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UTILIZATION OF ADENOSINE TRIPHOSPHATE IN RAT MAST CELLS
DURING HISTAMINE RELEASE INDUCED BY THE IONOPHORE

A23187

TORBEN JOHANSEN

Department of Pharmacology, Odense University, J. B. Winsl0ws Vej 19, DK-5000 Odense C, Denmark

1 The role of endogenous adenosine triphosphate (ATP) in histamine release from rat mast cells
induced by the ionophore A23187 in vitro has been studied.
2 The amount of histamine released by calcium from rat mast cells primed with the ionophore
A23187 was dependent on the ATP content of the mast cells.
3 In aerobic experiments a drastic reduction in mast cell ATP content was found during the
time when histamine release induced by A23187 takes place.
4 Anaerobic experiments were performed with metabolic inhibitors (antimycin A, oligomycin, and
carbonyl cyanide p-trifluorometroxyphenylhydrazone), which are known to block the energy-depen-
dent calcium uptake by isolated mitochondria. The mast cell ATP content was reduced during
A23187-induced histamine release under anaerobic conditions in the presence of glucose. This indi-
cates an increased utilization of ATP during the release process.

5 The observations are consistent with the view that energy requiring processes are involved in
ionophore-induced histamine release from rat mast cells although part of the ATP reduction in the
aerobic experiments may be due to an uncoupling effect of calcium on the oxidative phosphorylation.

Introduction

The antibiotic A23187 specifically forms complexes
with calcium and magnesium and transports these
ions across a variety of membranes (Reed & Lardy,
1972). In the presence of calcium, A23187 acts as a
histamine releasing agent on rat isolated mast cells
(Foreman, Mongar & Gomperts, 1973).

Results of a study of the dependence of
A23187-induced histamine release on calcium and
temperature, and a time course similar to the anaphy-
lactic histamine release, indicate that the same mech-
anism may be involved in anaphylactic and
A23187-induced histamine release (Johansen, 1978).

Anaphylactic histamine release is dependent on
mast cell ATP content and there is an increased utili-
zation of ATP during the release (Johansen & Chak-
ravarty, 1975). A23187-induced histamine release has
also been shown to be blocked by preincubation of
the cells with metabolic inhibitors (Foreman et al.,
1973).

In the present investigation the relation between
mast cell ATP content and A23187-induced histamine
release under aerobic and anaerobic conditions has
been studied in order to evaluate the dependence of

the histamine release mechanism on endogenous
ATP.

Methods

Isolation of rat mast cells

Male Sprague-Dawley rats, 285 to 550 g, were used
for the experiments. Mast cells were isolated by differ-
ential centrifugation in concentrated human serum
albumin by a slight modification of the method de-
scribed by Chakravarty (1965) and Chakravarty &
Zeuthen (1965). Rats were killed by bleeding from the
carotid arteries under light ether anaesthesia. Mixed
peritoneal cells were collected by injection of Krebs-
Ringer solution containing 50 gg/ml heparin into the
abdominal cavity through a small incision. After dif-
ferential centrifugation the mast cell fraction was
washed twice to remove the excess albumin and sus-
pended in Krebs-Ringer solution containing human
serum albumin, 1 mg/ml, final pH 7.0 to 7.1. This
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fraction always consisted of more than 96% mast
cells.

Incubation procedure

Mast cell suspensions pooled from 2 to 6 rats were
divided into samples of the same cell density in a
final volume of 0.5 ml both for determination of the
ATP content of the mast cells and for the histamine
release experiments. The cell density from different
experiments varied from 0.8 x 105 to 2.6 x 105 cells
per ml. The cell suspensions were prewarmed in a
37°C bath for 10 min and the incubation was con-
tinued with A23187 (10 jmol/l) for 1 to 60 min. In
the anaerobic experiments (Figures 3 and 4) mast cells
were preincubated for 20 min with different metabolic
inhibitors (antimycin A, 1 jmol/l; oligomycin, 1 to
2 gtg/ml; carbonyl cyanide p-trifluoromethoxyphenyl-
hydrazone (FCCP) 5 pmol/l), glucose (1 or 5 mmol/l)
and A23187 (10 imol/l) in calcium-free Krebs-Ringer
solution, and the incubation was continued with cal-
cium (1 mmol/l) for 15 s to 5 min both for histamine
release experiments and for determination of mast cell
ATP content. Samples with and without glucose were
included for determination of the control ATP value.
Control samples for spontaneous histamine release
and for A23187-induced release were always included.
In the experiments presented in Figure 1 the ATP
content was determined after incubation of the cells
in calcium-free medium with antimycin A (10 nmol/l)
for different periods of time (5, 7.5, 10, and 15 min).
A23187 was present for the last 5 min of the incuba-
tion period. In the histamine release experiments the
cell suspensions were preincubated in calcium-free
medium with antimycin A for 5 to 15 min. A23187
was present for the last 5 min of the preincubation
period. The cells were then incubated with calcium
(1 mmol/l) for 20 min to induce histamine release.
Control samples without antimycin A and A23187
and control samples for spontaneous and
A23187-induced histamine release were included. For
further details of the experimental conditions see
legends to figures and results.

Determination of histamine release and the ATP con-
tent of the mast cells

The histamine release experiments were performed as
described previously (Johansen & Chakravarty, 1975).
Histamine was determined by a modification of the
fluorometric method (Shore, Burkhalter & Cohn,
1959). lonophore A23187, ethanol, glucose, antimycin
A, oligomycin or FCCP did not interfere with the
determination of histamine. The release of histamine
was calculated as a percentage of the total histamine
content of the mast cells. For the determination of
ATP the reaction after incubation of the samples was

stopped by chilled perchloric acid. After neutraliz-
ation of the supernatant, the ATP content was deter-
mined by the bioluminescence technique using lucifer-
in-luciferase from firefly lantern as described earlier
(Johansen & Chakravarty, 1975). None of the re-
agents interfered with the ATP determination.
Human serum albumin was supplied by AB KABI

(Stockholm, Sweden), antimycin A and oligomycin by
Sigma Chemical Company (St. Louis, U.S.A.), FCCP
(carbonyl cyanide p-trifluoromethoxy phenylhydra-
zone) by Pierce (Illinois, U.S.A.) and glucose by BDH.
All other chemicals were of Analar quality. lonophore
A23187 was kindly supplied by Eli Lilly & Co. (In-
diana, U.S.A.). A23187 was dissolved in ethanol 96%
v/v and diluted in Krebs-Ringer solution for the ex-
periments. The final concentration of ethanol during
incubation never exceeded 0.3% v/v. Control experi-
ments showed no change in A23187-induced hista-
mine release when the final concentration of ethanol
was increased to 0.5% v/v. Ethanol 2% v/v did not
change the ATP content of the mast cells (Johansen
& Chakravarty, 1975).
The Krebs-Ringer solution had the following com-

position (mmol/l): NaCl 141.9, KCl 4.7, MgSO4 1.2,
CaCl2 1.0, Na2HPO4 2.5, KH2PO4 0.6. In calcium-
free Krebs-Ringer solution, NaCl was 143.3 mmol/l.

Results

Correlation between the ATP content of mast cells and
histamine release induced by A23187

ATP content and the histamine release induced by
calcium were studied in samples of the same suspen-
sion of mast cells after preincubation with antimycin
A and A23187 in calcium-free medium. ATP was
reduced to 15 to 58% of the normal value from con-
trol samples after the preincubation and histamine
release was reduced to 7 to 87% of control values.

There was a linear correlation (coefficient: 0.96,
P < 0.001) between the ATP content of the mast cells
at the time when histamine release was initiated by
addition of calcium to the cell suspension and the
amount of histamine released as shown in Figure 1.
By extrapolation of the correlation curve about 25%
reduction of mast cell ATP content seems to be com-
patible with normal histamine release.

Changes in ATP content ofmast cells following incuba-
tion with A23187 for different periods of time

Histamine release in the presence of calcium, 1
mmol/l, was complete after 10 min incubation with
A23187 with 90% released after 5 min, but only 25%
during the first minute (Johansen, 1978). The time
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Figure 1 Correlation between ATP content of the
mast cells and histamine release induced by the iono-
phore A23187. Abscissa scale: ATP content of mast
cells after incubation with antimycin A and A23187.
100% on the abscissa scale represents ATP content in
control samples with cells incubated without antimycin
A and without ionophore: 1.86 + 0.07 pmol/103 cells
(mean ± s.d., n = 3). Ordinate scale: histamine release
induced by calcium from cells preincubated with anti-
mycin A and A23187. 100% on the ordinate scale rep-
resents histamine release induced by A23187 from mast
cells incubated in the absence of antimycin A in Krebs-
Ringer solution with calcium (1 mmol/l): 73.0% ± 6.8%
(mean + s.d., n = 3). Mast cells: 96.9% of cell popula-
tion (mean value). Individual results from three experi-
ments.

curve of ATP depletion of the mast cells after expo-
sure to A23187 is similar whether the mast cells were
suspended in a glucose containing or substrate-free
Krebs-Ringer solution with calcium (1 mmol/l)
(Figure 2). In both cases the ATP content was
reduced 50% after incubation for 3.5 min.

Changes in mast cell ATP content during histamine
release induced by calcium from A23187-primed mast
cells incubated under anaerobic conditions

Antimycin A is known to block the respiratory chain.
Antimycin A, 0.2 gmol/l, has been shown to block
completely '4CO2-production from rat isolated mast
cells incubated with 14C-labelled pyruvate (Diamant,
Norn, Felding, Olsen, Ziebell & Nissen, 1974). In the
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Figure 2 Changes in mast cell ATP content after incu-
bation with ionophore in the presence (0) or absence
of glucose (5 mmol/l) in calcium containing Krebs-
Ringer solution. Abscissa scale: time of incubation with
ionophore. Ordinate scale: mast cell ATP content.
100% represents ATP content of mast cells incubated
without ionophore in presence or absence of glucose:
1.54 + 0.09 pmol/103 cells (mean + s.e. mean, n = 15)
or 2.00 + 0.05 pmol/103 cells (mean + s.e. mean,
n = 26), respectively. Mast cells: 98.9% of cell popula-
tion (mean value). Individual results from three experi-
ments without glucose (E,V,o) and mean + s.e. mean
from four (2, 5, 10 min) and three (30 min) experiments
with glucose.

present experiments antimycin A, 1 jmol/l, was used
to block the oxidative ATP synthesis in order to
study ionophore-induced histamine release under
anaerobic conditions. Mast cells suspended in cal-
cium-free Krebs-Ringer solution were preincubated
for 20 min with antimycin A in the presence of glu-
cose and ionophore. The time course of histamine
release induced by calcium is shown in Figure 3. His-
tamine release (mean 58%, n = 3) was completed after
2 min incubation with calcium, 1 min produced 90%
of this release. Changes in ATP content of the mast
cells after incubation with calcium are shown in
Figure 4. After 15 s incubation there was a slight
reduction of ATP in all three experiments (mean 9%)
when histamine release had just started (mean 10%).
When histamine release was completed (2 min) there
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Figure 3 Time course of histamine release induced by
calcium from mast cells primed with ionophore and
incubated under anaerobic conditions with antimycin
A and glucose. Abscissa scale: time of incubation with
calcium. Ordinate scale: histamine release as percent-
age of the total mast cell histamine content. Spon-
taneous histamine release (mean 3.5%) deducted. Mast
cells: 98.1% of cell population (mean value). Individual
results from three experiments.

was a 68% reduction of ATP. The ATP content was
further reduced by 86% at 5 minutes.

In similar experiments oligomycin as well as anti-
mycin A were added during the preincubation period
in order to block ATP-dependent calcium uptake by
mitochondria (Bielawski & Lehninger, 1966). The
time courses of histamine release and reduction in
ATP were virtually the same as those reported above
with antimycin A alone.

Figure 5 shows the effect of antimycin A on the
ATP content of mast cells in the presence and absence
of glucose and ionophore. There was an appreciable
decrease in the ATP content after incubation for 1
min with antimycin A (mean 23%) followed by a dras-
tic reduction with 10 min incubation when the ATP
content was 17% of control and less than 5% at 90
min. When mast cells suspended in calcium-free
Krebs-Ringer solution were incubated for 10 to 30
min with antimycin A together with glucose and iono-
phore, ATP was reduced to 50 to 55% of the control
value for cells incubated with glucose alone. After in-
cubation for 60 and 90 min the ATP content was
40% and 35%, respectively, of the control value. In
parallel experiments, addition of oligomycin with the
antimycin A had little effect on the ATP content of
the mast cells. After incubation for 10 to 30 min the
ATP content was 44 to 46% of the control value with
glucose alone. After incubation for 60 min ATP was
38% of control value.
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Figure 4 Changes in mast cell ATP content after incu-
bation with calcium for 15 s to 5 min. Abscissa scale:
time of incubation with calcium. Ordinated scale: ATP
content as percentage of control value from cells incu-
bated in calcium-free medium with antimycin A in the
presence of glucose and ionophore: 0.71 + 0.04
pmol/10' cells (mean + s.e. mean, n = 3), which was
52.6% (mean value) of the ATP content of mast cells
treated with glucose alone: 1.35 + 0.07 pmol/103 cells
(mean + s.e. mean, n = 3). No difference in mast cell
ATP content in the presence or absence of glucose was
observed. Individtual results from three experiments.

Changes in mast cell ATP content during histamine
release induced by calcium from ionophore-primed mast
cells in the presence of FCCP, oligomycin and glucose

The time course of calcium-induced histamine release
and changes in ATP content of mast cells after incu-
bation with calcium in the presence of an uncoupler
of oxidative phosphorylation (FCCP) was investi-
gated. Mast cells, suspended in calcium-free Krebs-
Ringer solution, were preincubated with FCCP for
20 min. Glucose (5 mmol/l), oligomycin and iono-
phore were added at the same time. Essentially the
same time course of histamine release and of reduc-
tion in ATP content as those reported with antimycin
A (Figures 3 and 4) was observed after calcium was
added to the cells. However, in the presence of FCCP
there was a lag period of 30 s with only 6% histamine
release and 5% reduction in ATP. After 2 min incuba-
tion with calcium the release of histamine was com-
pleted (mean 44%, n = 4) and the ATP reduction was
54%. From 2 to 5 min a slow histamine release of
9% occurred and after 5 min the ATP reduction was
64%.
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Figure 5 Changes in mast cell ATP content after incu-
bation for 1 to 90 min with antimycin A (1 gmol/1)
in the absence (lower curve) or in the presence (upper
curve, calcium-free medium) of ionophore (10 gmol/1)
and glucose (1 mmol/1). Abscissa scale: time of incuba-
tion. Ordinate scale: mast cell ATP content as percent-
age of control value from cells incubated with glucose:
1.61 + 0.07 pmol/103 cells (mean + s.e. mean, n = 24,
control for upper curve) or without glucose: 1.45 +
0.06 pmol/103 cells (mean + s.e. mean, n = 15, control
for lower curve). No essential difference in ATP level
in control samples incubated for short and long time
interval was observed. Figure shows results from two
separate groups of experiments: mean + s.e. mean from
3 to 5 experiments (upper curve) and individual results
from four experiments (lower curve). Mast cells: 98.1%
of cell population (mean value from the two groups
of experiments).

The effect of FCCP in the presence and absence
of oligomycin, glucose, and A23187 on mast cell ATP
is shown in Figure 6. FCCP alone reduced the ATP
content to 5% of the normal value after 20 min incu-
bation. When mast cells were incubated for 10 min
with FCCP in the presence of oligomycin, glucose
and ionophore, but without calcium, mast cell ATP
content was 40% of control value with glucose alone
and during the next 20 min incubation a slight further
reduction (mean 12%) was observed. After incubation
for 20 and 30 min the ATP content was 32% and
28%, respectively.

Discussion

When oligomycin was used to inhibit mast cell ATP
synthesis, a linear correlation was reported between
the ATP content of the mast cells and the amount
of histamine released by compound 48/80 (Johansen
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Figure 6 Changes in mast cell ATP content after incu-
bation for 5 to 30 min in calcium-free medium with
FCCP in the absence (lower curve) or presence (upper
curve) of oligomycin, glucose and ionophore. Abscissa
scale: time of incubation. Ordinate scale: ATP content
as percentage of control value from cells incubated with
glucose: 1.40 + 0.03 pmol/103 cells (mean + s.e. mean,
n = 12, control for upper curve) or without glucose:
1.56 + 0.07 pmol/103 cells (mean + s.e. mean, n = 8,
control for lower curve). Figure shows results from two
separate groups of experiments. Mean + s.e. from four
experiments (upper curve) and individual results from
three experiments (lower curve). Mast cells: 97.1% of
cell population (mean value from the two groups of
experiments).

& Chakravarty, 1972) or induced by antigen-anti-
body (anaphylactic) reaction in vitro (Johansen &
Chakravarty, 1975). A similar correlation is now
demonstrated between the ATP content of the mast
cells and histamine release induced by calcium from
cells pretreated with A23187. By extrapolation of
these results it seems that about 25% reduction of
the ATP content was compatible with normal hista-
mine release induced by calcium and A23187. An
almost identical observation was reported for com-
pound 48/80-induced histamine release (Johansen &
Chakravarty, 1972), but from the observations with
anaphylactic histamine release, some inhibition of the
release seemed to occur with oligomycin even when
the ATP content was normal, suggesting an effect of
oligomycin on the release apart from inhibition of
ATP synthesis. The correlation between the ATP con-
tent of the mast cell and the amount of histamine
released by calcium in the presence of ionophore
shows its dependence on endogenous ATP.
The drastic reduction in the ATP content of the

mast cells in the presence or absence of glucose in
the aerobic experiments may be due to an uncoupling
of the oxidative phosphorylation by A23187 in addi-
tion to an increased consumption of ATP for the
release of histamine. A23187 has been shown to un-
couple the oxidative phosphorylation of rat liver
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mitochondria by a calcium-requiring mechanism
(Reed & Lardy, 1972). In similar experiments with
anaphylactic or compound 48/80-induced histamine
release only a moderate reduction in the ATP content
was observed after histamine release was completed.
However, when the ATP synthesis was partially inhi-
bited by preincubation of the cells with 2-deoxyglu-
cose, a decrease in the ATP content could be demon-
strated in direct time relation to both anaphylactic
and compound 48/80-induced histamine release
(Johansen & Chakravarty, 1975). The metabolic re-
sponse due to incubation with A23187 was different
from that caused by compound 48/80 or antigen-anti-
body reaction. The difference may be explained by
an uncoupling of the oxidative phosphorylation by
A23187 and calcium. The rate of ATP reduction was
greater with A23187 and calcium than the rate of
ATP reduction caused by blocking the respiration
with antimycin A (Figures 2 and 5). This may be
explained by the combined effect of a block of the
oxidative phosphorylation and an increased energy
demand of the cell during A23187-induced histamine
release.

It has been shown that isolated mitochondria from
most eucaryotic cells accumulate calcium by an
energy-dependent mechanism (Lehninger, Carafoli &
Rossi, 1967; Lehninger, 1970; Carafoli & Lehninger,
1971), and in liver mitochondria, calcium uptake
takes precedence over oxidative phosphorylation in
utilizing respiratory energy (Rossi & Lehninger, 1964).
Histamine release induced by A23187 seems to be in-
itiated by transport of calcium into the cell (Foreman
et al., 1973; Johansen, 1978). An increase in cytosolic
calcium concentration by A23187 may possibly un-
couple the oxidative phosphorylation in the mast cell
in addition to the effect on the histamine release
mechanism. The energy-dependent calcium uptake by
isolated mitochondria is supported by either the oxi-
dation of respiratory substrates, or by the hydrolysis
of added ATP (Rossi & Lehninger, 1963; Brierley,
Murer & Bachmann, 1964; Bielawski & Lehninger,
1966; Malmstr6m & Carafoli, 1977). In the first case
the process is inhibited by respiratory inhibitors and
not by oligomycin (Vasington & Murphy, 1962;
Brierley, Murer & Green, 1963; Brierley et al., 1964),
in the second, by oligomycin, and not by respiratory
inhibitors (Rossi & Lehninger, 1963; Brierley et al.,
1964; Bielawski & Lehninger, 1966). In both cases
the transport is abolished by uncouplers of oxidative
phosphorylation (Vasington & Murphy, 1962; Brier-
ley et al., 1963; 1964; Bielawski & Lehninger, 1966).
The role of endogenous mast cell ATP in the release
of histamine by A23187 and extracellular calcium has

also been studied under anaerobic conditions by the
use of antimycin A, which blocks the respiration and
thus the mitochondrial calcium uptake. The reduction
in the ATP content of the mast cells observed during
histamine release under anaerobic conditions is unre-
lated to uncoupling of the oxidative phosphorylation
by the calcium requiring mechanism and thus may
be largely related to the release process. However,
the possibility exists that ATP generated by glycolytic
(or anaerobic) phosphorylation and substrate-linked
phosphorylation is utilized by the mitochondrial cal-
cium-accumulating mechanism in the anaerobic ex-
periments. However, the almost identical time course
of ATP reduction during histamine release from mast
cells pretreated with oligomycin, which blocks the cal-
cium-induced mitochondrial ATP hydrolysis (Bie-
lawski & Lehninger, 1966), in addition to antimycin
A supports the interpretation above that the ATP
reduction seems to be related to the release process
and not to mitochondrial calcium accumulation. Fur-
thermore, support has been obtained from experi-
ments in which the mitochondrial calcium uptake was
abolished by FCCP. In these experiments oligomycin
was added to the cells in order to block uncoupler
stimulated ATP hydrolysis by mitochondrial ATPase
(Huijing & Slater, 1961; Lardy, Connelly & Johnson,
1964; Slater & Ter Welle, 1969). Huijing & Slater
(1961) reported that rather high concentrations of oli-
gomycin were necessary to inhibit the dinitrophenol-
stimulated ATPase activity of isolated rat liver mito-
chondria. In relation to the protein content of the
mast cells (Diamant & Lowry, 1966) the oligomycin
concentration in the present experiments used to
block the uncoupler-induced ATPase activity was
over 20 times the value used for the mitochondrial
preparation.

These observations are consistent with the view
that energy requiring processes are involved in iono-
phore-induced histamine release from rat mast cells,
although part of the ATP reduction in the aerobic
experiments may be due to an uncoupling effect of
calcium on oxidative phosphorylation.
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