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Abstract 

The influence of phosphate-free medium buffered with synthetic organic buffers, and of a preliminary incubation of cells in medium 
lacking added substrate ('pre-incubation') was investigated with mouse-cultured Ehrlich ascites tumour cells. In comparison to 
phosphate-containing bicarbonate-buffered balanced-salts medium, organic-buffered medium, without a preliminary substrate-free pre-in- 
cubation, was associated with 20-30% reduction in the rate of glycolysis, the 3- to 4-fold accumulation of fructose 1,6-bisphosphate and 
the halving of both ATP and total adenine nucleotide levels. These perturbations were reversed by the inclusion of 5 mM sodium 
phosphate in the organic-buffered medium. Pre-incubation for up to 90 min, before inclusion of glucose, resulted in greater depression of 
the glycolytic rate and concentrations of adenine nucleotides. This occurred in both the balanced-salts medium and the organic-buffered 
medium. During pre-incubation cells were lysed, releasing lactate dehydrogenase, when physically agitated too vigorously. It was 
concluded that the use of phosphate-free medium and pre-incubation are not advisable procedures for routine metabolic investigations 
with this cell line. 
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1. Introduction 

It has been proposed that, for metabolic studies, Ehrlich 
ascites tumour cells should be incubated at 37°C in the 
absence of  added substrate for a period of  up to 90 min 
before addition of  substrate. This substrate-free incubation 
is generally referred to as 'pre- incubat ion ' .  A pre-incuba- 
tion regime of  this nature has been advocated [1-3]  as a 
means of  obtaining cell preparations that are uniformly 
depleted of  endogenous substrate and thus expected to 
exhibit reproducible metabolic rates under controlled ex- 
perimental conditions, at least with respect to pathways of  
energy metabolism. On the other hand, other workers, 
including ourselves [4], have studied these cells by incuba- 
tion in the presence of  added substrates immediately fol- 
lowing harvesting and washing in ice-cold buffer. As part 
of  our study of  mitochondrial  redox shuttle activity in 
Ehrlich cells that were not pre-incubated, we observed 
rates of glycolysis  four times as great as those reported 
recently by Gonzalez-Mateos et al. [3], who routinely 
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pre-incubated cells. Such a large difference raised the 
possibili ty that a substrate-free pre-incubation period may 
be associated with cell damage. This report describes a 
comparison of  the metabolic properties of cells that were 
either pre-incubated or incubated immediately after wash- 
ing, using two different types of  basic medium. 

2. Materials and methods 

Experimental details were as described previously [4]. 
The Ehrlich ascites cell line was provided by courtesy of  
Dr. E. Kotlarsky (Department of  Immunology and Molecu- 
lar Biology, University of  Adelaide,  South Australia). This 
line was obtained originally from Roswell Park Cancer 
Institute, Buffalo, New York, USA, and has been pre- 
served since its acquisition in 1955 by serial passage of  the 
cells in C57 mice and the storage of  passaged cells in 
liquid N 2. For each of the experiments reported here, the 
cells were maintained and grown by weekly intra-peri- 
toneal transplantation in 4 or 5 female B a l b / c  mice aged 
8 - 1 0  weeks, and harvested 6 - 8  days after inoculation. 

The cells were collected with about 20 ml of  a minimal 
salts medium [5] containing 0.25 i . u . /m l  heparin to sup- 
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press cell clumping, and this suspension was filtered 
through nylon cloth and washed with gentle centrifugation. 
The medium and pooled cell suspensions were held on ice. 
The erythrocyte-free washed cells were resuspended in the 
same medium (but without heparin) at a density of  approx. 
16 mg dry weight per ml, the actual acid-precipitable dry 
weight density being determined subsequently as described 
for isolated hepatocytes [6]. Cell integrity was monitored 
by the ability of  the cells to exclude Trypan blue and also 
by leakage into the medium of lactate dehydrogenase (EC 
1.1.1.27) [6]. The latter indicator was found to be more 
convenient, more reliable and more accurate than the 
former, because damaged cells fragmented completely dur- 
ing the course of  prolonged incubations. Lactate dehydro- 
genase was stabilised until the time of assay by dilution of 
cell-free incubation mixture in 4.5c/c ( w / v )  BSA solution. 

For metabolic studies at 37°C. cells (15-19  mg dry 
weight) were incubated under an atmosphere of  95% 
O2/5% CO,  (balanced salts medium) or 100% O, 
(organic-buffered medium) in 25 ml glass scintillation 
vials containing 2 ml total volume of  medium. Two basic 
incubation media were compared in this study, the previ- 
ously-descr ibed bicarbonate-buffered balanced-sal ts  
medium [4], but without albumin, and a medium buffered 
with organic salts (85 mM NaC1, 50 mM Pipes, 50 mM 
Tes and 6 mM KC1 [3]). Cells incubated in the organic- 
buffered medium had a final cell-washing step with that 
medium. The sealed vials were shaken routinely on a 
waterbath at 120 oscillations per min with a stroke of 4.5 
cm. For pre-incubation, unless otherwise indicated, bulk 
volumes of  cells were incubated at 37°C in medium at half 
the cell density of  the final incubation, collected (with one 
wash step in appropriate wash medium) by centrifugation, 
and resuspended at final density in the appropriate incuba- 
tion medium containing 5 mM glucose. For comparative 
purposes the control treatment involved cells prepared and 
incubated, without pre-incubation, in albumin-free bicar- 
bonate-buffered balanced-salts medium. Metabolism was 
terminated by the addition of an equal volume of  ice-cold 
1 M perchloric acid to extract intracellular contents. Pre- 
cipitated material was removed by centrifugation, and the 
supernatant fractions were neutralised and analysed as 
previously described [4]. 

The calculated metabolite data are expressed either as 
concentrations in the total incubation mixture, as intra- 
cellular concentrations expressed per gram wet weight of 
pelleted cells in the case of phosphorylated intermediates, 
or as average rates of change per gram wet weight of  
pelleted cells. Data are the means of  values from the stated 
number of  independent experiments together with the cor- 
responding values for the standard error of  the mean. Data 
presented graphically but without error bars are representa- 
tive examples of  at least three similar experiments. Statisti- 
cally significant differences indicated in the table were 
identified by means of  Student's t-test for unpaired inde- 
pendent samples [7]. 

3. Results 

3.1. Comparison g[" two incubation media 

When incubated in standard balanced-salts medium 
equilibrated with carbogen, Ehrlicb cells consumed glu- 
cose at a uniform rate of 1.9 I~mol min J g ~ wet weight, 
80% being recovered as lactate plus pyruvate (Table 1). 
Cells incubated in the organic-buffered medium containing 
glucose alone, utilised glucose at an average rate that was 
about 20% lower and accumulated lactate plus pyruvate 
about 30% less rapidly. In this latter medium the rate of  
glucose uptake was not uniform with time, being most 
rapid during the initial 5 min of the incubation period. 
Moreover, after approx. 15 rain of  incubation the concen- 
trations of ATP and total adenine nucleotides were more 
than halved, while that of fructose 1.6-bisphosphate was 
elevated almost 4-fold in comparison to balanced-salts 
medium (Table l), although there was no statistically 
significant difference between the incubation media with 
respect to the accumulation of  dihydroxyacetone phosphate 
and glycerol 3-phosphate. The amounts of  3-phospho- 
glycerate and phosphoenolpyruvate remained below 0.10 
and 0.05 Ixmol g - I  respectively and were unaffected by 
medium composition (data not shown). The ratio of lac- 
tate/pyruvate was increased about 2-fold in organic- 
buffered medium. 

3.2. Effect of pre-incubation 

Cells were incubated in the absence of substrate for a 
period of  90 min, washed and resuspended in fresh medium 
of the same composition but with added glucose, and 
incubated for a further 30 -60  rain. The 90 rain pre-incuba- 
tion resulted in a greatly decreased rate of  glycolysis 
following glucose addition, irrespective of whether bal- 
anced-salts or organic-buffered medium was used. Thus, 
the rate of glucose uptake was depressed by about 40% 
following pre-incubation in the conventional balanced-salts 
medium, but by almost 60% when the organic-buffered 
medium was used, as compared with the rate observed in 
cells incubated in glucose-containing balanced-salts 
medium without pre-incubation (Table 1). In both media 
concentrations of  ATP and total adenine nucleotide were 
again much lower than in the control incubations, and 
fructose 1.6-bisphosphate was increased 2- to 3-fold above 
the concentration in the control (Table ]). The 
lactate/pyruvate ratio was elevated by 20-30%. 

The deleterious effects of  pre-incubation in each medium 
were apparent by 30 rain pre-incubation, as revealed by the 
rates of  glycolysis and intracellular levels of ATP (Fig. l). 
Despite the variability of absolute values, ATP concentra- 
tions and glycolytic rates were consistently lower in the 
cells incubated in organic-buffered medium when other 
conditions were the same. 
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Fig. I. Effect of pre-incubation on glycolytic activity. Ebrlich ascites cells 

were pre-incubated for the indicated time periods in two media: 
balanced-salts medium ( 0 ) ,  and organic-buffered medium ( • ). Follow- 
ing an additional 30 min incubation in the same media supplemented with 
5 mM glucose, the rates of glucose removal (a) and concentrations of 
ATP (b) were determined as described in Section 2. The data are from a 

representative experiment.  

3.3. Protectiue effects of glutamine and inorganic phos- 
phate 

In cells that were not pre-incubated, but incubated in 
organic-buffered medium containing glucose supplemented 
with 1 mM glutamine, there was a partial restoration of the 
glycolytic rate and adenine nucleotide levels towards val- 
ues obtained with control-treatment cells (Table l). This 
effect of glutamine was not observed with cells that had 
been pre-incubated previously for 90 min. In contrast, with 
control cells incubated in balanced-salts, glutamine had no 
discernible effect on either glycolytic rate or ATP concen- 
tration. Nor did it increase the glycolytic rate or raise 
adenine nucleotide levels in cells previously pre-incubated 
for 90 min, an effect similar to that observed with cells 
pre-incubated in organic-buffered medium. 

When organic-buffered medium was supplemented with 
5 mM sodium phosphate (pH 7.0) and cells incubated 
immediately in the presence of glucose, the rate of glycol- 
ysis was increased, and the concentrations of ATP and 
total adenine nucleotide were raised to the values observed 
in balanced-salts medium, although the lactate/pyruvate 
ratio remained slightly elevated (Table 1). On the other 
hand, the addition of phosphate together with glucose to 
cells that had been pre-incubated for 90 rain had no effect 
on the observed metabolic performance (Table 1). 

3.4. Effect of suspension uolume and oscillation rate dur- 
ing pre-incubation 

Under routine incubation conditions (that is, 0.1 g wet 
weight of cells in a total incubation volume of 2 ml), less 
than 5% of total lactate dehydrogenase, a reliable indicator 
of cell damage [6], was released into the medium during a 
30-rain incubation in organic-buffered medium not con- 
taining glucose (data not shown). This confirmed that the 
depression of ATP and total adenine nucleotide were 
apparently not simply a consequence of gross cell damage 
occurring during pre-incubation. 

However, when freshly-harvested cells were pre-in- 
cubated similarly, but in the larger volumes used by other 
workers [3] (for example, 48-56 ml total volume in a 
250-ml conical flask), they were substantially damaged 
when agitated at the standard oscillation rate, since about 
60% of total lactate dehydrogenase activity was released 
by 90 min incubation under these conditions (data not 
shown). This apparent fragility was observed with cells 
suspended in either of the incubation media. 

Conversely, pre-incubation either in a bulk volume but 
at half the standard oscillation rate of 120 oscillations per 
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Fig. 2. Effect of agitation rate on cell integrity. Ehrlich cells were 
pre-incubated in 48 ml volumes of organic-buffered medium, in 250 ml 
conical flasks that were agitated at rates of 60 oscillation per rain (zx) 
and 120 oscillation per min ( • ) ,  for the times indicated, after which 2-ml 
volumes of cell suspension were transferred to standard incubation ves- 
sels, gassed and incubated at the same oscillation rate for a total pre-in- 
cubation period of 60 min. Glucose (5 mM) was added and the vessels 
incubated for a further 30 min at which time the rate of glucose removal 
(a) and the intracellular retention of lactate dehydrogenase (b) were 
determined as described in Section 2. The data is from a representative 
experiment.  
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min (Fig. 2), or in small volumes (2 m!) under the standard 
oscillation conditions (data not presented), was not associ- 
ated with significant leakage of lactate dehydrogenase, 
although the metabolic perturbations previously described 
were still apparent (Fig. 2). 

4. Discussion 

The rate of glycolysis described in the report of Gonza- 
lez-Mateos et al. [3] was only about 25% of the average 
rate measured under control conditions within this series of 
experiments, raising the issue of which cell incubation 
protocol is more appropriate for examining the normal 
state. Our control rates are the same as published previ- 
ously on the basis of a more extensive experimental set [4], 
but are about 1.5-fold greater than analogous rates reported 
by other investigators for this type of cell line [1,8-10]. 
There are two factors that are clearly different between the 
two incubation protocols, the composition of the medium 
and the preliminary incubation period without exogenous 
substrate; hence the influence of each of these was exam- 
ined independently. 

Cells incubated with glucose in organic-buffered 
medium had a relatively reduced rate of glucose utilisation 
and significantly perturbed levels of phosphorylated com- 
pounds. The decreased level of ATP suggests that the 
accumulation of phosphorylated intermediates of glycoly- 
sis resulted in the 'trapping' of phosphate moiety, thereby 
depressing the residual level of adenine nucleotide. The 
data of Table 1 are consistent with the phosphate-balance 
that is implied by such a mechanism, since the total 
phosphate content of the measured phosphorylated inter- 
mediates was approximately equal in treatments that did 
not include pre-incubation. The observation of such appar- 
ent perturbation of the glycolytic pathway in cells incu- 
bated in organic-buffered medium, particularly the accu- 
mulation of fructose 1,6-bisphosphate, strongly suggests an 
inhibition of activity at some point beyond the phospho- 
fructokinase reaction. It is significant that the addition of 5 
mM phosphate to the organic-buffered medium caused the 
cells incubated immediately in this medium to behave 
much more like control-treatment cells in terms of gly- 
colytic rate, levels of adenine nucleotides and levels of 
glycolytic intermediates. This strongly implies that this 
major effect of organic-buffered medium simply may be 
related to the deficiency of inorganic phosphate, a basic 
component of balanced-salts medium. In addition, it points 
to the reaction catalysed by glyceraldehyde 3-phosphate 
dehydrogenase as the possible point of blockade of the 
pathway. There is ample evidence that deficiency of phos- 
phate can limit the rate of gtycolysis, at least in some cell 
lines [11,12]. 

The addition of 1 mM glutamine resulted in a similar 
effect to that of inorganic phosphate, in that it restored 
partially the rate of glycolysis and the levels of adenine 

nucleotides for cells in organic-buffered medium, but only 
when there was no pre-incubation step, although it did not 
stimulate glycolysis in cells incubated in balanced-salts 
medium. On the other hand, it did not inhibit glycolysis 
with any of the cell treatments, in contrast to the observa- 
tions of Gonzalez-Mateos et al. [3]. We have no explana- 
tion for this difference in the effect of glutamine between 
these two reports. On the basis of separate studies using 
balanced-salts medium (unpublished results), in which the 
presence of glutamine stimulated respiration of these cells 
by around 5-10% in the presence of glucose and by 
20-30% endogenously or when palmitate, lactate or pyru- 
vate was added, we suggest that the glutamine response in 
the current experiments was due to supplementation of 
energy metabolism as a consequence of the mitochondrial 
oxidation of glutamine, a preferred mitochondrial substrate 
for Ehrlich ascites cells [13]. 

When cells were pre-incubated for 90 min in organic- 
buffered medium, before incubation with added glucose, 
the average rate of glycolysis was depressed even further. 
Significantly, glycolytic rates were decreased similarly 
even with the standard balanced-salts medium, if the cells 
were first pre-incubated. This loss of glycolytic capacity 
was a function of the period of pre-incubation, being 
significant even when this was as brief as 15 min. In both 
media, levels of adenine nucleotide and glycolytic interme- 
diates were greatly perturbed following pre-incubation. 
However, in contrast to the situation with non-pre-in- 
cubated cells in organic-buffered medium, neither phos- 
phate nor glutamine supplementation resulted in a protec- 
tive effect, implying a different cause for the cell impair- 
ment. Prolonged incubation of Ehrlich cells in the absence 
of metabolisable hexose leads to severely depressed ATP 
levels and even cell death [14,15]. Perhaps more directly 
relevant, Glaser et al. [2] demonstrated that depletion of 
ATP and the corresponding accumulation of fructose 1,6- 
bisphosphate following pre-incubation is most likely caused 
by a pyruvate deficiency and a resultant inability to regen- 
erate oxidised NAD, thus potentially forcing the accumula- 
tion of fructose 1,6-bisphosphate. 

Our experimental observations suggested therefore that 
the two factors examined, the use of the organic-buffered 
medium and the extended pre-incubation period, indepen- 
dently contributed to metabolic impairment, at least as 
measured by glycolytic activity. When both these factors 
were present in the same treatment, cell glycolytic rate was 
depressed maximally. 

The extreme loss of adenine nucleotides that was ob- 
served with some treatments in these experiments led to 
the preliminary expectation that a large proportion of the 
cells had been killed. However, direct measurement of 
lactate dehydrogenase loss to the medium (verified in 
several experiments with parallel measurements using try- 
pan blue) demonstrated that neither the medium used, nor 
the pre-incubation period, were associated per se with 
significant cell death. On the other hand, reasonably severe 
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agitation of the cells in either medium, as occurred typi- 
cally during pre-incubation of larger batches of cells, did 
result in release of most of the cellular lactate dehydroge- 
nase. It may be that a proportion of the cells are only 
partially damaged after 60 min pre-incubation and thus 
beginning to leak lactate dehydrogenase, while retaining a 
relatively greater proportion of glycolytic activity. It is 
possible that the enhanced shear forces developed in a 
pre-incubation volume that was less than 25% the capacity 
of a relatively large flask, under the standard agitation 
conditions, were strong enough to damage cell structure. 
This possibility is consistent with the observation that 
reduction of the severity of agitation, either by using much 
smaller containers or by halving the shaking rate, pre- 
vented this cell destruction. 

As well as differences in experimental technique, there 
is the likelihood of a further fundamental difference be- 
tween experiments performed in different laboratories, 
namely the genealogy of the cell lines used. It is to be 
expected that there will be differences between various 
strains with respect to physical fragility and also in relation 
to metabolic responses to changing substrate availability. 
The acknowledged existence [16] of cell variability re- 
quires that due allowance should he made for it in compar- 
ing data from separate laboratories. 

The rate of the energy-yielding reactions, including 
glycolysis, will respond to any processes, whether normal 
or abnormal, that increase ATP turnover [11,17]. Thus 
there is a genuine element of arbitrariness in any claim that 
a given cell preparation possessing a particular metabolic 
rate capacity is more 'metabolically competent' or 'nor- 
mal' than another. However, the observation of dramatic 
and largely irreversible depression in the levels of total 
adenine nucleotide, and of ATP in particular, is difficult to 
dismiss as being normal or a minor perturbation, even in 
the absence of significant leakage of intracellular enzyme 
content. Therefore, at least with the cell strain used (and 
the experimental protocols followed) in this laboratory, 
pre-incubation of cells and the use of organic-buffered 
incubation media appear not to be advisable for routine 
metabolic studies. 
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