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S u m m a r y  

T r e a t m e n t  of  human  per ipheral  l y m p h o c y t e s  with mi togenic  concen t ra t ions  
o f  the  divalent  cat ion i o n o p h o r e  A23187  led to an initial marked  increase in 
the  up take  of  calcium by these cells, bu t  the a m o u n t  of  accumula ted  calcium 
re ta ined  decreased with t ime so tha t  af ter  8- -12  h of  cul ture ,  the calcium con- 
t en t  o f  t r ea ted  cells was on ly  1 .5--2 .0-fold  higher  than  tha t  o f  con t ro l  cells. 
Three  possible exp lana t ions  for  the  biphasic na ture  o f  i onopbore - induced  cal- 
c ium up take  were considered:  (1) the i o n o p h o r e  u n d e r w e n t  chemical  or meta-  
bolic inact ivat ion upon  pro longed  incuba t ion ;  (2 )mass ive  accumula t ion  o f  cal- 
c ium caused irreversible uncoupl ing  o f  m i t o c h o n d r i a  in these cells with conse- 
quen t  loss o f  accumula ted  calcium; or (3) with t ime there  was a red is t r ibu t ion  
o f  i o n o p h o r e  wi th in  the cell, and suff ic ient  i o n o p h o r e  was taken  up by  inter- 
nal, mos t  l ikely mi tochondr ia l ,  membranes  to cause an ef f lux  o f  calcium f rom 
internal  stores.  By developing a bioassay for  i o n o p h o r e  and examining  the  t ime- 
d e p e n d e n t  ef fec ts  of  i o n o p h o r e  in the  presence and absence o f  calcium, it was 
conc luded  tha t  the third exp lana t ion  was the most  likely. The general implica- 
t ions o f  these results are discussed. 

Introduction 

The  divalent  cat ion i o n o p h o r e  A23187 ,  which has been shown to increase 
the  pe rmeab i l i ty  of  plasma membranes ,  endoplasmic  re t icu lum,  and mi tochon-  
drial membranes  to  Ca 2÷ and Mg 2÷ [1- -4] ,  is a p o t e n t  mi togen  for  per ipheral  
l y rnphocy te s  [5- -8] .  Its mi togenic  effects  are cri t ically d e p e n d e n t  upon  the  
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external calcium concentra t ion [5,8],  but  minimally affected by the external 
magnesium concentra t ion [6].  These facts suggest that  A23187 acts by increas- 
ing the uptake of  calcium into lymphocytes  but  numerous  questions remain 
regarding the role of calcium in A23187-induced proliferation. We have made a 
study of  the effect  of A23187 upon calcium metabolism in the human periph- 
eral lymphocyte .  Our results indicate that  the time course of  A23187 action is 
complex;  an initial marked increase in calcium conten t  of  the lymphocytes  is 
followed by a decline in calcium levels over a period of  many hours after 
A23187 addition. Experimental  explorat ion of  this t ime-dependent  biphasic 
effect  of  the ionophore  indicates that  the most  likely explanation of  the phe- 
nomenon is that  during the initial period of  ionophore  action its effects are pre- 
dominant ly  on the plasma membrane,  but  at later times the ionophore  has a 
major effect  upon the calcium permeabil i ty of the mitochondrial  membranes as 
well. 

Methods 

Lymphocyte preparation. Lymphocy tes  were isolated from freshly drawn 
human blood as described previously [8] ; the final cell populat ion consisted of  
95% lymphocytes  with red blood cells and platelets accounting for most  of  the 
5% contaminat ion.  Unless otherwise specified, cells were suspended in 1-ml cul- 
tures, containing modified Eagle medium with a calcium concentrat ion of 
1.0 mM and 10% human AB serum. 

Total cellular calcium determination. Three sets, each of ten replicate cul- 
tures, of isolated human lymphocytes  were incubated at 37°C in 1-ml cultures 
in modified Eagle medium with 1.0 mM Ca 2÷ and 10% AB serum at a concen- 
trat ion of  8 • 106 cells/ml. One set was given ethanol (10 pl) and two sets were 
given A23187 in ethanol (4 pM). The ethanol control  and one A23187-treated 
set were incubated for an additional hour,  and the second A23187-treated set 
was incubated for 17 h. 0.5 h before the end of  each incubation period, [14C]- 
dextran (0.25 pCi) was added to each culture. At the end of  each incubation 
period, the ten replicate cultures in each set were combined and the cells cen- 
trifuged at 800 × g for 2 min at room tempera ture  in an International  Centri- 
fuge. The supernatant  was decanted,  the inside of the tubes wiped, and the cell 
pellet extracted in 1 ml of 10% trichloroacetic acid plus 1% LaC13. The trichlo- 
roacetic acid pellets were centrifuged at 800 × g for 10 min and the supernatant  
saved. The pellets were washed two times in tr ichloroacetic acid/LaC13 and the 
washes combined with the supernatant  to give a final volume of  2 ml. Calcium 
conten t  of the extracts was determined by atomic absorption spectropho- 
tomet ry .  To determine the contr ibut ion of  extracellular calcium to the extract  
total,  extracellular space was calculated by measuring the radioactivity both in 
the tr ichloroacetic acid supernatant  and tr ichloroacetic acid pellet. The pellet 
was dissolved in NCS before counting. Extracellular calcium accounted for 
7--39% of  the total  calcium measured in the various samples. 

45Ca uptake. Isolated human lymphocytes  were suspended at 1 • 106 cells/ml. 
4SCa (5 pCi) was added to each tube,  followed immediately by either A23187 
(in 10 pl ethanol)  or ethanol (10 pl). At the times indicated in the figure 
legends, duplicate tubes were harvested by centrifuging the cultures at 800 × g 



148 

for 2 rain at room temperature,  decanting the supernatant, and washing the cell 
pellets twice in cold isotonic NaC1, pH 7.2. Pellets were then dissolved in NCS 
and counted in a scintillation counter. 

ATP assay on FCCP and/or A23187-treated lymphocytes. ATP was assayed 
in perchloric acid extracts of human lymphocytes  with a minor modification of 
the luciferase enzyme method of Stanley and Williams [9]. The reaction mix- 
ture consisted of 2 ml of 0.1 M Na2HAsO4 plus 20 mM MgSO4, pH 7.4; and 
either 10 pl perchlorate extract or ATP standard plus 10 pl 1% HC104. The 
reaction was initiated by addition of firefly extract and assayed in a scintilla- 
tion counter  by counting for 0.1 min. 

Oxygen consumption. Oxygen consumption in control and FCCP (20 pM)- 
treated lymphocytes  was measured polarographically with a Clark-type oxygen 
electrode. A cell suspension of 2 • 106 cells/ml in modified Eagle medium with 
1.0 mM Ca 2÷ and 10% serum was continuously stirred in a water-jacketed incu- 
bation chamber with a capacity of approx. 1.1 ml, maintained at 30 ° C. 

Materials. Modified Eagle medium with Earle's salts was made up from its 
components,  purchased from Grand Island Biological Co. 45CAC12 and [car- 
boxy-14C] dextran-carboxyl were purchased from New England Nuclear. NCS 
solubiliser was purchased from Amersham/Searle. A23187 was a gift from 
Dr. Robert  Hamill of the Eli Lilly Co.; it was stored at --20°C in ethanol as a 
2 mM solution. FCCP was a gift from P. Heytler (du Pont). Firefly lantern 
extract was purchased from Sigma. 

Results 

Effect o f  A23187 on total cell calcium 
Calcium in lymphocyte  pellets was measured by atomic absorption with a 

correction for extracellular space determined with [14C] dextran. Calcium con- 
tent  of untreated lymphocytes  ranged from 880 (experiment 1) to 580 (exper- 
iment 2) pmol of calcium per 106 cells. After 1 h of incubation with 4 pM 
A23187, the lymphocyte  calcium content  increased to 2600 (experiment 1) 
or 2500 (experiment 2) pmol of calcium per 106 cells. However, the high levels 
of cellular calcium induced by the ionophore were not  maintained. After 17 h 
of  incubation with A23187, cellular calcium content  had declined j;o 800 
(experiment 1) or 1200 (experiment 2) pmol of calcium per 106 cells. 

Effect o f A 2 3 1 8 7  on 4SCa uptake 
Fig. 1 shows that  an analogous transient A23187-induced uptake of  calcium 

could be demonstrated by following the uptake of 4SCa into lymphocytes.  
When the concentration of A23187 was either 1 or 2 pM, an initial period of 
calcium uptake was followed by a plateau phase and then a decline in the 
accumulated 4SCa to levels approaching control values. It must be emphasized 
that  there was a great deal of variability in the response to ionophore of cells 
from different individuals on different days. Although curves qualitatively sim- 
ilar to Fig. 1 were reproducibly obtained, both the absolute magnitude of the 
response to A23187 and the length of time required for peak calcium uptake 
were variable from donor to donor and from day to day. 
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Fig.  1. The  t i m e  course  of  a c c u m u l a t i o n  o f  4 5 C a  in to  h u m a n  pe r i phe ra l  l y m p h o c y t e s  a f t e r  the  a d d i t i o n  

of  the  d iva len t  c a t i o n  i o n o p h o r e  A 2 3 1 8 7 .  I so la t ed  h u m a n  l y m p h o c y t e s  were  s u s p e n d e d  in m o d i f i e d  Eagle 
m e d i u m  w i t h  1.0 m M  Ca 2+ plus 10% AB s e r u m  at 1 • 106 ceUs/ml .  4 5 C a  (5 pCi)  was  a d d e d  to each  tube ,  

fo l lowed  i m m e d i a t e l y  by  e i t he r  A 2 3 1 8 7  (1 pM (© o) or  2 pM (X X) a d d e d  in e thano l )  or  

e t h a n o l  (10  pl ( o  o)). At  t i m e s  i n d i c a t e d  in  the  f igure ,  dup l i ca t e  t ubes  were  h a r v e s t e d  by  c e n t r i f u g i n g  
at r o o m  t e m p e r a t u r e ,  d e c a n t i n g  the  s u p e r n a t a n t ,  and  wash ing  the  cell pe l le ts  tw ice  in  cold  0 .85% NaCI,  

p H  7.2.  Pellets  were  t h e n  d isso lved  in 200  pl NCS and  c o u n t e d  in  a sc in t i l l a t ion  coun te r .  

Bioassay of A23187 
Because of  the transient nature of  the lymphocy te  response to A23187,  a 

bioassay was developed to ascertain whether  either instability or metabolism of  
ionophore  under our culture condit ions could account  for  the release of  accu- 
mulated calcium from the cells. The susceptibility of  human red blood cells to 
hemolysis induced by hypoton ic  buffer,  a process which has been shown to be 
very sensitive to low doses of  A23187 [10],  was used to assay for the presence 
of  A23187 both in the lymphocytes  and in the incubation medium of  iono- 
phore-treated cells. 

It was found that  at least 95% of  A23187 added to lymphocy te  cultures 
remained in the supernatant  even after  18 h of  incubation at 37°C. A very 
small (< 5%), but  consistent percentage of  the added ionophore  was found asso- 
ciated with the lymphocytes  (data not  shown). 

To confirm the bioassay of A23187 in the culture medium, advantage was 
taken of the f luorescent  properties of  the ionophore  [1].  It was found that  
90% or more of  the initially added ionophore  could be accounted for in the 
supernatant  of  lymphocy te  cultures even after 18 h of incubation (data not  
shown). 

Stimulatory capacity of supernatant from A23187-treated cultures 
In order  to determine if medium from ionophore- t reated cultures was capa- 

ble of stimulating fresh lymphocytes ,  the following exper iment  was designed. 
L y m p h o c y t e  cultures were incubated with A23187 for various periods of  time 
before being centrifuged; the medium from these t reated lymphocytes  was 
decanted onto  fresh lymphocy te  pellets; the cells were suspended in this 
medium; and 4SCa uptake was then measured in these freshly exposed cells. 
Table I demonstrates  that  supernatant  f rom cultures t reated with A23187 for 
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T A B L E  I 

T H E  U P T A K E  O F  4 5 C a  I N T O  L Y M P H O C Y T E S  I N D U C E D  B Y  T H E  S U P E R N A T A N T  O F  L Y M P H O -  

C Y T E  C U L T U R E S  P R E I N C U B A T E D  F O R  V A R I O U S  P E R I O D S  O F  T I M E  W I T H  A 2 3 1 8 7  

I s o l a t e d  h u m a n  l y m p h o c y t e s  (1 • 105  c e l l s / m l )  i n  m o d i f i e d  E a g l e  m e d i u m  w i t h  1 .0  m M  C a  2+ p l u s  1 0 %  A B  

s e r u m  w e r e  i n c u b a t e d  w i t h  A 2 3 1 8 7  f o r  0 . 2 5 ,  0 . 5 ,  a n d  19 h.  A t  t h e  e n d  o f  t h e  i n c u b a t i o n  p e r i o d  ce l ls  

w e r e  s p u n  d o w n  a t  r o o m  t e m p e r a t u r e  a n d  t h e  s u p e r n a t a n t  d e c a n t e d  o n t o  a f r e s h  l y m p h o c y t e  p e l l e t  
(1  • 106  ce l l s ) .  4 5 C a  (5  p C i )  w a s  i m m e d i a t e l y  a d d e d  a n d  i n c u b a t i o n  c o n t i n u e d  f o r  3 0  r a i n  a t  3 7 ° C .  Ce l l s  

w e r e  t h e n  h a r v e s t e d  as  d e s c r i b e d  in M e t h o d s .  F o r  t h e  c o n t r o l  a n d  s t a n d a r d  t u b e s ,  e t h a n o l  ( 1 0  p l )  o r  

A 2 3 1 8 7  (3 o r  4 t i M )  in  e t h a n o l  w a s  a d d e d  t o  1 m l  o f  m o d i f i e d  E a g l e  m e d i u m  c o n t a i n i n g  1 0 %  s e r u m .  
I m m e d i a t e l y  t h e r e a f t e r ,  t h i s  m e d i u m  w a s  d e c a n t e d  o n t o  f r e s h  l y m p h o c y t e  p e l l e t s ,  4 S C a  a d d e d ,  a n d  
i n c u b a t i o n  a t  3 7 ° C  f o r  3 0  m i n  c a r r i e d  o u t  as  a b o v e .  Al l  d a t a  a r e  g i v e n  as  t h e  a v e r a g e s  o f  d u p l i c a t e  d e t e r -  

m i n a t i o n s .  

C u l t u r e  c o n d i t i o n  45 Ca  c o u n t s / 3 0  r a i n  

1 5  r a i n  s u p e r n a t a n t  2 0 6 8  -+ 1 0 2  

3 0  r a i n  s u p e r n a t a n t  2 2 5 8  ± 171  
19  h s u p e r n a t a n t  1 8 5 1  + 11 

A 2 3 1 8 7  3 p M  s t a n d a r d  9 9 5  ± 2 3 3  
A 2 3 1 8 7  4 p M  s t a n d a r d  1 9 8 8  +- 7 3  

C o n t r o l  1 6 1  ± 56  

0.25 to 19 h was as capable of inducing calcium uptake into fresh lymphocytes  
as an ionophore  solution not  previously incubated with cells. 

A 2 3 1 8 7  effects on calcium uptake in the absence o f  serum 
Since A23187 is a lipophilic compound  [2],  it was probable that  most  of  the 

A23187 shown to be present in lymphocy te  culture supernatants was bound to 
serum lipoproteins. Therefore  lymphocytes  incubated in the absence of  serum 
should require much less ionophore  to maximally take up calcium. Fig. 2 shows 
a dose vs. response curve of  A23187-induced calcium uptake into lymphocytes  
incubated in the presence and absence of 10% serum. This exper iment  had to be 
carried ou t  at 25°C because human lymphocytes  are not  viable in the absence of 
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F i g .  2.  D o s e  vs .  r e s p o n s e  c u r v e s  o f  A 2 3 1 8 7 - i n d u c e d  4 5 C a  u p t a k e  i n t o  l y m p h o e y t e s  i n c u b a t e d  i n  t h e  p r e s -  
e n c e  (o  o )  o r  a b s e n c e  ( e  - ' )  o f  s e r u m .  F r e s h l y  p r e p a r e d  l y m p h o c y t e s  (1 • 1 0 5  c e l l s ] m l )  w e r e  
i n c u b a t e d  e i t h e r  i n  m o d i f i e d  E a g l e  m e d i u m  ( M E M )  w i t h  1 . 0  m M  C a  2+ o r  in  m o d i f i e d  E a g l e  m e d i u m  w i t h  
1 . 0  m M  C a  2+ p l u s  1 0 %  s e r u m  a t  2 5 ° C .  4 5 C a  (5  p C i )  w a s  a d d e d  to  e a c h  t u b e ,  f o l l o w e d  i m m e d i a t e l y  b y  
e i t h e r  e t h a n o l  ( 1 0  p l )  o r  t h e  l i s t e d  c o n c e n t r a t i o n s  o f  A 2 3 1 8 7  ( 1 0  # l  in  e t h a n o l ) .  I n c u b a t i o n  w a s  c o n -  
t i n u e d  f o r  3 0  r a i n  a t  2 5 ° C  a n d  h a r v e s t i n g  t h e n  c a r r i e d  o u t  as  d e s c r i b e d  i n  F i g .  1. 
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T A B L E  II  

T H E  E F F E C T  O F  F C C P  ON A 2 3 1 8 7 - I N D U C E D  4 5 C a  U P T A K E  IN T H E  P R E S E N C E  A N D  A B S E N C E  

O F  S E R U M  

H u m a n  l y m p h o c y t e s  were  s u s p e n d e d  a t  1 • 105 c e l l s / m l  i n  1 -ml  c u l t u r e s  in  m o d i f i e d  Eag le  m e d i u m  w i t h  

1 .0  m M  Ca 2+ in  t h e  p r e s e n c e  o r  a b s e n c e  o f  10% s e r u m .  C u l t u r e s  c o n t a i n i n g  s e r u m  were  i n c u b a t e d  a t  3 7 ° C ,  

a n d  t h o s e  w i t h o u t  s e r u m ,  a t  2 5 ° C .  F C C P  (20 ,  o r  0 . 5  p M )  in  e t h a n o l  o r  e t h a n o l  ( 1 0  g l )  was  a d d e d  t o  

r e p l i c a t e  c u l t u r e s  a t  t i m e  ze ro .  15  m i n  l a t e r  a p p r o p r i a t e  t u b e s  were  g i v e n  A 2 3 1 8 7  (4  o r  0 .2  /~M) o r  

e t h a n o l  (5 #1); al l  t u b e s  we re  i m m e d i a t e l y  t h e r e a f t e r  g i v e n  4 5 C a  (5  pCi ) .  I n c u b a t i o n  was  c o n t i n u e d  fo r  an  

a d d i t i o n a l  3 0  m i n  a n d  t h e n  h a r v e s t i n g  a n d  c o u n t i n g  c a r r i e d  o u t  as d e s c r i b e d  in  M e t h o d s .  A l l  d a t a  are g i v e n  

as t h e  a v e r a g e s  o f  d u p l i c a t e  d e t e r m i n a t i o n s .  

C u l t u r e  c o n d i t i o n  45 Ca c o u n t s / 3 0  m i n  

+ s e r u m  

C o n t r o l  81 + 1 

A 2 3 1 8 7  (4  p M )  1 0 1 0  + 2 3 0  

F C C P  ( 2 0  u M )  1 1 8  + 8 

A 2 3 1 8 7  + F C C P  1 6 0  -+ 3 5  

- -  s e r u m  

C o n t r o l  3 0 2  -+ 1 6 4  

A 2 3 1 8 7  (0 .2  p M )  1 9 0 4  -+ 16 

F C C P  ( 0 . 5  p M )  4 5 4  

A 2 3 1 8 7  + F C C P  5 2 7  -+ 83  

serum at 37°C, as measured by Trypan Blue exclusion [11].  In the absence of  
serum, a maximal effect  on calcium uptake was obtained at 0.1--0.2 pM 
A23187,  while even 2 gM A23187 was a submaximal dose in the presence of 
serum in this experiment .  

Sensitivity o f  calcium uptake to FCCP 
Mitochondria are capable of  accumulating large amounts  of calcium via a 

mechanism sensitive to inhibition by respiratory uncouplers [12,13].  To deter- 
mine if calcium taken up by lymphocytes  t reated with A23187 was accumu- 

lated by mitochondria ,  lymphocytes  were premcubated with the uncoupler  
p - t r i f luoromethoxycarboxylcyan ide  phenylhydrazone  (FCCP) and then stim- 
ulated with A23187.  Table II shows that  FCCP (20 pM for  cultures in the pres- 
ence of  serum and 0.5 pM for cultures in the absence of  serum) caused an 
approximate  90% inhibition of  the A23187-induced calcium uptake.  The much 
larger concentra t ion of  FCCP required to block A23187-induced calcium 
uptake in the presence of  serum is accounted for by the ability of  serum lipo- 
proteins to bind lipophilic agents, such as FCCP, and hence reduce their free 
concentrat ions.  To establish that  FCCP was acting as an uncoupler ,  the rate of  
cellular respiration in the presence and absence of  FCCP was measured. Oxygen 
consumpt ion in control  cells was 0.076 and in FCCP-treated cells 0.241 nmol  
O2/min per 2 • 106 lymphocytes .  In spite of  this stimulation of  respiration, 
FCCP at 20 pM in the presence of  serum had no significant effect  on the ATP 
levels of the lymphocy te  within the time span of  this exper iment  (Table III). 
The data in Table III also illustrate the poin t  tha t  A23187 lowered lymphocy te  
ATP levels by approx.  30% after  a 15 or 30 min incubation;  FCCP had no 
effect  on this decrease. 
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T A B L E  I I I  

T H E  A T P  C O N T E N T  O F  L Y M P H O C Y ' T E S  T R E A T E D  W I T H  F C C P  W I T H  A N D  W I T H O U T  A 2 3 1 8 7  

A t  t i m e  ze ro  e t h a n o l  ( 1 0 p l )  o r  F C C P  to  a f i na l  c o n c e n t r a t i o n  o f  2 0 ~ M  in e t h a n o l  was  a d m i n i s t e r e d  to  

h u m a n  l y m p h o c y t e s  (1 " 106  c e l l s / m l )  in  1 -ml  c u l t u r e s  in  m o d i f i e d  Eagle  m e d i u m  w i t h  1.0 m M  Ca 2 + p l u s  

10% s e r u m  a t  3 7 ° C .  A t  1 5 m i n  o n e  se t  o f  c o n t r o l  a n d  F C C P - t r e a t e d  c u l t u r e s  were  h a r v e s t e d  by c c n t r i f u -  

g a t i o n  a t  r o o m  t e m p e r a t u r e  f o r  2 m i n ,  t h e  m e d i u m  was  d e c a n t e d ,  t h e  i n s i d e  o f  t h e  t u b e s  w i p e d  a n d  t he  

ce i l s  e x t r a c t e d  w i t h  l m l  o f  1% H C 1 0 4 .  A f t e r  c e n t r i f u g a t i o n  t o  r e m o v e  t h e  p r e c i p i t a t c ,  t h e  e x t r a c t  was  

f r o z e n  in  a C O 2 / a c e t o n e  b a t h  a n d  s t o r e d  a t  - - 2 0 ° C  fo r  severa l  h o u r s  u n t i l  assay.  A l so  a t  15 ra in ,  A 2 3 1 8 7  

(4 p ro)  in  e t h a n o l  o r  e t h a n o l  (5 p l )  was  a d d e d  to  b o t h  c o n t r o l  c u l t u r e s  a n d  c u l t u r e s  t r e a t e d  w i t h  F C C P  a t  

t i m e  ze ro .  I n c u b a t i o n  was  c a r r i ed  o u t  fo r  an a d d i t i o n a l  15 o r  3 0 r a i n  a n d  h a r v e s t i n g  ca r r i ed  o u t  as 

d e s c r i b e d  a b o v e .  A T P  was  a s s a y e d  in t h e s e  e x t r a c t s  w i t h  a m i n o r  m o d i f i c a t i o n  o f  t he  l u c i f e r a s c  e n z y m e  

m e t h o d  o f  S t a n l e y  a n d  W i l l i a m s  [ 9 ] ,  as d e s c r i b e d  in M e t h o d s .  

T o t a l  i n c u b a t i o n  t i m e  p m o l  A T P / 1 0 6  l y m p h o c y t e s  

( m i n )  . . . . . . . . . . . . . . . . . . . .  
C o n t r o l  F C C P  A 2 3 1 8 7  A 2 3 1 8 7  + F C C P  

(2 " 10  - s  M) (4  p M )  

1 5  3 4 5  * 3 5  3 4 5  * 5 . . . . .  
3 0  3 4 5  * 3 5  3 9 0  + 30  2 5 5  + 5 2 8 5  + 1 5  

4 5  3 5 5  * 5 3 7 5  + 5 2 3 0  + 5 2 0 5  + 5 

Sensitivity o f  calcium uptake to external calcium concentration 
Lymphocyte  suspensions containing 0.2, 0.7, or 1.2 mM external calcium 

were treated with 2 pM A23187  and 4"~Ca uptake determined as a function of  
time. Fig. 3 shows that the extent  of  calcium uptake in control  cells was not  
affected by external calcium in this range, but the A23187- induced calcium 

Ca4"+ 
Picomoles • Control 

8 0 0 r  T O A25187 2u,  M 
| 4 ' -  - - -  0.2m_.~M Co 
| ." \ . . . . .  07 mM Ca ++ 

7ool // \.\ . . . .  f 2 m~ co++ 

6 0 0  ~ ~ - ~.T 

"~x '\ 
\ 
\ 

2 0 C  \ \  
\ 

\ 
\ \  

I 2 5 

HOURS 

Fig. 3. The uptake of 45Ca into lymphocytes induced by 2 pM A23187 at inedium calcium concentra- 

tions o f  0 .2  ( o - -  o) ,  0 .7  (o . . . . . .  c~) a n d  1 .2  (o . . . . .  o)  m M .  L y m p h o c y t e s  (1 • 106  c e l l s / m l )  were  

i n c u b a t e d  i n  m o d i f i e d  Eag le  m e d i u m  p l u s  10% s e r u m  w i t h  a f i n a l  c a l c i u m  c o n c e n t r a t i o n  o f  e i t h e r  0 .2 ,  0 .7  

o r  1 .2  m M .  4 5 C a  (5 p C i )  was  a d d e d  t o  each  t u b e  f o l l o w e d  i m m e d i a t e l y "  b y  A 2 3 1 8 7  (2 p M )  o r  e t h a n o l  

( 1 0  p l ) .  I n c u b a t i o n  was  c a r r i e d  o u t  a t  3 7 ° C  f o r  t he  i n d i c a t e d  t i m e s  a n d  h a r v e s t i n g  ca r r i ed  o u t  as d e s c r i b e d  

i n  Fig .  1. 
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F i g .  4.  T h e  e f f e c t  o f  a p r e i n c u b a t i o n  w i t h  A 2 3 1 8 7 ,  in  t h e  p r e s e n c e  o f  c a l c i u m ,  o n  t h e  t i m e  c o u r s e  o f  t h e  
4 S C a  u p t a k e  i n t o  l y m p h o c y t e s  i n d u c e d  b y  a s e c o n d  A 2 3 1 8 7  a d d i t i o n .  L y m p h o c y t e s  (1 - 105  c e l l s / m l )  

w e r e  i n c u b a t e d  a t  3 7 ° C  f o r  12  h in  m o d i f i e d  E a g l e  m e d i u m  w i t h  1 . 0  m M  Ca  2+ p l u s  1 0 %  s e r u m .  T w o  s e t s  

r e c e i v e d  A 2 3 1 8 7  (1 # M ) .  A t  t h e  e n d  o f  12  h ,  all  t u b e s  w e r e  g i v e n  t r a c e r  4 S e a  (5  pCi). T h e  c o n t r o l  s e t  h a d  
n o  o t h e r  a d d i t i o n s  ( e  o) .  A s e c o n d  s e t  w a s  g i v e n  A 2 3 1 8 7  ( l p M )  i m m e d i a t e l y  a f t e r  4 5 0 a  

( ( : - - ~ ) .  A t h i r d  s e t ,  w h i c h  h a d  b e e n  g i v e n  A 2 3 1 8 7  (1 p M )  12  h b e f o r e ,  h a d  n o  o t h e r  a d d i t i o n s  
(X- X). A f o u r t h  s e t ,  w h i c h  h a d  b e e n  g i v e n  A 2 3 1 8 7  (1 p M )  12  h b e f o r e ,  w a s  g i v e n  a s e c o n d  d o s e  o f  
A 2 3 1 8 7  (1 p M )  i m m e d i a t e l y  a f t e r  4 5 C a  (t:  ~).  I n c u b a t i o n  a t  3 7 ° C  w a s  c a r r i e d  o u t  f o r  t h e  i n d i c a t e d  
t i m e s  a n d  h a r v e s t i n g  d o n e  as  d e s c r i b e d  in F ig .  1. 

up t ake  was very d e p e n d e n t  on  ex te rna l  calcium. The  e x t e n t  o f  calcium up take  
at the  p la teau increased l inearly with increasing ex te rna l  ca lc ium,  bu t  all curves 
showed  a decl ine in the  a m o u n t  o f  calc ium accumula t ed  af te r  1 h of  incuba- 
t ion.  

Effect of  preincubation with A23187 
The  fol lowing e x p e r i m e n t  examined  in a slightly d i f f e ren t  way  the  t rans ien t  

na ture  o f  the  l y m p h o c y t e  response  to  i onoph o re .  F o u r  sets o f  isolated l y m p h o -  
cytes  were incuba ted  overnight  (12 h) at  37°C in the  presence  o f  1.1 mM Ca2÷; 
two sets were t r ea ted  with 1 pM A23187 .  Af te r  12 h, i.e. at t ime zero,  t racer  
4SCa was added  to  all cul tures .  Also at t ime zero,  a second dose o f  1.0 pM 
A23187  was added to  one  set o f  cul tures  which had been  t r ea ted  with iono- 
pho re  12 h be fore ;  and 1.0 pM A23187  was added  to  the  third set which had 
no t  been previously  exposed  to  i onophore .  The  results o f  these manipu la t ions  
on  calcium up take  are shown in Fig. 4. L y m p h o c y t e s  which were incuba ted  
with i o n o p h o r e  for  12 h pr ior  to  the  add i t ion  o f  t racer  calcium showed  a cal- 
c ium up take  only  slightly above con t ro l .  Similarly,  l y m p h o c y t e s  which were 
given two doses of  i o n o p h o r e ,  one  12 h pr ior  to  4SCa and a second dose with 
4SCa at  t ime zero,  also showed  up take  on ly  slightly above con t ro l  levels. A nor-  
mal biphasic up take  curve was f o u n d  for  cells incuba ted  overnight ,  and then  
given on ly  one  t r e a t m e n t  with A 2 3 1 8 7  at  t ime zero.  Thus  n o t  on ly  was the  
e f f ec t  of  i o n o p h o r e  on calcium up take  t rans ient ,  bu t  pr ior  t r e a t m e n t  wi th  
A 23187  actual ly  a l tered the  abil i ty o f  cells to  accumula te  calcium in response  
to  a second dose o f  i o n o p h o r e .  
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Fig. 5. The  e f f ec t  of  a p r e i n c u b a t i o n  with A 2 3 1 8 7 ,  in the absence  of  ca lc ium,  on the  t ime  course  of  the  
4SCa u p t a k e  in to  l y m p h o c y t e s .  I so la ted  l y m p h o c y t e s  (1 • 105 cens ]ml )  were  i n c u b a t e d  for  16 h at  37°C 
in m o d i f i e d  Eagle m e d i u m  wi th  1.0 m M  Ca 2+ plus 10% se rum,  and  1 .05  m M  E G T A .  One set  of  t ubes  was 
given A 2 3 1 8 7  (2 pM) ( X - -  X). At  the  end of  16 h, all tubes  were  given CaC12 (10  #l  of  0.1 M solu- 
t ion)  and  45Ca  (5 ~Ci). One set  was also given A 2 3 1 8 7  (2 pM) ( o  ©). I n c u b a t i o n  at  37°C was 
car r ied  ou t  for  the  ind ica ted  t imes  and  harves t ing  done  as descr ibed  in Fig. 1. 

Effect of  preincubation with A23187 and EGTA 
The following exper iment  was designed to determine if the t ime-dependent  

change in the response of  the lymphocy te  to A23187 required the presence of  
calcium in the medium. Lymphocytes  were incubated overnight with 1.05 mM 
EGTA in the presence or absence of  A23187 in modified Eagle medium plus 
10% serum (Fig. 5). At time zero, calcium plus 4SCa was added to all cultures to 
give a final free calcium concentra t ion of approx.  1.1 mM. A23187 was added 
to one set which had not  previously been given ionophore ,  and calcium uptake 
was determined with time. Control  cells accumulated calcium slowly, and lym- 
phocytes  given A23187 as well as calcium at time zero showed the normal 

biphasic uptake curve. Cells preincubated with ionophore  overnight showed a 
much lower uptake of calcium than those which had been given ionophore  at 
t ime zero. 

Discussion 

The present data illustrate that  the ionophore  A23187 in mitogenic doses, 
causes a very rapid increase in the uptake of  calcium into human peripheral 
lymphocytes ,  as measured both by total cell calcium determinat ion and by iso- 
topic means using 45Ca. However, the large increase in calcium uptake is not  
maintained; over a period of many hours the calcium content  of  ionophore- 
treated lymphocytes  declines to values approaching control .  

Because the respiratory uncoupler  FCCP is capable of  preventing greater 
than 90% of  the A23187-induced calcium accumulation,  it is reasonable to con- 
clude that  most  of the accumulated calcium is sequestered in the mitochondria.  
We have shown that  FCCP at 2 • 10 -s M (in cultures with serum) causes a 3-fold 
increase in the oxygen consumption of the lymphocytes ,  but  does not  alter the 
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cellular ATP content  (Table III). The large glycolytic capacity of the lympho- 
cyte [ 14,15] is most likely responsible for the maintenance of the normal ATP 
levels even when the few mitochondria of  the cell are uncoupled. 

Three possible explanations were considered here for the biphasic nature of 
the calcium uptake in ionophore-treated cells. First, with time the ionophore 
undergoes either chemical inactivation or metabolic conversion to an inactive 
metabolite. Second, as the ionophore-treated cells accumulate more and more 
calcium, the capacity of their mitochondria to accumulate calcium is exceeded 
and further loading results in irreversible damage to the mitochondria.  This pos- 
sibility was considered because isolated mitochondria,  after taking up massive 
amounts of calcium, become uncoupled [13]. Third, with time there is a redis- 
tribution of ionophore within the cell from its initial site of action at the 
plasma membrane to intracellular, including mitochondrial,  membranes. 

To examine the first possibility we have used, as a sensitive bioassay for 
A23187, the known effect of ionophore upon the response of the human red 
cell to osmotic shock [10]. We are able to show that  there is no apparent chem- 
ical inactivation or metabolic conversion of ionophore to an inactive metabo- 
lite. 

The second possible explanation for the biphasic nature of the ionophore- 
induced calcium uptake in the lymphocyte  is that  massive accumulation of cal- 
cium by the mitochondria of these cells causes irreversible damage to the 
organelles resulting in their uncoupling. However, there are several facts that  
argue against this explanation. First, it follows from this hypothesis that  
whether one increases the uptake of calcium into the cell by increasing external 
calcium at a fixed ionophore concentration (Fig. 3) or by increasing ionophore 
concentration at a fixed external calcium concentration (Fig. 1), the mito- 
chondria should take up a fixed, critical amount  of calcium before becoming 
uncoupled. However, they do not.  Another argument against the second 
hypothesis is illustrated by the data in Fig. 5. These data show that  a 12 h pre- 
incubation of cells with ionophore in the absence of external calcium causes a 
marked decrease in the uptake of subsequently added calcium. Thus, even in 
the absence of external calcium, the response of the cells to ionophore changes 
as a function of time after ionophore addition. 

All of our data, as well as earlier studies on the interaction of A23187 with 
isolated mitochondria [7], are consistent with the third hypothesis; i.e. the 
biphasic nature of the calcium uptake curve is due to a t ime-dependent redis- 
tribution of ionophore within the cells. The early effects of the ionophore are 
exerted primarily at the level of the plasma membrane, causing an increase in 
calcium entry into the cell; however, with time the ionophore also exerts an 
influence on the internal (mitochondrial) membranes, resulting in a net loss of 
accumulated calcium from these organelles and thereby a loss of calcium from 
the cells. The loss of calcium from the cell probably is an ATP-dependent pro- 
cess, and it occurs because even in ionophore-treated cells, ATP levels are main- 
tained at 70% of control (Table III). 

Whether external calcium is present (Fig. 4) or absent (Fig. 5), preincubation 
of cells with ionophore alters the subsequent response of the cells to either 
ionophore readdition or calcium addition. Furthermore,  the higher the iono- 
phore concentration, the more rapid is the peak uptake of calcium, and the 
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more rapid the decline in uptake (Fig. 1), implying that  the higher the iono- 
phore concentra t ion,  the sooner an effective intracellular (mitochondrial)  iono- 
phore content  is reached. This reasoning would also explain the biphasic nature 
of  the ionophore  dose vs. response curve shown in Fig. 2. As the amount  of 
ionophore  added to these serum-free cultures was increased from 0.05 to 
0.1 pM, there was a marked (8-fold) increase in calcium accumulation in 
30 min, but  when cells were incubated in 0.5 pM ionophore,  the calcium 
uptake was considerably less than those incubated with 0.1 pM ionophore,  
being only 2-fold higher than that  seen in control  cells. Our interpretat ion of  
these data is that  with higher added ionophore  concentrat ions,  a critical 
internal con ten t  of  ionophore  was reached almost immediately upon addition 
of  A23187 to the cells. This critical amount  of ionophore  caused an increase in 
the rate of  calcium efflux from mitochondria ,  thus preventing significant net 
calcium accumulat ion by these organelles, and hence by these cells. 

This interpretat ion of the biphasic nature of the calcium uptake curve is also 
based on the results of  Reed and Lardy [2] and Rot tenberg and Scarpa [3],  
who have found that  A23187 causes a leak of calcium from the mitochondria .  
At low A23187 concentrat ions the mitochondr ia  are capable of reaccumulating 
this calcium at the expense of  electron transport ,  but  when the ionophore  con- 
centrat ion exceeds some critical value, the mitochondr ia  are no longer able to 
reaccumulate  calcium as rapidly as it is being lost. 

The present results indicate that  although A23187 is a useful tool  with 
which to explore cell funct ion and cellular responses to changes in calcium 
metabolism, its effects upon cellular calcium metabolism are complex and time 
dependent .  This makes it difficult  to draw simple conclusions about  the role of 
calcium in the cellular response under study. 
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