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At the physiological concentration of Ca 2+, the presumed calcium ionophore A23187 produced dose-related 
increases in 45Ca uptake by rat thymocytes and decreases in cell viability, effects that displayed a strong 
linear correlation. In media containing a very low concentration of Ca 2+ (7 .10-6  M), in contrast, ionophore 
A23187 had no specific effect on either 4SCa uptake or cell viability. The calcium-dependent cytotoxicity of 
ionophore A23187 resembles that of other agents that are not ionophores, but that are known to perturb the 
plasma membrane. Consequently, we suggest that, in the rat thymocyte, ionophore A23187 may not act as a 
true ionophore, but may perturb the cell membrane, allowing Ca 2+ to pass freely through the membrane 
along its electrochemical gradient. 

Introduction 

It has been suggested that calcium plays a major 
role in the activation of many biological systems, 
among them muscle contraction, exocrine and en- 
docrine secretion, cyclic nucleotide metabolism, 
and the cellular transport of various substrates [1]. 
The antibiotic A23187 has a high affinity for 
calcium and other divalent cations, for which it is 
thought to act as an ionophore [2,3]. It has been 
considered, therefore, a potentially useful probe 
for studying the role of calcium in the regulation 
of various biological systems. A monocarboxylic 
acid (M r 523) obtained from cultures of 
Streptomyces chartreusensis, A23187, has been 
shown to enhance the passage of divalent cations 
along their electrochemical gradients across bio- 
logical membranes. In the presence of extraceUular 
calcium, ionophore A23187 mimics the activity of 
various agents that alter certain physiological 
functions, and this has been taken as evidence that 
changes in intraceUular calcium are involved in the 
activity of these agents [ 1 ]. 

One of the effects of ionophore A23187 is to 
increase the uptake of the glucose analogue, 3-0- 
methylglucose, by rat thymocytes in vitro, an ef- 
fect which mimics that of the mitogen concanava- 
lin A [4,5]. We have recently demonstrated that the 
thyroid hormone, 3,5,3'-triiodothyronine (T3), in- 
creases the uptake of calcium and of the sugar 
analogues, 2-deoxy-D-giucose and 3-O-methyl- 
glucose, in isolated rat thymocytes [6,7]. We have 
also shown that the effect of T 3 on sugar uptake 
requires extracellular calcium [7]. Consequently, 
we undertook studies to determine whether A23187 
can mimic the effect of T 3 in this system. 

Methods 

Measurement of 45Ca uptake. Thymocytes 
were isolated form weanling female CD rats 
(Charles River Breeding Laboratories) according 
to a method that we have described previously [6]. 
Isolated cells were suspended in 3 ml of Krebs- 
Ringer-25 mM Tris buffer, pH 7.4, in a final 
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concentration of 45 • 106 cells/ml. In most experi- 
ments, three types of medium were employed: (a) 
standard medium (Krebs-Ringer-25 mM Tris con- 
taining 1 mM Ca2+); (b) Ca2+-free medium (the 
same as standard medium but without added 
calcium salts; this contained 5 . 1 0 - 6 M  Ca 2+, 
representing contaminants of the other salts ad- 
ded); and (c) EGTA-medium (Ca 2+-free medium 
containing 1 mM EGTA). Ionophore A23187 
(kindly donated by Dr. R.L. Hamill, Eli Lilly, Co., 
Indianapolis, IN) in a concentration of 0.1 M was 
freshly dissolved in undiluted (100%) dimethyl- 
sulfoxide (DMSO). Cells were allowed to equi- 
librate at 37°C in air for 30 min. A23187 in 
DMSO, as well as DMSO alone, was then added 
in various concentrations prior to or concomitant 
with 45Ca (2/~Ci/ml, S.A. 884 Ci/mol, New Eng- 
land Nuclear Corp., Boston, MA). At the end of 
the incubation period, aliquots of 200 #1 were 
quickly removed into microtubes and centrifuged 
at 10000 rev./min (Beckman microfuge) for 30 s. 
The supernatant was aspirated. The cell pellet was 
transferred into vials containing toluene-Triton X- 
100, and its 45Ca content measured in a liquid 
scintillation counter with automatic quench cor- 
rection. By means of [3H]mannitol, values were 
corrected for the extracellular fluid occluded in the 
cell pellet, as we have previously described [6]. 

Cell viability. To assess cell viability, trypan 
blue (final concentration, 0.3 gm/dl) was added to 
cells at the end of incubations, and 2-5 min later 
the percentage of cells that remained viable, as 
judged from their ability to exclude the dye, was 
determined by light microscopy. 

Statistical analysis. Where appropriate, statis- 
tical differences between experimental groups were 
evaluated using Dunnet's test for comparisons be- 
tween multiple samples and a single control. Anal- 
ysis of variance followed by Newman-Keuls multi- 
ple range test was employed for comparisons 
among multiple groups [8]. 

Results and Discussion 

Effects on Ca uptake 
In initial experiments, thymocytes were sus- 

pended in standard, Ca 2+-free, or EGTA-medium. 
DMSO or A23187 were added together with 45Ca 
(2/~Ci/ml), and 1 min and 35 min later cellular 

content of 45Ca w a s  measured. The basal uptake 
of nSCa in cells suspended in standard and Ca 2+- 
free medium was at 1 min of incubation 0.247- 
0.020 (nmol/109 cells, mean-S.D.)  and 0.677- 
0.035, respectively, and at 35 min 0.251-+0.014 
and 0.703 -4-0.028, respectively. When A23187 was 
added in the absence of DMSO, a cloudy suspen- 
sion was obtained and no effect on 45Ca uptake or 
cell viability was observed. Therefore, in the re- 
maining experiments, A23187 was dissolved in 
DMSO prior to its addition ot the media so that, 
in most experiments, the final concentration of 
DMSO was 0.01%. In concentrations of 1.0 and 
10.0%, DMSO alone produced time- and dose- 
dependent, calcium-independent increases in 45Ca 
uptake and decreases in cell viability (data not 
shown). However, the 0.01% concentration of 
DMSO routinely employed to dissolve A23187 
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Fig. I. The effect of ionophore A23187 on calcium-45 uptake in 
rat thymocytes in vitro. Cells suspended in standard or Ca 2+- 
free medium were incubated with A23187 and 45Ca for 1 rain 
(upper panel) or 35 min (lower panel),and their content of 45Ca 
was then assessed. Values shown are mean±S.D, of those 
obtained in four separate experiments in which triplicate sam- 
ples in each experimental group were studied. * P<0.05 vs. 
control, t P<0.05 vs. corresponding group incubated in Ca 2+- . 
free medium. 



had neither of these effects when added alone. 
A23187 dissolved in DMSO produced a dose- 

and time-dependent increase in cellular 45Ca up- 
take in the standard medium (Fig. 1). In Ca 2÷ -free 
medium, A23187 produced a much smaller, though 
statistically significant (P  < 0.05), increase in 45 Ca 
uptake. The effect seen in Ca 2+ -free medium was 
probably not specific, since it was small in magni- 
tude and was not dose-related. 

The lack of a specific effect of A23187 on 45Ca 
uptake in the Ca2+-free medium was somewhat 
surprising. A23187 has been thought to be a true 
ionophore for Ca 2 +, and thus to serve as a carrier 
that facilitates the transport of calcium through 
the membrane [2,9]. It was expected, therefore, 
that A23187 in Ca2+-free medium would induce 
an increase in cellular 4s Ca uptake similar to, and 
probably greater than, that seen in the standard 
medium. 

Effects on cell viability 
It has recently been shown that A23187 dis- 

solved in ethyl alcohol produces a marked de- 
crease in the viability of rat thymocytes [10,11]. 
Therefore, we undertook studies to ascertain the 
manner in which the effect of A23187 on cellular 
calcium metabolism and its effect on cell viability 
might be related. Thymocytes were suspended in 
the three media and the effects of A23287 on cell 
viability were assessed. A23187 induced a time- 
and dose-dependent decrease in cell viability (Figs. 
2 and 3). Like its effect o n  4 5 C a  uptake, the effect 
of A23187 on cell viability was calcium-dependent. 
The small, though significant (P  <0.05), effect of 
A23187 on cell viability in Ca 2 ÷ -free medium, like 
its effect on Ca 2+ uptake, was probably not 
specific, since it too was small and was not dose- 
related. On the other hand, it may have been made 
possible by the small amount of contaminating 
calcium (5- 10 -6 M), since a significant effect of 
A23187 was not observed in the calcium-free 
medium that also contained EGTA, Our findings 
are consonant with those seen in other cell syp 
terns, in which the cytotoxic effect of A23187 
proved to be calcium-dependent [10-15]. 

Comparison of the effects of A23187 on 45Ca 
uptake and cell viability revealed an inverse linear 
relationship between the increase in 4SCa uptake 
and the decrease in cell viability (Fig. 4). 
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Fig. 2. Time- and dose-dependence of the effect of ionophore 
A23187 on the viability of rat thymocytes. Cells were sus- 
pended in standard medium or CaZ+-free medium and were 
incubated with or without A23187 for various periods. Their 
viability was then assessed. Values shown are the mean of those 
obtained in four separate experiments in which duplicate sam- 
pies for each experimental group were studied. * P<0 .05  vs. 
values in A23187-free controls; t P<0 .05  vs. values in same 
groups at zero-time. 

Mechanism of action ofA23187 
Schanne and co-workers [12], in studies of rat 

hepatocytes, demonstrated that not only A23187 
but also nine other compounds structurally unre- 
lated to one another were capable of decreasing 
cell viability, an effect that was calcium-dependent. 
The only known common characteristic of these 
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Fig. 3. Calcium-dependence of the effect of ionophore A23187 
on the viability of rat thymocytes. Cells suspended in the three 
different media were incubated with or without A23187, and 70 
min later their viability was examined. Values shown are mean 
±S .D.  of those obtained from three separate experiments in 
which duplicate samples in each experimental group were 
studied. * P<0 .05  vs. values in control samples lacking A23187 
and incubated in the same medium; * P<0.01 vs. values in cells 
incubated in the same concentration of A23187. but in the 
Ca2+-gree media with or without EGTA. 

nine agents is that they all interact strongly with 
plasma membranes and induce configurational 
changes therein. Schanne and co-workers sug- 
gested, therefore, that A23187 like the other agents, 
disrupts the plasma membrane, permitting an in- 
crease in calcium uptake and cellular Ca z+ con- 
centration that is followed by cell death. Con- 
sistent with this view is the ability of A23187 to 
alter the morphology of the plasma membrane in 
cultured pig lymphocytes [15], human blood 

CONTROL x CONTROL 
I 0 0  ~ . / /  • A23187 

_~ 8o 
...J 

6 0  

N 4o 
_J 
..J 2O 
u_l 
~ 0 / [ 

0 014 2 0.8 I. 116 210 

CALCIUM-45 UPTAKE 

(nmoles/lO 9 cells) 

Fig. 4. The effect of ionophore A23187 in rat thymocytes: 
inverse relationship between cell viability and calcium-45 up- 
take. Cells suspended in standard medium were preincubated 
for 30 rain with and without A23187. 4s Ca was then added and 
10 rain later 4SCa uptake and cell viability were determined. 
Values for each point shown are the mean of those obtained in 
four separate experiments, r=0.998,  P<0.01 .  

platelets [16], and human erythrocytes [171. Our 
own data are entirely in accord with this view. In 
addition, however, they appear to shed new light 
upon the manner in which these effects of A23187 
are brought about, at least in the rat thymocyte. It 
is commonly accepted that the A23187 acts as a 
calcium ionophone, i.e., that it acts as a carrier to 
facilitate the transport of calcium across biological 
membranes [2,9]. If this were the case then the 
antibiotic should be at least as effective in en- 
hancing the uptake of 45Ca from media low in 

to ta l  Ca 2+ concentration as from media contain- 
ing higher concentrations of Ca 2÷ . In our studies 
of the rat thymocyte, however, this proved not to 
be the case, since A23187 did not increase 45Ca 
uptake unless substantial concentrations of Ca e+ 
were present in the medium *. One is required to 
consider, therefore, other mechanisms by which 
the clearly demonstrated effect of A23187 to in- 
crease the uptake of Ca 2+ in many cellular sys- 
tems, including the rat thymocyte, is achieved. 

We postulate that A23187 binds calcium to 
form a Ca:+-A23187 complex, which then binds 
to specific acceptor sites on the membrane. When 
such sites are sufficiently occupied by the complex, 
a significant perturbation of the membrane takes 
place; this permits Ca 2+ ions to flow freely through 
the membrane along their electrochemical gradi- 
ent. According to this model, A23187 does not 
itself carry calcium through the membrane and is 
not, therefore, a true ionophore, but rather a quasi 
-ionophore for calcium. 

Support for this hypothesis comes from studies 
in which lanthanum (La 3÷) was demonstrated to 
block the effect of A23187. La 3+ is thought to 
block the binding of Ca 2÷ to sites that are in- 
volved in the transport of calcium through the 
membrane [ 18,19]. Competition with the A23187- 

* Lack of effect of A23187 on 4SCa uptake in the Ca2+-free 
medium was evidently not due to irtcreased cell membrane 
permeability leading to enhanced 45Ca efflux, since the abil- 
ity of the cells to exclude [3H]mannitol and trypan blue was 
essentially the same in Ca2~--free and standard medium. 
Furthermore, basal uptake of the glucose analogues, 2- 
deoxyglucose and 3-O-methylgJucose was found to be the 
same in both media (unpublished data), whereas their uptake 
of 45Ca was 2-3-fold higher in the Ca2+-free medium than 
in the standard medium. 



Ca 2+ complex  for  these sites coul  d expla in  the  
ab i l i ty  of La  3+ to inhib i t  bo th  the  ca lc ium- 
d e p e n d e n t  effect of  A23187 to uncoup le  oxida t ive  
p h o s p h o r y l a t i o n  in ra t  l iver m i tochond r i a  [2] and  
its effect to increase  D N A  synthesis  in h u m a n  
pe r iphe ra l  l ymphocy te s  [20]. 

Whe the r  the  mechan i sm to expla in  the coordi -  
na t e  effects of  A23187 on Ca 2+ up take  and  cell 
v iab i l i ty  in the ra t  thymocyte ,  which we here in  
p ropose ,  can  be app l i ed  to o ther  tissues should  be 
the  subject  of  add i t iona l  studies.  
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