 and 50 mM glucose 
in another. 

Medium glucose (raM) Min at 38 C 

0 1 6 20 

Glucose 6-phosphate 0 0.4+_0.1 
(mmol/kg protein) 0.5 5.0 1.0=::0.1 

10 50 - 2.2+_0.6 

Lactate 0 50 :- 13 
(mmol/kg protein) 0.5 5.0 56~  16 

10 50 32-__8 

3.9 : 0,2 
2.7-2 0.3 4.0--0,6 
2 . 7 : 0 . 2  3.9 " 0,6 

47 - 5 55 i 8 
43~13  51--' II 

I °C. There was a small increase of tissue glucose 6-phosphate during the course 
of incubation, but since this was not affected by the external glucose concentration 
it must have arisen from endogenous sources (possibly glycogen) and does not indi- 
cate phosphorylation of transported sugar (see also above). During the first minute 
of incubation at 38 °C in all glucose- containing media there was a rapid entry of the 
sugar into the extracellular water. At 1 min, the glucose space was not significantly 
different from the inulin space in slices incubated in media containing 0.5-5.0 mM 
glucose, while at higher medium concentrations the apparent volume occupied by 
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Fig. 6. Entry of  glucose into intracellular compartment  of  hepatoma slices incubated in the presence 
of  varying glucose concentrations. For experimental procedure, see text. The ordinate represents 
the tissue glucose content in excess of  the equilibrium glucose content of  the inulin-containing com- 
partment.  All media contained KCN (2 raM) and iodoacetate (2 mMI. Glucose concentrations ill 
media were (a) 0.5 mM (@) and 2 mM (,~): (bl 5 raM: (c) 50 raM. 
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glucose came to exceed that occupied by inulin at about 2 min (as indicated by inter- 
polation between the observations at 1 and 3 min). Fig. 6 illustrates the experiments 
at four glucose concentrations, the values plotted being the glucose content in 
excess of that calculated to be in the inulin-containing compartment of the tissue water. 
The rate at which glucose was transported into the cellular compartment was estimated 
from the initial slopes of the curves of the type illustrated in Fig. 6. In Fig. 7a the 
rate of entry has been plotted against the medium glucose concentration. The rela- 
tionship shows a tendency to saturation of the transport system and a double-recip- 
rocal plot allows calculation of an apparent K m for transport of 13.5 mM glucose 
(Fig. 7b). However, the further increase in the rate of glucose uptake at even the 
highest glucose concentrations studied suggests that there is a component of glucose 
entry which occurs by simple diffusion, in addition to the saturable component. The 
calculated value of the apparent K m may thus be an overestimate (cf. refs 7 and 14). 

Fig. 7a also compares the rate of glucose entry with the rate of glucose con- 
sumption by anaerobic glucolysis, calculated as half the lactate production shown 
in Fig. 2. At concentrations less than 10-15 mM, the rate of glucose entry did not ex- 
ceed the rate of glucose utilisation and could thus represent a rate-limiting step for 
glycolysis. At 20 mM glucose and above, the rate of glucose transport exceeded that 
of its utilisation by anaerobic glycolysis, and is thus not a rate-limiting factor in the 
latter. This agrees well with our observations that glycolysing slices (i.e. without iodo- 
acetate) did not show free, intracellular glucose when incubated in the presence of 
5 mM glucose (Fig. 5), but did contain it when incubated in 50 mM glucose (see 
below). 

The possibility that the effect of ouabain on glycolysis might be due to a direct 
effect on glucose transport, independently of its effect on ion transport, was tested in 
experiments of the type just described. In the presence of cyanide and iodoacetate 
all active ion transport would be impossible because of the complete absence of ATP 
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Fig. 7. (a) A comparison of  the rates of  glucose t ransport  and glucose utilisation by glycolysis in 
hepatoma slices incubated in the presence of  different concentrations of  glucose. O ,  Rates of  glucose 
transport  are calculated from results of  experiments of  the type illustrated in Fig. 6, using the maximal 
rate of  net glucose penetration beyond the inulin space (see text for further details). 0 ,  Rates of  glucose 
utilisation in glycolysis have been taken to be half the rate of  lactate production under anaerobic 
conditions (in the absence of  ouabain) shown in Fig. 2. Results from the two sources of  hepatomata 
have been pooled, since they show no significant difference in glycolytic rate. (b) Double reciprocal 
plot of  the effect of  glucose concentration on rate of  glucose transport.  Results are taken from (a). 
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Fig. 8. Effect of ouabain on the time-course of glucose entry in the presence of KCN (2 mM) and 
iodoacetate (2 raM); medium glucose concentration was 5 raM. Procedure as for Fig. 6. O, Control; 
O, ouabain (2 raM). 

synthesis, and any direct effect of ouabain on the glucose transport system should be 
apparent. Fig. 8 shows that the entry of glucose into slices incubated in the presence of 
5 mM glucose was unaffected by 2 mM ouabain. 

The possibility of a sodium-dependent component of the glucose transport 
mechanism in hepatoma 3924A was next examined. Current ideas on the Na +- 
dependent sugar-transport by other types of cells indicate that the essential factor 
is the existence of a concentration gradient of the ion in the direction of transport 
[4, 15]. In our experiments, we studied the effect of such a gradient on sugar transport 
in the presence of cyanide and iodoacetate by the following procedure. The slices 
were pre-incubated at 1 °C in a Na+-free medium (Na + of the Ringer being replaced 
by Li +). The slices were transferred to fresh portions of this medium four times during 
the 120 min period of pre-incubation so that their Na + content fell to an apparent 
concentration of 14.7±2.5 mmol/kg tissue water (Table I1). The study of glucose 
uptake was then initiated by transferring the slices to glucose-containing medium at 
38 °C. Half of the slices were placed into such a medium containing the normal Na + 
concentration (155 mM) so that a 10-fold concentration gradient, outside greater than 
inside, was immediately established: after the full incubation period of 20 min at 
38 °C, the apparent tissue concentration of Na + was 88~3 mmol/kg water so that a 
concentration gradient (approximately two-fold) for Na + still existed in the same 
sense (Table Ii). The remaining slices were used as controls, being placed into glu- 
cose-containing Na+-free (Li +) medium. In this case, the tissue Na + remained roughly 
constant, so that a small Na + gradient in the adverse direction for sugar uptake was 
maintained throughout the incubation at 38 °C. From Fig. 5 it can be seen that the 
different initial Na + gradients produced no change in the rate of entry of glucose into 
slices from medium containing 5 mM glucose. 

This experiment was repeated under conditions in which iodoacetate was ab- 
sent, so that the cells were able to synthesise ATP by anaerobic glycolysis to support 
any possible active transport mechanism for glucose. As noted earlier, the rate of glu- 



277 

TABLE II 

Effect of incubation in normal Na + or Na+-free medium on tissue Na + concentration. The results 
are of analyses done on the slices used for studies of the Na + dependence of glucose transport. KCN 
(2 raM) was present in all media. Glucose was added at the onset of incubation at 38 °C. In the Na +- 
free medium, Li + was substituted for Na +. Line (1). Control experiment; slices incubated in Na + 
Ringer for 120 rain at 1 °C followed by 20 rain at 38 ~C. The fall ofNa + concentration is due to active 
transport deriving energy from glycolysis. Line (2). Slices incubated for 120 rain at [ C in Li + 
Ringer, followed by transfer to Li + or to Na + Ringer for 20 rain at 38 ~'C. Line (3). Similar to line (2). 
except that 2 mM iodoacetate was present. 

Medium glucose during Slice [Na + ] (mmol/kg tissue H20) 
incubation at 38 °C . . . . . . . . . .  

Li + Ringer (Na+-free) Na + Ringer (155 mM Na +) 

1 ° c  38 ° c  I ° c  38 c 

(1) 50 mM - 147.0±1.9 113.3±8.8 
(2) 50 mM 20.0 22.8 -- 97.3 
(3) 5 mM (with iodoace- 

tate, 2 mM) 14.7±2.5 12.0±3.0 88.3±2.6 

cose entry from a 5 mM glucose medium was insufficient to permit  the presence of 
free glucose in the actively-metabolising cells. However, 50 m M  glucose is sufficiently 
in excess of the apparent  Km for glycolysis to permit such accumulat ion,  and to give 
an indication,  at short incubat ion  times, of the rate of glucose entry into the tumour  
cells. Under  these condit ions also, the presence of external Na + and  of a supposedly 
favourable Na + gradient (Table 1I) had no influence on the initial rate at which glu- 
cose entered the tissue (not  illustrated). 

After 20 min at 38 °C in the presence of 50 m M  glucose, the slices incubated 
without iodoacetate in the Na + medium show an intracellular concentra t ion of 
28.4 mmol glucose/kg intracellular water, while those in the Li + medium contained 
30.9 mmol/kg. Thus, there was no indication of an accumulat ion of glucose against 
a concentrat ion gradient either in the presence or absence of medium Na +. The con- 
centrat ion of glucose in the intracellular water of slices incubated for the same time 
(20 min)  in the medium conta in ing 50 mM glucose plus 2 mM iodoacetate was 
21 .0~5 .6  ( 5 ) m m o l / k g  water. This value is not  significantly different from those 
obtained in glycolysing slices, suggesting that the failure of the glucose to attain 
equil ibrium with the 50 m M  glucose medium in the absence of iodoacetate was not  
due to its rapid utilisation by the glycolytic activity. These results therefore provide 
no evidence for an active t ransport  mechanism for glucose in this hepatomm although 
the possibility is not  rigorously excluded. 

DISCUSSION 

Glucose entry 
The determinat ion of the rate at which glucose enters the cells of tissue slices 

is made difficult, and  the accuracy of the estimates impaired, by the rapid, metabolic 
utilisation of the sugar, the presence of endogenous glucose and  the correction needed 
for the presence of glucose in the extracellular compar tment .  The first two of these 
factors may be avoided by studying a non-metabol isable  derivative of the sugar. 
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However, there are indications in the literature that, in other cells, the maximal 
rate of  transport of glucose may differ by 50-100 ~ from that of its commonly used 
derivatives [7, 14]. We therefore chose to use glucose itself, particularly because of the 
comparison we wished to make between the rate of  glucose entry and its rate ot 
glycolysis (Fig. 7a). The metabolism of glucose was prevented by the presence of 
iodoacetate in addition to cyanide (discussed below). Endogenous glucose levels 
were determined and subtracted: the maximal relative correction for this factor had 
to be applied to the slices incubated for 1 min in medium with 0.5 mM glucose, where 
it amounted to approximately 20 ~ of the total glucose content. The greatest source 
of inaccuracy was, however, that due to the correction for the glucose content of 
the extracellular compartment.  This is a source of error inherent in the use of multi- 
cellular preparations of tissues, irrespective of the nature of the transported substance. 

The entry of glucose into the cells of the rapidly glycolysing hepatoma 3924A 
appears to involve a process which is saturable as the external sugar concentration 
is raised. However, saturation does not appear to be completely attained at external 
concentrations ~s high as 50 mM and this strongly suggests that a simple, passive 
diffusion process was also contributing to the overall sugar entry. The apparent K,, 
for the total glucose entry (approximately 13 mM) was of the same order as that re- 
ported for perfused, normal liver (minimally 17 raM, see ref. 6) where there also ap- 
pears to be a component of  simple diffusion. Both of these values are substantially 
greater than the apparent K m for glucose transport reported for cells of the rapidly 
glycolysing Novikoff  hepatoma in tissue culture, which was 1-2 mM (ref. 7). This 
may represent a real difference between the two hepatomata, or it may be a 
reflection of some of the technical difficulties which, as mentioned above, attend the 
study of glucose transport in the slice preparation. However, an important contrib- 
utory factor is likely to be the fact that the superimposition of a simple diffusion 
onto a carrier-mediated transport mechanism can lead to the estimate of the 
apparent K m of the overall process being substantially greater than the K m for the 
saturable mechanism [7, 14]. It thus seems likely that the K m for the facilitated diffu- 
sion of glucose in hepatoma 3924A, and probably in liver also, is lower than the ob- 
served values of  13-17 raM. However, the values of Fig. 7a do not indicate a linear por- 
tion of the curve, even at the highest concentrations of glucose studied, and we cannot 
therefore reliably correct for the simple diffusion component  of the total uptake. 
Nevertheless, the observation that the estimated apparent K m values for total glucose 
transport  in multicellular preparations of  both normal liver and hepatoma 3924A 
are in good agreement, does suggest that there are no marked alterations in the nature 
of the glucose transport mechanism in the cells of this turnout. 

The glucose-transporting systems of liver and Novikoff hepatoma were unable 
to produce intracellular concentrations greater than that of the medium. Our results 
with 3924A incubated in 50 mM glucose in the absence of iodoacetate (and therefore 
in the presence of active ATP synthesis by glycolysis) also failed to show an accumula- 
tion against the concentration gradient or even to show an intracellular concentration 
significantly higher than that attained with 50 mM glucose in the presence of iodo- 
acetate. This seems to indicate that a mechanism of facilitated diffusion is involved 
rather than active transport, although we have not given a rigorous proof  of this, e.g. 
the equality of  concentration with and without iodoacetate could be a fortuitous result 
of  the rate of  glucose removal by glycolysis in the absence of the inhibitor, rather 
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than independence from ATP provision. Neither the glucose-transporting system of 
liver, nor that of Novikoff  hepatoma, has been tested for sensitivity to Na +, either 
by use of  Na-free medium or by treatment with ouabain. Our results indicate, by both 
of these criteria, that glucose transport in hepatoma 3924A, whether in the presence 
or absence of iodoacetate, is independent of  Na + coupling. This finding may in 
itself be taken as a further, indirect indication that a facilitated diffusion rather than 
active transport is involved, since active transport of  sugars in mammalian cells 
has so far only been shown in Na-coupled systems [4]. 

Control of 91ycolysis 
Comparison of the observed rates of  anaerobic glycolysis and of glucose entry 

indicate that glucose consumption may be controlled by its rate of  entry when the 
external substrate is present at less than 10-15 mM, but not at higher concentrations. 
The validity of this comparison depends upon the absence of an effect of iodoacetate 
on the carrier system since the rate of  uptake was estimated in its presence. However, 
Joanny et al. [12] were unable to find evidence of inhibition of facilitated diffusion 
of at least one sugar (D-xylose) by this agent in brain slices (see also ref. 13). Our 
conclusion is supported by the finding that, in the absence of iodoacetate, free in- 
tracellular glucose can be detected when slices are incubated in 50 mM glucose, but 
not in 5 mM glucose medium. 

The absence of Na or ouabain sensitivity of  the glucose entry, as discussed 
above, indicates that the inhibitory effect of  ouabain on glycolysis is not mediated 
by an effect on the glucose transport system. This is further shown by the finding 
that the inhibitory effect of ouabain on glycolysis is undiminished at concen- 
trations of glucose at which the rate of  sugar entry is clearly not rate-limiting for 
glycolysis. Thus, at 50 mM glucose, the maximal rate of  glucose entry exceeded the 
rate of  its utilisation by approximately 180 mmol/h per kg protein, while ouabain 
inhibited glucose conversion to lactate by less than this difference (i.e. by only 140 
mmol•  h-  1 . kg-  ~ ). An indication from the present work that the effect of  ouabain is 
closely related to the utilisation of energy for cation transport is provided by the 
finding that ouabain only significantly reduced anaerobic glycolysis when the rate 
of this process was sufficient to support a net accumulation of K + (i.e. at glucose con- 
centrations greater than 1 raM). Thus, we continue to favour the original suggestion 
of Whittam et al. [2], further supported by Eckel et al. [3], that the effect of ouabain 
is mediated via the reduced interconversion of ADP and ATP during K + transport 
and glycolysis. 
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