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A method for measuring continuously glycolytic rates in cell suspensions, using
a recording pH meter, is described. Under the described conditions the method is
very exact, sensitive and reproducible. The method can be applied to different cells
and different conditions of assay calibrating in each case the pH range, cell concen-
tration range and the ratio of delta protons to delta lactic acid.

The study of metabolic control requires,
in many instances, kinetic methods able to
measure rapid transients in metabolic
rates. One chief example of this require-
ment is the study of the CRABTREE (1),
PASTEUR (8) and CHANCE (2) effects in
cell glycolysis where rapid transients in
glycolysis and respiration occur in a very
short time after the addition of glucose
to cells or the exhaustion of oxygen (5).

This work has been supported by Grant
No. 12-201-75 of the «Instituto Nacional de
Prevision» (Spain).

The oxygen electrode (4) represents an
available method to record continuously
respiration in cell suspensions. However,
a method for recording glycolytic rates
continously is not available, and it would
be highly desirable for the study of the
metabolic control between glycolisis and
respiration (0).

In this report we describe a method to
measure glycolytic rates continously in
cell suspensions through the use of a re-
cording pH meter. This method has been
applied successfully to the study of gly-
colytic metabolic control (5) in combina-
tion with a recording oxygen electrode.
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Materials and Methods

Cells. Ehrlich ascites cells were used
throughout all the study. The cells were
collected from mice bearing the ascites
tumor, seven days after inoculation and
were freed of blood and washed as des-
cribed by CHANCE and HEss (3). A stock
cell suspension of 400 X 10° cells/ml was
prepared for adding aliquots to the cham-
ber of the pH meter. The cells were
counted in a hemocytometer.

Recording pH Meter. A recording pH
meter, composed of a Radiometer 71 and
a Honeywell Electronic 194 recorder, was
used throughout all the study. This pH
meter gives a 500 mv output per unit of
pH and has full scale zero correction. The
pH meter in the expanded scale can be
set to record less than 0.1 units pH per
full scale of the recorder. The electrode
was a combined radiometer GK2311C
which shows enough sensibility and stabi-
lity. The electrode is immersed in a cham-
ber (3 ml volume) made of lucite and
provided with a stirring bar which is sub-
jected to continuous agitation with a mag-
netic stirrer.

Assay Medium. The assay medium
was composed of 6.16 mM KCI, 1.65 mM
Na,H,PO,, 9.35 mM Na,HPO, and 9 g/l
of NaCl. It was carefully adjusted to pH
7.30 and used at room temperature. Glu-
cose (10 mM) was added to start glycoly-
sis. Distilled water and 50 9% ethanol were
used to wash the chamber between deter-
minations.

Lactic Acid Assay. At fixed times,
samples of the cell incubation medium
were taken out of the chamber, treated
with 12 % perchloric acid in a ice bath,
neutralized with 6N KCO, and centrifu-
gated. The Jactic acid content was assayed
in the supernatant, as described by Ho-
HORST (7).
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Recording Oxygen Electrode. The
chamber was provided with a Clark-type
oxygen electrode, connected to an electron-
ic system, constructed by Instech Labo-
ratories (Philadelphia) whose output was
fed into a graphic recorder. One hundred
percent oxygen was calibrated with the
medium, in the absence of cells and zero
percent oxygen was calibrated adding di-
thionite to the medium. The concentra-
tion of molecular oxygen in the medium
was estimated as 0.25 pumol per ml. The
speed of the recording paper was adjusted
to 10 mm per minute equal to the record-
ing speed of the recording pH meter to
synchronize the recording of oxygen up-
take with the recording of the glycolytic
rate.

Results

When Ehrlich ascites tumor cells are
glycolyzed in a slightly buffered medium,
lactic acid difuses from the cells to the
medium of suspension, lowering its pH.
The rate of acidification is proportional
to the rate of glycolysis of the cells, is
also proportional to the number of cells
per ml within certain ranges and depends
on the buffering capacity of the medium
and on the initial pH of the medium.

In preliminary experiments, different
low-buffered mediums, suitable for glycol-
ysis, were tested. The medium described
by CHANCE and HESS (3), yields maximum
glycolytic rates and is enough poorly buf-
fered to permit sensitive pH recordings.
As the glycolityc rate of cells depends on
the pH of the medium, the pH dependency
of glycolysis was studied. It was found
that above pH 7.4 and below pH 6.9, the
glycolytic rate varies extensively with mi-
nor pH changes. However, between pH 7.3
and pH 7.0, the rate of glycolisis is almost
constant (fig. 1).

The first graph of figure 1 shows the
production of lactate by Ehrlich ascites
cells for 15 minutes of incubation. The
cells were incubated in the chamber of
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Fig. 1. Correlation between lactate rate

production and acidification.
First Graph: Increasing of lactate production
after glucose addition with time of incubation
of 94 X 10: Ehrlich ascites cells in a 3 ml
chamber. Lactate was determined in the su-
pernatant of samples taken from the chamber
at the indicated times. Second Graph: Acidili-
cation of the medium produced by the cells of
the experiment of the first graph. The acidili-
cation was measured by the recording pH
electrode inserted in the chamber.

the recording pH meter in 3 ml of assay
medium (pH 7.3) containing 10 mM glu-
cose. Glycolysis started with the addition
of the cells (94 X 10° cells) and the pH
decrease was recorded continuously for
15 minutes. Samples were taken at 2, 5,
10 and 15 minutes for determination of
lactic acid. It can be observed that the
glycolityc rate is essentially constant dur-
ing the first 15 minutes, but in the critical
first five minutes the glycolysis is slightly
more active until reaching a steady state.
In these fifteen minutes, the pH of the
assay medium decreased essentially from
7.30 to 7.15, as can be seen in the second
graph of figure 1, but in the initial five
minutes, there is more active rate of acid-
ification, corresponding to the glycolytic
rate. For this experiment, it can be cal-
culated that there was a change of 0.009
units pH in the chamber for the apparition
of 100 nmoles of lactate. The glycoly-
tic rate can be expressed as 1.33 nmoles
lactate/min/10°® cells as in terms of lactic
acid production or as 0.0011 units pH
decrease/min/10 X 10°® cells. After the fif-
teen minutes of incubation, the pH de-
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crease and the Jactic acid production were
not linear.

Figure 2 shows the relationship between
lactic acid production or the acidification
with the number of cells glycolyzed. The
upper graph shows that there is a linear
increase of lactic acid production with
increasing number of cells in the chamber.
The linearity disappears above 60 X 10°
cells in the chamber. The lower graph of
the figure shows the data from the record-
ing of p Hin the same experiment. Again,
the loss of linearity after 60X 10° cells per
chamber, can be appreciated. From this
experiment, it can be again calculated that
there is a 0.009 units decrease in pH for
each 100 nmoles lactic acid which appear
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Fig. 2. Correlation between lactate and pH
at different cell concentrations.
Upper Graph: Rate of lactic acid production
per minute in the 3 ml chamber caused by cell
suspensions of different concentrations. Cell
concentrations are expressed in abscissas, per
3 ml chamber. Lower Graph: pH decrease per
minute in the 3 ml chamber caused by cell
suspensions of dilferent cell concentrations.
Cell concentrations are expressed in abscissas
per 3 ml chamber,
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Fig. 3. Correlation of glycolytic rate with
acidification and pH.
Upper Graph: Decrease of pH related to the
addition of increasing concentration of HCI
to 3 ml of assay medium. Lower Graph:
Correlation between the glycolytic rates of cell
suspensions of different cell concentrations
which are expressed in nmoles produced per
minute or in nmoles H* produced per minute.

in the chamber. The glycolytic rate is 3.3
nmoles per minute per 10° cells or 0.0033
units pH decrease/min/10 X 10° cells. In
experiment of figure 1, the glycolytic rate
was lower than in this experiment, due to
excess of cells. The calibration of the pH
meter with HCI, is shown in the upper
graph of figure 3. There is lincar pH de-
crease with increasing concentration of
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HCI in the medium. There is a change of
0.009 units of pH for each 100 nmoles H*
in the chamber. In the lower graph of
figure 3, there is the correspondence
between glycolytic rates expressed in lac-
tate per minute or H* production per
minute in 10 different cell preparations of
different cell concentrations. From this
experiment, it is calculated that the ratio
A*/Alactate = n, is the unity. This value
of n permits the glycolytic rates expressed
in H* production per minute to be cal-
culated directly as lactate per minute.
An example of continuous determination
of glycolytic rates by pH recording, is
shown in figure 4: time procedures from
left to right and the time calibration is
shown between brackets) (2 min). The
oxygen concentration diminishes from
up to down and the oxygen concentra-
tion calibration is shown between brac-
kest (140 natoms). The pH calibrations

“=—2 minr—

140 notoms 0
EA Cells I
175108 Glucose
30nmoles ut
I zsm\molesll‘I
T Cysteine "

At

Fig. 4. Recording of the oxygen consumption
with the recording oxygen electrode (upper
trace) and the rate of glycolysis with the
recording pH electrode (lower trace) done
simultaneously in the same cell suspenslon
which, at different times, Is supplemented
with glucose and cysteine,
Time proceeds from left to right in both
recordings. The concentration of oxygen in the
medium diminishes from up to down in the
upper recording and pH decreases from up to
down. A higher downward inclination of the
traces means higher rates of respiration or
glycolysis, respectively. The inserts show the
time, pH and oxygen calibration,
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.are shown, also, between brackets as
hydrogenous concentration (26 nmoles
H*) and 30 nmoles H*. The second ca-
libration was different due to the buffer-
ing capacity of the added cysteine. The
pH and the oxygen recordings were ob-
tained simultaneously from the same cell
suspension in the chamber, using two sep-
arate recorders, connected to the pH
electrode and oxygen electrode with which
the chamber was provided. In this exper-
iment, the upper trace is a measurement
of cell respiration with the recording
oxygen electrode and the lower trace is
the measurement of the glycolytic rate
with the recording pH meter (5). After
the addition of the cells, there is a slow
rate of respiration and glycolysis with
endogenous substrate. The addition of
glucose gives a very rapid burst of res-
piration (Chance effect) and a transient
large increase in glycolysis due to ADP
formation. Two minutes after the glucose
addition, the respiration becomes inhibited
(Crabtree effect) and the glycolysis be-
comes stable. The addition of cysteine, an
inhibitor of pyruvate kinase, produces an
inhibition of the glycolvtic rate and a
consequent stimulation of respiration, due
to competition for ADP favorable to mi-
tochondria (5). The continuous recording
of glycolysis shows four different glycoly-
tic rates recorded in less than fourteen
minutes; a performance that is impossible
to achieve with sampling and determina-
tion of lactic acid.

Discussion

Under the described conditions of pH,
temperature, cell concentrations and assay
medium, the described method represents
a reliable, exact, very sensitive and re-
producible method of continuously de-
termining glycolytic rates in cell suspen-
sions. This kinetic mcthod represents a
great advantage over conventional sam-
pling methods when the measurement of
rapid metabolic transients is required, The

method can be applied to other cells and
conditions of assay calibrating in each
case the pH range, the cell concentration
range and the AH*/Alactic ratio.

When this method is used to measure
the effect of several additions of substrates,
cofactors or inhibitors on the glycolytic
rate, a new calibration with H* ions
should be done after new addition. This
calibration is necessary to account for the
possible increase in buffer capacity after
each new addition. Another important
point is that the additions must be care-
fully adjusted at the mean pH of the me-
dium in order to introduce a minimal pH
change.

Resumen

Se describe un método para medir continua-
mente glicolisis en suspensiones celulares me-
diante el uso de un peachimetro registrador.
En las condiciones descritas de pH, temperatu-
ra, concentracién celular y medio de ensayo,
el método es muy exacto, sensible y reprodu-
cible. Este método se puede aplicar a diferentes
tipos de células y a diferentes condiciones de
ensayo, calibrando en cada caso el pH, la con-
centracién celular y la razén del incremento de
protones al incremento de Acido lactico.
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