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Effe~ of changes ~ the rate of ~nophore A23187-~duced c ~ u m  ~flux 
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We s~died the effect ~ varying the rate ~ ~ n o p h o ~  A23187-induced c ~ u m  ~ f lux  on ~ e  mean c ~ u m  
c o n ~  ~ ino~ne~ed  human ~ d  cells ~ pum~ieak s~ady  s ~ .  ~ o w  cal~um ~ f u ~ o n  caused o ~ y  a 
margin~ reduction ~ ~ e  mean c ~ u m  c o g e n t  ~ cells ~ the s~ady  s ~  ~ l ~ e  ~ the~ c o n ~  after 
sudden c ~ u m  ad~fion.  

The div~ent cation ionophore A23187 has been 
ex~nf ivdy  used to identify and characterize 
c ~ d u m  effects and c ~ d u m  transport in a v a r i f y  
of cells. In red cells, the ionophore-permeabil~a- 
fion m~hod,  ~one or in c o ,  unction with non-di~ 
rupfivdy incorporated cMoum chdato~,  has en- 
abled measurement of cytoplasmic Ca and Mg 
bufferin~ phyf io lo~c~ Ca 2÷ ~vels, the cha~ 
acterizafion of active and pasfive c ~ d u m  trans- 
porL and the effects of in~acdlular Ca 2+ on other 
ion transport sys~ms and on cell m~abolism 
[1-2~.  A common experimentM feature in all 
these pre~ous ~udies was that the increase in 
c ~ u m  influx mediated by the ionophore was 
imp~mented suddenl~ tither by addition of 
cMoum in the presence of ionophore or by ad- 
dition of ionophore in the presence of C~ When 
the ionophor~induced cMoum influx was bdow 
about 30 mmol/1 cells per ~ the mean c ~ o u m  
content of inofine-fed red cells was found to reach 
s~ady levds which were lower than those in 
ATP-dep~ted cells ~,7,1839]. Such ~eady states 

* Present address: Phyfi~o~cM Labora~ry, Cambridge U~- 
verfity, Cambridg~ CB2 3EG, U.K. 

were i n ~ r p ~ d  as representing the b~ance be- 
tween ionophoreAnduced pasfive c ~ u m  influx 
and active c ~ u m  ex~ufion by the poweffd  ~ed 
cell c ~ o u m  pump [1,18]. Recent ~ s ~  [21], how- 
eveq suggest that d e s ~  the well documen~d 
uniformiff of ~nophor~induced  c ~ o u m  perme~ 
bility [16], the d~tfibution of c ~ u m  in t h o ~  
steadyrstates is extremdy heterogeneous. Most of 
the c d g a ~ o ~ a t e d  c ~ d u m  was found to be con- 
t~ned near eq~fibrium within a ~acfion of cells 
whose ATP production f ~ d  to match consump- 
tion by the pump and thus became ATP deplete& 
Brown and JohnSon [17] found that a rise in 
intern~ c ~ d u m  s t i m ~ e d  ~ctic acid production 
but with ddays of up to 20 min and with a 
biphafic C ~ c o n c e n ~ a f i o n  dependence. This 
sugge~s that the rate at which ionophor~induced 
cM~um ~nflux ~ r ~  or that ~ which C ~  + 
chang~ within the cells, may criticMly influence 
thdr  ability to su~Mn ATP synthe~s rates that 
would mmch ATP breakdown by the pump. It has 
therefo~ become necessary to investig~e wh~her  
more graduM increas~ in ionophor~induced 
cM~um influx wo~d  allow a larger proportion of 
cells to bMance the m~abofic demand of the 
cMoum pump, thus redudng the ~action of 
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ATP-depleted calls and consequently the mean 
caloum content of the cells in steady state. In the 
experiments reposed her~ we investigate this 
point by comparing the steady-~ate mean c~dum 
content of ionophore-treated, inosine-fed red cells, 
suspended in media to which c~dum was infused 
at different rates, but to the same fin~ concentra- 
tion. 

Red cells from ~esh, hepafinized blood were 
washed twice with a medium cont~nin~ in mM: 
KCI, 80; NaC1, 70; Hepe~Na (pH 7.55~ 10; 
MgC12, 0.2; EGTA, 0.1, and twice more with the 
same medium but without EGTA. After these 
washes the calls were suspended at 10% hematocrit 
in the same medium, cont~ning in addition 10 
mM ino~ne and the concentrations of EGTA 
shown in Table I for each of the experimen~ 
performed. This suspension was proncubated for 
about 15 rain at 37°C before addition of iono- 
phore A23187 (2 mM stock solution in DMSO~ 
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under ¼gorous magnetic stirring and then divided 
into three or four equfl parts for ad~fion of 
cf ldum in the amounts and at the rates in&cated 
in Table I. The same concentrated ~Ca stock 
s~utio~ with a spedfic acti¼ty of about 10  7 

cpm/#mol, was used in all experiment. Sudden 
addition of cMdum was done by means of a 
on~s~p ~spenfing pip~te. Continuous infufion 
was performed by a pump-driven syringe at a 
constant rate. The c o n c e n ~ n  of cMdum ~ the 
~fufion sdution varied ~om 2.5 to 50 mM and 
the vohmes delivered to 2 ml of cell suspens~n 
~om 20 to 50 #l. The ra~ of c ~ u m  infufion was 

~ monito~d in 10 #l sampl~ taken at ~gular inter- 
vals during the infufiom The measured rate of 
change in cMdum c o n c e n ~ n  in the suspenfion 
is reported in Table I for all the experiment. The 
mean cMoum content of the cells was measu~d 
b~ween 15 and 40 min after the onset of c~dum 
infufion or sudden c ~ u m  ad~tion in 0.05 ml 
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Fig  1. Effect of  the rate of c ~ o u m  mfufion on the mean cell cflcium ~ v d  at b w  cMoum ~ f l u ~  The experiment co~esponds  ~ that 
r eposed  second ~ T a ~ e  I. P a n d  A shows the measured change w i ~  time ~ the to t~  c ~ o u m  levd of suspenfions (B) (O)  and C (~). 
In suspension A (D), c~c ium was added ~ zero-time ~ one gep,  ~ the same f in~ level as ~ suspenfions B and C. P a n d  B shows ~ e  
change w i ~  time ~ the mean totfl  calcium content of ~ e  cells in the three suspension~ In all ~ a n c e s  the first s amp~s  were taken 
~ r  cMdum ~fu f ion  was c o m ~ e d .  Note the break ~ the o r d u r e  scMe ~ accomod~e  ~ e  p ~ n t s  after extra ionopho~  a d ~ f i o ~  
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samples of the cell suspen~on, after separating the 
cells by centrifugafion through dibutylphthalate 
oil as described before [1,18]. At 40 min, ad- 
ditionM ionophore was added to the suspen~on to 
increase its concen~ation by 10 #M in order to 
induce cMdum equifibration in all the cells. The 
condition with high ionophore yidds a, the ~ac- 

tion of ionized cM~um within the cells, ~om 

where r is the ratio of in~rnM to ex~mM proton 
concen~afions, and the second factor represen~ 
the ratio of ex~rnM to totM cell cMdum con- 



centrations at equilibrium [1,8]. With a, the ex- 
pe~ed [Ca~]~ may be computed for any [Ca~] 
(penultimate c~unm, Tab~ ~. In the fir~ three 
experiments of Table I, the combination of iono- 
phore and cfldum concentrations was set to pro- 
~de c i l i um influx~ ~om 2 to 8 mm~/1 cells per 
h, a range well bdow the maximfl m ~ a b d ~  and 
c~dum extrufion capacity of mo~ cells. Except 
for one condition (curve B in the experiment of 
Fig. 1), the rate of change ~ cfldum influx had 
no mea~ngful effect on the mean c~dum content 
of the cells in the steady-stat~ 

When the concenUations of ionophore and fi- 
n~ cfldum in the suspenfion were at ~vds w~ch 
produced more than 20% of C~equfl~ra~d cells 
after sudden addition of C~ as in the last three 
experiments of Table I, flow c~dum ~flux ~-  
duced the fraction of Ca-equilibrated cells in all 
but one of the fix conditions investiga~d (curve D 
of Fi~ ~. This exception, as well as the noticed 
differences b~ween careful~ dup~c~ed condi- 
tions at ~w (fir~ three experiment) and high (h~  
thiee experimentO Ca influx v~u~,  seem to indi- 
cate the operation of subfl~ highiy un~a~e fac- 
tors determining the fraction of C~+-equilibrated 
cells. 

The ~sul~ ~po~ed h~e show th~ ~rge 
changes in the ra~ at which ~nophor~media~d 
c ~ u m  influx is increased have relativdy ~tfle 
predictive effect on the ~eady-st~e c i l i um con- 
~nt  of i n o f i n ~ d  human ~d  ceils. It wo~d ~em 
that when the t i n t  c i l i um influx exceeds 10 
mm~/1 cd~ p~r ~ a flow ~crease in c i l i um 
inUux ~nds to improve, if o~y mar~nfll~ lhe 
abil~y of a larger proportion of cells to s u ~ n  
higher m~abo~c rates of ATP synthesis. The ab- 
solu~ vflue ~f the t i n t  c ~ u m  influx within each 
experiment still appears to be the m~n factor 
which de~rmines the ~action of cd~ able to 
match the i no f in~su~ned  m~abofic production 
of ATP to the rate of ATP breakdown by the 
c ~ u m  pump. 
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