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Summary. Murphy, Coil, Rich and Williamson (J. Biol. Chem. 
255:6600-6608, 1980) described a null-point method for esti- 
mating intracellular free Ca in liver cells. They used digitonin to 
lyse the cells in solutions of varying Ca concentration. This meth- 
od has been adapted for use with human red cells. The values 
found are about 0.4 gM Ca in fresh cells, and from 0.4 to 0.7 gM 
Ca in blood-bank cells, at pH 7.2 and 37~ These are likely to 
be overestimates, and the errors and limitations of the method are 
discussed. Red cells may be ioaded with Ca by metabolic de- 
pletion in Ca-containing solutions. Such cells have an elevated K 
permeability, and the relationships between free Ca, total Ca and 
K permeability were investigated, using 86Rb as a tracer for K. 
86Rb flux studies show that the affinity of the K channel for Ca is 
the same in cells as in resealed ghosts where intracellular Ca can 
be controlled with Ca buffers, but the rate of tracer equilibration 
is 3-6 times faster in ghosts than in cells. 

Key words human red cells (or erythrocytes) - intracellular flee 
Ca �9 digitonin . null-point �9 Ca-dependent K permeability (or K 
permeability) 

Introduction 

No method to estimate the free Ca in red cells has 
yet been described, except for the rather special case 
of the cell treated with the Ca ionophore A23187, 
when intracellular Ca can be set to any value by 
varying the external Ca concentration (Ferreira & 
Lew, 1976). It would be very useful to measure the 
free Ca in untreated cells, in order to investigate 
phenomena like the Ca-dependent K permeability of 
human red cells (Gardos, 1959), the role of Ca in the 
control of sugar transport in avian red cells (Car- 
ruthers & Simons, 1978) and the abnormalities of Ca 
metabolism in sickle cells (Bookchin & Lew, 1980). 

In 1980, Murphy, Coll, Rich and Williamson 
made a notable advance by measuring the free Ca in 
hepatocytes by a null-point method. They found that 
the cells take up Ca when the plasma membrane is 
made freely permeable with digitonin, and the up- 
take varies with the initial extracellular Ca con- 

centration in a manner which suggests that it is 
dependent on the initial gradient of Ca across the 
membrane. Intracellular free Ca is assumed to be 
equal to the external Ca concentration at which no 
uptake occurs. This method ought, in principle, to 
be applicable to any suspension of small cells, but 
could suffer from two disadvantages. Digitonin might 
affect internal organelles, although it seems only 
to dissolve the plasma membrane (Fiskum, Craig, 
Becker & Lehninger, 1980), and not to affect the Ca- 
regulating ability of mitochondria and endoplasmic 
reticulum (Becker, Fiskum & Lehninger, 1980). Se- 
condly, the load of Ca or chelating agents imposed 
upon the cytoplasm might perturb its Ca-regulating 
mechanisms and thereby affect the result. Neither of 
these factors is likely to occur in the mammalian red 
blood cell, which lacks organelles, making these cells 
ideal for fur ther  investigation of the null-point 
method. 

In their work with hepatocytes, Murphy et al. 
(1980) monitored extracellular Ca by spectropho- 
tometry, with arsenazo III as an indicator. This 
method was found to be impracticable with red 
blood cells, as light scattering prevents continuous 
recording of extracellular Ca in cell suspensions. In- 
stead, extracellular Ca was monitored continuously 
with a commercial Ca electrode. The electrode 
measurements are in agreement with the simple 
theory that digitonin hemolyzes the cells, causing 
the mixture of intracellular and extracellular so- 
lutions. Intracellular free Ca can be estimated (al- 
though not very accurately), and the effects of 
varying experimental conditions on the measurements 
were investigated. Free Ca was also measured in 
cells loaded with Ca by metabolic depletion in Ca- 
containing solutions. Such cells have a raised K 
permeability (Gardos, 1959). Accurate measurements 
of K movements in the steady state through the Ca- 
dependent pathway have only been made in ghosts 
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Fig. l, Calibration of the Ca electrode at 37~ ionic strength 
0.1 (KC1). Solutions contain unbuffered Ca (e), Ca/HEDTA buf- 
fers (o) or Ca/EGTA buffers (A). The abscissa is in pea  units 
(=- logl0[Ca2+]) ,  calculated as described in the text. The line 
E(mV) = 97.5- 30.7 pea  is a least-squares fit to the points 

( S i m o n s ,  1976b),  o r  in  i n t a c t  cel ls  t r e a t e d  w i t h  

A 2 3 1 8 7  ( L e w  & F e r r e i r a ,  1976), so i t  was  i n t e r e s t i n g  

to c o m p a r e  S6Rb t r a n s p o r t  (used  as a t r a c e r  for  K) 

in  cel ls  l o a d e d  w i t h  C a  b y  m e t a b o l i c  d e p l e t i o n  w i t h  

t he  ea r l i e r  work .  

A p r e l i m i n a r y  a c c o u n t  o f  p a r t  o f  th i s  w o r k  h a s  

b e e n  p u b l i s h e d  ( S i m o n s ,  1981). 

M a t e r i a l s  a n d  M e t h o d s  

Red Blood Cells and Ghosts 

Blood was either fresh (drawn from the author and heparinized) 
or citrated, from the South London Blood Transfusion Centre. 
Bank blood was stored at 4~ and used 5-14 days after being 
drawn. Red blood cells were isolated by centrifuging in a re- 
frigerated centrifuge, and resuspending the cells with wash me- 
dium (150m• KCI, 2ram MgC12 and 2 m s  HEPES (N-2- 
hydroxyethylpiperazine-N'-2-ethanesulfonic acid) neutralized to 
pH 7.4 with KOH). This was done 3-5 times, and each time the 
topmost layer of cells, including any visible white cells, was re- 
moved. Cells were always washed free of externally bound Ca 
before measurements of free Ca or total Ca. This was done by 
resuspending the cells in wash medium supplemented with lmM 
EGTA (ethyleneglycol bis-(2-aminoethyl) tetra-acetic acid), centri- 
fuging, then washing the ceils twice more by resuspension in 
nominally Ca-free medium (see below) and centrifuging, to re- 
move extracellular EGTA. 

The acidity of citrated cells is not removed by simply wash- 
ing them in buffered solutions. It was found necessary to titrate 

suspensions of blood bank cells to pH 7.6 7.7 at 37~ with KOH, 
in order to obtain a final pH of 7.1-7.2 at 37 ~ This was done 
either after the initial removal of white cells, or, in the case of 
metabolically depleted cells, between the two incubations. 

Cells were metabolically depleted and loaded with Ca in two 
stages. They were first incubated for 18-20hr at 37~ in wash 
medium supplemented with 1 mM EGTA, 10gg/ml chloramphe- 
nicol and 20gg/ml penicillin, then incubated for 2 hr at 37~ in 
wash medium supplemnted with 5 mM 2-deoxyglucose, 5 mM iodo- 
acetamide, from 0 to 1 mM CaCI2, and 8eRb (if required). In- 
tracellular ATP was 5-101.tM after this procedure, when assayed 
by a fluorimetric method (Bergmeyer, 1965). 

Resealed ghosts were prepared as described previously (Si- 
mons, 1976a), except that an extra 100mM sucrose was incorpo- 
rated internally, to bring the osmotic pressure to 300 ideal mos- 
mole/liter. 

Ca Electrode Measurements 

These were made with an Orion 93-20-01 Ca electrode, a refer- 
ence electrode filled with 4M KC1 saturated with Age1, an 
Orion811 pH/mV meter, and recorded with an LKB flat-bed 
chart recorder. Samples (usually 4 ml) were contained in a poly- 
propylene "accuvette" (Coulter Electronics Ltd.) in a 37 ~ water- 
bath, and the electrodes were equilibrated at 37~ The contents 
were stirred vigorously with pieces of paper clip sealed in poty- 
thene tubing and controlled by a submersible magnetic stirrer. 

Red cells were normally suspended at 4-5% hematocrit in 
nominally Ca-free medium containing 100mM KC1, 0.5mM 
MgSO 4 (both Johnson Matthey Specpure grade), 100 m s  sucrose 
(B.D.H. Aristar grade) and 5 mM HEPES, neutralized to pH 7.2 at 
37~ with KOH (B.D.H. Aristar grade). This composition was 
chosen in order to be approximately isotonic with plasma, to 
have an ionic strength of 0.1 (convenient for work with Ca 
buffers) and to have a pH and free Mg concentration approxi- 
mately equal to the normal intracellular values. Cell suspensions 
were hemolyzed by addition of digitonin (B.D.H. Analar grade, 
10mg/ml in ethanol), normally to a final concentration of 
0.1 mg/ml. This is approximately equivalent to 6gg/mg dry cell 
weight, comparable to the concentration of 5gg/mg dry weight 
used by Murphy et al. (1980) with hepatocytes. Digitonin did not 
affect the Ca electrode in the absence of cells, nor did digitonin- 
induced hemolysis affect the pH of cell suspensions. 

Electrode Calibration 

Six solutions were used routinely, all made up to a final con- 
centration of 90-95 mM KCI and 5 mM (K)HEPES, pH 7.2. Three 
contained unbuffered CaC12, at concentrations of 10, 1 or 0.1 mM 
(pea (=- log l0ECa] )=2 ,  3 and 4, respectively). The other three 
contained Ca buffers: 2mM Ca plus 3 mM HEDTA (N-hydroxy- 
ethyl ethylenediamine triacetic acid), lmM Ca plus 3 mM HE- 
DTA and 1.5 mM Ca plus 3 mM EGTA. Under the convention 
used previously (Simons, 1976a, and subsequent publications), 
these last three solutions would have pea  values of 5.46, 6.06 and 
7.15, respectively, at 37~ Tsien and Rink (1980) have pointed 
out that if the pH electrode is calibrated in H + activity, these 
values should be revised to 5.36, 5.96 and 6.95, respectively. Fig- 
ure 1 shows the fullest electrode calibration performe& in which 
several additional solutions were used. The fit to the equation 
E (mV)=a + b. pea  is marginally better if the revised pea  values 
are used: the correlation coefficient is -0.9998, instead of 
-0.9995, and the slope is -30.7_+0.3mV, instead of -29.4 
_+0.4mV (theoretical slope -30.8 mV at 37~ Accordingly, re- 
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sults in this paper are presented in terms of the revised pCa 
values for the Ca buffers, which represent a reduction of 0.20 in 
pCa for EGTA, and 0.10 for HEDTA, over the values used 
previously. 

In each experiment, the electrode was first calibrated with all 
six solutions, then measurements with cell suspensions were alter- 
nated with the adjacent calibration standards, to correct for elec- 
trode drift. There was no interference by H, K or Mg ions, in the 
range of concentrations used. 

Some observations were made which indicate that the Ca 
electrode may not always display a linear response down to 
10-TM Ca, as it does in solutions well-buffered with respect to 
Ca. The Ca-free solution used in the electrode studies had a Ca 
content of 1 ~tM by atomic absorption spectrophotometry, but 
gave an electrode reading which corresponds to 2~tM Ca. Small 
amounts of Ca were added to this solution, and Fig. 2 shows the 
relationship between the electrode reading and the pCa estimated 
by atomic absorption spectrophotometry. The results begin to 
deviate from the line below about 5 gM Ca (pCa 5.3). When low 
concentrations of a 1:2 Ca/EGTA buffer are added to the nom- 
inally Ca-free solution, the electrode readings are again less 
negative then expected, and the discrepancy decreases as the 
EGTA concentration is increased. The deviations seen in Fig. 2 
are not caused by any of the components of the solution, insofar 
as changing their concentrations does not affect the deviations. 
These findings suggest that deviations of electrode response from 
theory at low Ca levels occur in solutions poorly buffered with 
respect to Ca. This imposes a limitation on measurements of 
intracellular free Ca, such that any value obtained can only be an 
upper limit. 
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Fig. 2. Deviations from the calibration curve of the Ca electrode. 
(A) - calibration using standards as in Fig. 1; (o) - addition of 
Ca to nominally Ca-free solution: pCa assumed to be the logar- 
ithm of the Ca content measured by atomic absorption spec- 
trophotometry; (e) - addition of 1:2 Ca/EGTA buffers to nom- 
inally Ca-free solutions: pCa calculated from Ca and EGTA 
concentrations (EGTA concentration range 1.5-23 gM) 

S6Rb Fluxes  

SORb was used as a tracer for K movements through the Ca- 
dependent K channel. Rb movements are slightly faster than 
those of K under comparable conditions (Simons, 1976b), and 
evidence is presented below that tracer S6Rb efflux is comparable 
to 42K efflux from ghosts (Fig. 17). 

Influx. Red cells were suspended at 5-10% hematocrit in a so- 
lution containing 150mM KC1, 0.5mM MgSO~ and 5ram 
(K)HEPES (pH 7.2 at 37~ 86Rb was added (about 5 ~tCi/ml, 
12~tM Rb), and the suspensions incubated at 37~ At suitable 
times between 0 and 40min, 0.3-ml samples were transferred to 
1.5 ml centrifuge tubes containing 0.5 ml silicone oil (Dow Cor- 
ning 550, specific gravity 1.07) and 0.5 ml unlabeled medium. The 
tubes were immediately capped and centrifuged (Eppendorf 5414). 
The supernatant fluid was removed by suction, and the tip of the 
tube containing the cell pellet was cut off and counted in a 
Nuclear Enterprises 8311 ,/-counter. With this technique the ex- 
tracellular radioactivity contaminating the pellet is about 0.3 % of 
the total. The rate constant of influx is given by the slope of a 
graph of log~(1-(counts in cells)/(counts in cells at equilibrium)) 
against time (Fig. 16). Internal counts at equilibrium were esti- 
mated by adding 10gM valinomycin to the suspension, then cen- 
trifnging the cells through silicone oil (without unlabeled me- 
dium), and correcting for trapped extracellular radioactivity 
(about 1%). In a trial experiment, the ratio of 86Rb, counts/ml, 
in/out, in the presence of valinomycin, was equal to the K con- 
centration ratio, in/out, measured by flame photometry. 

Ffflux. Red cells were loaded with S6Rb by incubation at 37~ 
for 2hr in suspensions containing 5gCi/ml (12gM Rb), then 
washed free of extracellular radioactivity by centrifuging and re- 
suspension in ice-cold wash medium. Efflux was measured at 
37 ~ with the cells suspended at 5-10 % hematocrit in the same 

150mM K solution used for influx. One-milliliter samples were 
removed at suitable times between 0 and 40rain, centrifuged 
(20sec in Eppendorf 5414) and 0.8 ml of supernatant was taken 
and counted. 0.8 mI portions of suspension were counted, and the 
fraction of counts remaining in the cells calculated. The rate 
constant of efflux is given by the slope of a graph of loge(fraction 
of counts remaining in the cells) against time (see Fig. 16). Re- 
sealed ghosts were loaded with 86Rb at hemolysis, but in other 
respects efflux was measured in the same way as with cells. 

Other Measurements  

pH was measured with the Orion811 meter and a combined 
glass/reference electrode. Ca was measured with a Pye Unicam 
SP9 atomic absorption spectrophotometer. Cells were extracted 
with 2% perchloric acid (B.D.H. Analar grade) in acid-washed 
polycarbonate tubes, centrifuged, and Ca measured in the super- 
natant. The number of cells in suspensions was measured with a 
model ZF Coulter counter. A mean ceil volume of 80fl was 
assumed in order to calculate the hematocrit. 

T h e o r y  

F e r r e i r a  a n d  L e w  (1976) s h o w e d  t h a t  red  cell cy to-  

p l a s m  buffers  C a  in a l i nea r  f a s h i o n - t h a t  is it be-  

haves  as a s o l u t i o n  o f  a l o w  affinity,  h igh  c a p a c i t y  

buffer .  Th i s  is c o n f i r m e d  in  an  e x p e r i m e n t  r e p o r t e d  

be low.  

A s s u m e  a s u s p e n s i o n  of  cells w i th  h e m a t o c r i t  h 

(as a f rac t ion) ,  C a  o = in i t ia l  ex t r ace l l u l a r  free Ca, C a  i 

= i n t r a c e l l u l a r  free Ca, a n d  C a r = t o t a l  Ca  as- 
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sociated with the cells. All cell concentrations are 
referred to the whole cell volume, to simplify the 
algebra. Then 

Li 
C a r = C a / ( l + ~ / ( ~ ) ) ,  (1) 

where L~ are ligand concentrations, with dissociation 
constants K~ 

Car = Ca~ (1+ ~ ~--2/), (2) 

if K~ ~> Ca/and 

Ca r _ Cai, (3) 
C( 

is the fraction of Ca that is ionized. This ana- 
lysis was given by Ferreira and Lew (1976). Now 
assume the cells are hemolyzed. The total Ca con- 
centration is now 

Ca~ = (1 - h) Ca o + h Ca r 

= (1 - h) Ca o + h Caj~.  (4) 

The buffering ligands are now present at con- 
centrations h L/, so the solution will behave as a 
linear Ca buffer, with the fraction of Ca that is 
ionized, ~', given by 

( ~ - l l = h ( 1 - 1  t ,  or ~'-- ~ . c~ + h(1 - ~) (5) 

The free Ca after hemolysis, Ca'o, will be 

~(1 - h) C a  o + h Ca~ (6) 
Ca~ ~ + h ( 1 - c  0 

and the change in external free C a :  Ca' o -  Ca o 

_ h(Ca, - Cao) (7) 
~ + h ( 1 - ~ )  

A graph of the change in external free Ca against 
the initial external free Ca should have slope 

- h  
and intercept the abscissa where Ca/ 

c~+h(1 -~)  
= C a  o. Figure 3 shows this theoretical graph, using 
values for the parameters close to those observed in 
practice. It also shows two possible deviations from 
theory. In the first case, the cells are assumed to 
contain additional tightly bound Ca, Ca 8, that is 
released by the detergent action of digitonin. This 
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Fig. 3. Theoretical analysis of the null-point method for estimat- 
ing intracellular free Ca. Line i is that predicted by theory (Eq. 
(7)], for values of CaI=0.3FM, h=0.05 and c~=0.125. Line 2 
(dotted) shows the effect of 10 gM EGTA in the extracellnlar fluid, 
assuming log K~a for EGTA to be 6.9, and line 3 shows the effect 
of assuming the cells contain an extra 10gM bound Ca that is 
released by digitonin 

results in an upward shift of the line, such that the 
null-point becomes Cai+c~Ca B. Clearly intracellular 
free Ca would be overestimated in this case. The 
second possibility considered is the presence of 
EGTA in the external solution. As will be seen, this 
is often necessary to obtain low initial values of Cao. 
Figure 3 shows the results of a numerical calculation 
of the effect of 10 gM EGTA on the graph. It is no 
longer a straight line, and the most serious effect is 
to suppress the positive part of the graph, at very 
low Ca o. 

R e s u l t s  

Binding of Ca by Hemolysates 

The free Ca in cell suspensions was monitored with 
the electrode and Ca buffering curves were con- 
structed by making successive additions of Ca 
(Fig. 4). In a suspension of intact cells, the free Ca is 
almost exactly equal to the added Ca. When the 
cells are hemolyzed by digitonin or by freezing and 
thawing, free Ca is reduced because of binding by 
cytoplasmic buffers. The linearity of the binding 
curve in the 0 to 150~tM Ca range is in agreement 
with the findings of Ferreira and Lew (1976), and 
justifies the method used to analyze the null-point 
data (Fig. 6). The Ca buffering power of the cyto- 
plasm can be calculated from the slope of Fig. 4. The 
results for the hemolysates correspond to c~=0.096 
in intact cells, although this value is not very ac- 
curate because of the low hematocrit. 

Estimation of Intracellular Free Ca 

Figure 5 gives the records of an experiment to mea- 
sure intraceltular free Ca in a sample of blood-bank 
cells. Each time, small quantities of Ca or EGTA 
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Fig. 4. Binding of Ca by suspensions of fresh human red blood 
cells. Cells were suspended in nominally Ca-free medium at 5.3 ~s 
hematocrit at 37 ~ and the binding curves measured by making 
successive additions of Ca with (o) - intact cells, (o) - cells 
hemolyzed with 0.12mg/ml digitonin and (A) - cells hemolyzed 
by freezing and thawing. The inset shows an expansion of the 
scale near the origin. For the intact cells, the total Ca is calculated 
on the assumption that the available Ca occupies just the extra- 
cellular space, while it is assumed to occupy the entire volume in 
the hemolyzed suspensions. The lines are least-squares fits, and 
have slopes (�9 1.001_+0.006, (e) 0.655_+0.004 and (A) 0.677 
+0.008, although the last two are combined for clarity 

are a d d e d  to the cell suspens ion  in o rder  to ad jus t  
the external  free Ca, and  the e lec t rode  po ten t ia l  is 
m o n i t o r e d  cont inuous ly .  A s teady read ing  is ob- 
ta ined  in 2 - 4 m i n  (Ca0), and  d ig i ton in  is added.  
After ano the r  2 min  or  so, a s teady  read ing  is aga in  
ob t a ined  (Ca'o). These two readings  are conver ted  to 
concen t ra t ions  in gM units, and  p lo t t ed  as a g raph  
of  (Ca 'o -Cao)  agains t  Ca  o (Fig. 6a). A s t ra ight  line is 
fi t ted to the poin ts  by the m e t h o d  of  least  squares,  
and  gives a nu l l -po in t  of  0.45_+0.13 pM Ca. 

There  are several  errors  assoc ia ted  with this 
measurement .  Observa t ions  in the vicini ty of  the 

pea 

6.5 

5.5 
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D 

1.3 pM Ca 
2.5 pM Ca 

3.8 NM Ca 

D 

nul l -po in t  require  the presence of  E G T A ,  and this 
d is tor ts  the g raph ica l  analysis  of  results, in par t icu-  
lar  suppress ing increases of Ca  o when Ca i is greater  
than  Ca o. (An example  of  this can be seen in Fig. 11, 
line a.) Because of  this effect, not  more  than  5 gM 
E G T A  was no rma l ly  used. On the o ther  hand,  ob- 
servat ions  made  at h igher  Ca  levels are increas ingly  
subject  to e r ror  because  of  the  logar i thmic  scale of 
the Ca electrode.  There  are also the possibi l i t ies  of 
errors  in the e lec t rode  ca l ibra t ion ,  or  caused by the 
release of  t ight ly  b o u n d  Ca. A n  unexpec ted  source 
of  e r ror  was found:  the degree of  hemolys is  p ro-  
duced  by d ig i ton in  var ied  slightly, and  this caused 
scat ter  in the nul l -po in t  graphs.  The records  in Fig. 5 
are par t  of a larger  exper iment  in which the digi- 
ton in  concen t ra t ion  and  the hema toc r i t  were varied.  
The  results from the o ther  exper imenta l  condi t ions  

are presented  in Fig. 6 ( b - f ) .  The change  in free Ca 
decreases  as the d ig i ton in  concen t r a t i on  is reduced,  
because  fewer of  the cells are  hemolyzed.  The  
a m o u n t  of  h e m o g l o b i n  re leased was measu red  in 
each case, and  the slopes and  in tercepts  of  the lines 
re la t ing (Ca 'o -Cao)  to Ca  o in Fig. 6 are p lo t t ed  
agains t  the h e m o g l o b i n  concen t ra t ion  in Fig. 7. If  
one assumes that  substances  buffering Ca are  re- 
leased from the cells in p r o p o r t i o n  to h e m o g l o b i n  t, 

- fh  
the slopes should  be equal  to where f is 

+ f h ( 1  - ~) 
the fract ion of  cells hemolyzed,  and  the o ther  sym- 
bols  are as in Eq.(7). Fig. 7(a) shows that  this ex- 
p ress ion  fits the results, wi th in  the errors  of  the 
measurements .  Ca~, however,  should  be i ndependen t  
of  the  degree of  hemolysis ,  and  this is conf i rmed in 
Fig. 7(b). The weighted mean  gives Ca~=0.50 
_+ 0.09 pM. 

1 This is true for digitonin-induced release of ATP and hemo- 
globin from pigeon red blood cells (evidence to be published 
elsewhere). 

)uM Ca 
0.2 

6.3 ~M EGTA 
2.5 uM EGTA 

0,6+0.6 
~IM EGTA 

I - - I  
rain 

Fig. 5. Ca electrode recordings from an experiment to measure intracellular free Ca. Each trace gives the PD recorded by the electrode 
from a suspension of blood-bank cells in nominally Ca-free solution at 37 ~ 5 ~ hematocrit, pH 7.2. The suspensions were made up with 
additions of Ca or EGTA, as small volumes of 1 mM solutions, and when a steady reading was obtained, digitonin was added (D) to a 
concentration of 125 pg/ml. Recordings of a Ca standard solution (pCa 5.96) alternate with those of cell suspension, but these have been 
removed for the sake of clarity, except at the ends of the record (C). The violent oscillations in the record at the right-hand end are 
causes by a temporary failure of the stirrer 
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Fig. 6. Plots of digitonin-induced change in external Ca (Ca' o 
-Cao) against initial Ca(Cao), for suspensions of blood-bank cells 
at 37 ~ The hematocrit and digitonin concentrations used were 
as follows: (a) to (e) were all 5~o hematocrit, but with 125, 100, 
75, 50 and 25 Fg/ml digitonin, respectively, while (f) was at 2.5 
hematocrit and 50 p.g/ml digitonin. The original records for (a) 
are displayed in Fig. 5. The lines are least-squares fits to the 
points 

Measurements with Fresh Cells 

M e a s u r e m e n t s  were  m a d e  wi th  fresh h u m a n  red  

b l o o d  cells  o n  a n u m b e r  of  occas ions ,  bu t  on  on ly  

three  o f  these  were  there  suff ic ient  obse rva t ions ,  ove r  

a wide  e n o u g h  C a  range,  to h a v e  con f idence  in the  

results.  T h e  va lues  ob t a ined ,  all us ing  the  au tho r ' s  

b lood ,  were  0.40_+0.06, 0.38+_0.13 a n d  0.29 
+_0.14 gM, w e i g h t e d  m e a n  0.38+_0.05 gM. 

Ageing of Blood in Vitro 

F i g u r e  8 shows  h o w  the  free C a  m e a s u r e d  in b l o o d -  

b a n k  cells v a r i e d  wi th  the  l eng th  of  s torage .  I t  seems 
to inc rease  wi th  t ime,  and  this is c o n f i r m e d  by stat is-  
t ical  analysis .  A w e i g h t e d  r eg re s s ion  line. f i t ted  to 

the  results,  has  a s lope  o f  + 0.0369 +- 0.0085 gM/day,  
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Fig. 7. Plots of (a) the slopes and (b) the intercepts on the 
abscissa, of the lines in Fig. 6, against the concentration of hem- 
oglobin measured in the supernatant after centrifuging. The 
points are indicated _+1 SD. In (a) the line is drawn to fit the 
equation: slope = -fh/(~ +fh(1 - c0), with h = 0.05, :~ = 0.156 and f 
(fractional hemolysis) assumed 1 for the right-hand point. In (b) a 
horizontal line has been drawn through the weighted mean value 
for Caz, 0.50_+0.09 gM 
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Fig. 8. Estimates of intracellular free Ca in blood-bank cells after 
storage at 4~ for varying durations. Measurements were made 
on three different blood samples, and are shown _+ 1 SD. The line 
is a weighted least-squares fit (weighting by (SD) 2) 
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Fig. 9. Estimates of Ca~ made at different pH, all at 37~ The 
symbols refer to different batches of cells: (o, i ,  v) blood-bank 
and (A) fresh, and the results are given + 1 sin. pH was adjusted 
by the addition of HCI or KOH to the nominally Ca-free me- 
dium in which the cells were suspended 

wh ich  is s ign i f ican t ly  g rea t e r  t h a n  
(0.005 < p  <0 .01 ,  t-test, 5 degrees  of  f reedom).  

ze ro  

Effect of pH 

O b s e r v a t i o n s  were  n o r m a l l y  m a d e  at p H  7.2. Fig-  
ure  9 shows  the  effect o f  v a r y i n g  pH.  A dif ferent  
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Fig. 10. Effect of varying Mg concentration. 
The histograms give the null-points and the 
slopes of the lines (+ 1 SD) from two 
experiments in which measurements were 
made at 0, 0.5 and 5 mM external Mg 

symbol is used for each experiment, because of dif- 
ferences in intracellular free Ca between experi- 
ments. In every experiment, intracellular free Ca 
tends to decrease in alkaline solutions and increase in 
acid, which would be expected if hydrogen ions 
compete with Ca for the intracellular anions re- 
sponsible for Ca buffering. It might be advantageous 
to put this on a quantitative basis. This is hard 
because of experimental scatter, but one way to do 
it is to consider each experiment separately, convert 
the Ca concentration to pCa units, calculate a value 
for ApCa/ApH, and take the weighted mean of these 
values. The result is A pCa/A pH = 0.20_+ 0.02. 

Effect of Mg 

Intracellular Ca was normally measured with 0.5 mM 
Mg in the external solution, close to the intracellular 
value of 0.4mM estimated by Flatman and Lew 
(1980). Figure 10 gives the results of two experiments 
in which intracellular free Ca was also measured in 
solutions containing 0 and 5mM Mg. It was not 
significantly altered by the changes in Mg, but there 
is a marked effect on the slopes of the null-point 
graphs, in the sense that the intracellular Ca buffers 
become less effective at buffering Ca after hemolysis 
when Mg is raised. 

Cells Loaded with Ca 

Figure 11 gives the results of an experiment in which 
cells were metabolically depleted, divided into five 
groups, and loaded with differing amounts of Ca. 
The graphs show that a true null-point is obtained 
with Ca-loaded cells, with increases in Ca o as well as 
decreases when digitonin is added. This is probably 
because it is unnecessary to add EGTA to vary Ca o 
when carrying out the null-point procedure with Ca- 
loaded cells. The results in Fig. 11 are analyzed by 

2 4 Cao('uM ) 
-'F 0.5 r- ~ - 6 8 10 12 14 16 
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Fig. 11. Plots of digitonin-induced change in Ca(Ca'o-Cao) 
against initial Ca(Cao), for suspensions of Ca-loaded cells at 37 ~ 
4.8 % hematocrit and pH 7.1. The scales of the two graphs are in 
proportion, and the lines are least-squares fits to the points. 
Further details are given in Table 1 

fitting straight lines to the points, and the slopes of 
the lines and their intercepts on the abscissa are 
given in Table 1. Theory predicts that the slopes 
should be the same, and this is true within experi- 
mental error, but theory also allows ~, the ionized 
fraction of cell Ca, to be calculated from the slopes. 
Total cell Ca should then be given by intracellular 
free Ca divided by ~ [Eq.(3)]. Table 1 compares 
these calculated values of total cell Ca with those 
actually measured by atomic absorption spectropho- 
tometry. In every case, calculated Ca is less than 
measured Ca. The most likely explanation for this is 
that the cells contain tightly bound Ca that is not 
released by digitonin, so it does not participate in 
the electrode measurements. 

Figure 12 shows the relationship between inter- 
nal free Ca and total cell Ca (measured by atomic 
absorption spectrophotometry) in four experiments, 
including the one just described. The results are 
well-fitted by a straight line, corresponding to a 
ratio of total/free Ca of 4.7. In every experiment, 
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Table 1. The loading of red blood cells with Ca ~ 

T.J.B. Simons: Free Ca in Human Red Cells 

Cells Symbol External Ca Free Ca (~tM) Slope Total cell Ca Total cell Ca 
or EGTA conc. (from Fig. 11) (Fig. 11) (from Fig. 11) (~M) by atomic 
while loading (gg) absorption 
(raM) 

A �9 0.5 EGTA 0.54_+0.13 -0.128_+0.008 1.6_+0.4 7 
B v 0.1 Ca 1.50_+0.18 -0.152+0.010 4.5-+0.5 12 
C ,', 0.2 Ca 2.24+__0.23 -0.137-+0.009 6.7-+0.7 16 
D o 0.5 Ca 3.56 -+ 0.38 - 0.128 -+ 0.008 10.7 _.9_ 1.1 27 
E �9 1 Ca 7.7 - + 1 . 2  -0.116-+0.011 23.1-+3.7 39 

This table summarizes the results of an experiment in which blood-bank cells were metabolically depleted and loaded with different 
amounts of Ca. It gives the concentrations of Ca or EGTA in the suspension during Ca loading, the cell Ca content measured by atomic 
absorption spectrophotometry, and the results derived from the Ca electrode measurements on the cells, reported in detail in Fig. 11. 
They are expressed • 1 SD 
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Fig. 12. Relationship between total Ca, measured by atomic ab- 
sorption spectrophotometry, and free Ca, measured by the null- 
point technique at pH 7.1 or 7.2, in metabolically depleted red 
blood cells. The solid line is a least-squares fit to the points: 
Total Ca=7.7gM+4.66 free Ca. In each experiment a value for 
1/e was calculated from the slopes of the null-point graphs. The 
individual mean values were 2.56, 3.00, 3.33 and 3.90. The broken 
line shows the overall average, representing a ratio of total/free 
Ca of 3.2 

values of  total Ca calculated from the slopes and 
intercepts of  the null-point graphs were less than 
those actually measured. The average calculated val- 
ue is given by the broken line, which represents a 
ratio of  total/free Ca of  3.2. The difference between 
the two lines may  represent tightly bound  Ca. 

Evidence in support  of this hypothesis was often 
seen in electrode measurements  with Ca-loaded cells. 
There was a rapid initial change in Cao after the 
cells were lysed with digitonin, followed by a slow 
upwards drift in the following 2-10min .  This hap- 
pened in about  half  of the trials, and could represent 
the slow release of  tightly bound  Ca. When  it oc- 
curred, the slow drift was ignored, and the initial 

rapid change in Ca o was used to plot the null- 
point  graphs. 

Intracellular Ca Measurements with Resealed Ghosts 

Another  test of  this technique for measuring in- 
tracellular free Ca is to apply it to resealed ghosts 
containing Ca buffers. This should also provide a 
test of  the fidelity of the ghost  preparations.  Six 
batches of resealed ghosts were made, containing 
C a / H E D T A  buffers, and lacking ATP.  Intracellular 
free Ca was estimated with the Ca electrode in exact- 
ly the same way as in experiments with intact cells. 
Figure 13 shows that  straight lines fit the graphs of 
(Ca'o-Cao) against Ca o extremely well. The inset 
compares  the free Ca estimated by the null-point 
technique with the values calculated for the Ca buf- 
fers incorporated  into the ghosts, showing excellent 
agreement. 

The theory given above breaks down in this case, 
because the cells contain a high-affinity Ca buffer. 
A n  analytical solution is impossible, unless one as- 
sumes that the free Ca concent ra t ion  is negligible 
compared  with the bound  Ca concentrat ion,  in 
which case the lines on Figure 13 can be predicted 
to have slopes of  - 1 .  The lines actually have slopes 
ranging from - 0 . 7 2 ( f )  to -0.91(a) ,  and these values 
are reasonable if the simplifying assumption is not 
made. 

86Rb Efflux from Ca-Loaded Cells 

Figure 14 gives the results of two experiments in 
which 86Rb efflux was measured from Ca-loaded, 
metabolically depleted red blood cells, over a range 
of internal Ca concentrations.  86Rb efflux is ex- 
pressed as a rate constant,  and internal free Ca was 
estimated by the null-point technique. The rate of 
efflux seems to reach a limiting value above 
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Fig. 13. Measurement of free Ca in resealed ghosts. The main 
graph shows plots of digitonin-induced changes in external 
Ca(Ca'o-Cao) against initial Ca(Cao), for suspensions of resealed 
ghosts at 6 % hematocrit, 37 ~ and pH 7.2 Ghosts were prepared 
by hemolysis of metabolically depleted blood-bank cells in so- 
lutions containing 3mM HEDTA and 0(a), 0.3(b), 0.6(c), l(d), 
1.5(e) or 2raM Ca(f), and resealed as described previously (Si- 
mons, 1976a). The inset is a plot of the null-points against the 
free Ca calculated for the Ca/HEDTA buffers incorporated into 
the ghosts. The line in the inset is the line of identity 
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Fig. 14. 86Rb efflux from Ca-loaded cells as a function of Ca i. 
Blood-bank cells were metabolically depleted and loaded with 
varying amounts of Ca and with 8+Rb. The rate of 86Rb efflux 
and internal free Ca were both measured at 37~ and pH 7.2. 
The different symbols refer to two different experiments, and the 
results are given _+ 1 SD 

2 gM Cai,  and  to be ha l f -maximal  at  a b o u t  1 gM Ca~. 
However ,  the lowest  value seen (0 .4hr  1) is much  
larger  than  the ouaba in- insens i t ive  +2K efflux in 
fresh red  b l o o d  cells (0 .002hr -1  in T a b l e 2  of Si- 
mons,  1974), and  m a y  reflect an e levated K per-  
meab i l i ty  caused by ra ised Ca levels in b l o o d - b a n k  
cells after me tabo l i c  deplet ion.  
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Fig. 15. S+Rb influx into Ca-loaded cells as a function of Ca i. 
Blood-bank (o, o) or fresh (,) red blood cells were metabolically 
depleted and loaded with varying amounts of Ca. The rate of 
S6Rb influx and the internal free Ca were measured at 37 ~ and 
pH 7,2. The results are given _+ 1 SD 

86Rb Influx into Ca-Loaded Ceils 

Figure  15 shows c o m p a r a b l e  exper iments  in which 
S6Rb influx was measured  with cells l oaded  with 
va ry ing  amoun t s  of  Ca. The influx seems to reach a 
m a x i m u m  above  4 pM Cai, and  to be ha l f -maximal  at 
a r o u n d  2 pMCa  i. Two of the exper iments  were with 
b l o o d - b l a n k  cells, but  the th i rd  used fresh, and  in 
this case the 86Rb influx into cells that  were me- 
t abo l ica l ly  depleted,  but  not  in ten t iona l ly  loaded  
with Ca, was 0.03 h r - t ,  which seems a reasonab le  
basa l  value. 

Simultaneous Measurement of S~ Influx and Efflux 

In  the exper iments  jus t  described,  influx or  efflux 
were measu red  separate ly ,  on different batches  of  
cells. The  results  suggest  there  might  be differences 
be tween  the curves re la t ing 8ORb influx or efflux to 
in terna l  free Ca levels. This wou ld  be surprising,  
because  86Rb is supposed  to be a t racer  for K, 
which is a t  equi l ibr ium.  The poss ib i l i ty  of  a discrep- 
ancy could  be checked by measur ing  influx and ef- 
flux s imul taneously .  A more  i m p o r t a n t  reason for 
do ing  this lies in the frequent  repor ts  of  hetero-  
geneous behav io r  of  K fluxes in red cells when the 
C a - d e p e n d e n t  K pe rmeab i l i ty  mechan i sm is acti-  
va ted  ( R i o r d a n  & Passow, 1973; Lew & Ferre i ra ,  
1978). 

F igure  16 gives the t ime course of  8~ influx 
and  efflux, measured  s imul taneous ly ,  in ba tches  of 
red cells ad jus ted  to have low, in te rmedia te  and  high 
levels of  Ca. Cells were t r ea ted  ident ica l ly  for influx 
and  efflux measurements ,  apa r t  f rom the inc lus ion of 
i so tope  in the final incubat ion ,  or the p re incuba t ion .  
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efflux and (b) S6Rb influx out of 
and into metabolically depleted blood-bank cells at 37~ The 
cells were preincubated in solutions containing (m) 1 mM EGTA, 
(e) 0.2mM Ca or (o) 2raM Ca, and 150mMK solutions were used 
throughout. Uptake or loss is shown on a logarithmic scale. The 
lines are least-squares fits to the points and have slopes (rate 
constants) of (..) 0.161 -- 0.006 (efflux), 0.146_+ 0,010 hr- 1 (influx); 
(.) 0.86_+0.04 (efflux), 0.73_+0.04hr -1 (influx); and (o) 1.06_+0.02 
(efflux), 1.18 4- 0.02 hr 1 (influx) 

6 

5 

�9 

1 - 

~ 4  

~ ' 3  

o 

~ 2  �9 

0 

O 

[] 

I [ I _ _  I _ _ 1  

5 10 15 20 25 
internal Ca (juM) 

Fig. 17. Comparison between the Ca-dependence of the rate con- 
stants for S6Rb influx (~) and S6Rb efflux (..), taken from Fig. 14 
and 15 and measured with intact cells; with those for 86Rb efflux 
from the resealed ghosts of Fig. 13 (e) and from nine other 
experiments with resealed ghosts (o). The rate constants for efflux 
from resealed ghosts are shown _+1 SD. The line shows the re- 
lationship between 4ZK efflux from resealed ghosts and Ca> and 
is taken from Fig. 1 of Simons (1976b). 

The results show that the appropria te  logari thmic 
plots of  intracellular isotope against time are linear, 
both  for influx and efflux, up to 70% equilibration 
at the highest Ca level. They do not  show flux 
heterogeneity of  the type described previously (Lew 
& Ferreira, 1978). The rate constants  for influx and 
efflux, given in the Figure legend, are in good  agree- 
ment  for each of  the three types of  cells. This is 
further evidence against flux heterogeneity, because 
cells with a higher permeabili ty will tend to gain 
more isotope during loading, then lose it faster dur- 
ing efflux, so efflux rate constants would be larger 
than influx rate constants. These results make it 
likely that any difference between the Ca-act ivat ion 
curves of Fig. 14 and 15 arises through experimental 
variation. 

Comparison of a6Rb Fluxes in Intact Cells 
and Resealed Ghosts 

The relationship between 42K efflux and Ca i has 
been investigated in detail with resealed ghosts (Si- 
mons, 1976a, b). In  this paper  S6Rb is used as a 
tracer for K in experiments with intact cells. Fi- 
gure 17 compares  the Ca dependence of S6Rb fluxes 
in intact cells with the 86Rb efflux from the resealed 
ghosts used in the experiment illustrated in Fig. 13, 
together with nine other experiments with resealed 
ghosts, from earlier work. In the ghost experiments, 

internal and external K concentrat ions are both 
100mM, while with intact cells, internal K is about  
100mmole/ l i ter  cells (150mmole/ l i ter  cell water), 
and external K is 150 mM. Experiments with resealed 
ghosts show that the 42K efflux rate constant  is 
virtually unaffected by varying the K concentra t ion 
in the 0 to 200 mM range (Simons, 1976b). The com- 
parison in Fig, 17 shows a marked difference be- 
tween the rate constant  for S~ efflux at saturating 
levels of Ca, with the rate 3 to 6 times faster in the 
ghosts than in cells. There is considerable variat ion 
between the rates in the different experiments with 
resealed ghosts. The reason for this is not  known:  it 
was not  seen to such an extent in experiments with 
~2K (Simons, 1976a), so it may  be caused by the use 
of  S~ as a tracer. Whatever  the explanation, the 
difference between the rates in the cells and the 
ghosts is quite clear. However,  there is little differ- 
ence between the Ca concentra t ion required for half- 
maximal  st imulation of  S~Rb movements :  it is about  
1 pM in either case. 

Discussion 

Measurement of Intracellular Free Ca 

The results described in this paper  represent the first 
a t tempt  to measure intracellular free Ca in h u m a n  
red blood cells. They are inevitably subject to con- 



T.J.B. Simons: Free Ca in Human Red Cells 245 

siderable uncertainty. The measurements take 40 to 
60 min on each batch of cells, which makes it im- 
possible to follow rapid changes in Cai. This is 
mainly caused by the slowness of the electrode re- 
sponse. The use of the Ca electrode brings with it 
doubts about its calibration. The electrode response 
appears to depend on the Ca buffering power of the 
solution, such that the free Ca is likely to be over- 
estimated in poorly buffered solutions (Fig. 2). This 
would have the effect of causing the free Ca values 
reported in this paper to be overestimates, with the 
effect worst at the lowest concentrations. The magni- 
tude of the error is uncertain, because the calibra- 
tion error in suspensions of cells and hemolyzed 
cells is unknown. It should not be assumed that this 
difficulty could be avoided by the use of an in- 
dicator dye like arsenazo III. Light scattering pre- 
cludes its use in cell suspensions, and it is reported 
to be bound avidly by cell constituents (Beeler, 
Schirbeci & Martonosi, 1980). 

Mammalian red blood cells contain no Ca- 
sequestering organelles. Digitonin makes the mem- 
brane freely permeable, and allows mixing of in- 
tracellular and extracellular fluid. The change in Ca o 
should in theory be proportional to the difference 
between Ca o and Ca/, and observations are in agree- 
ment with this. A null-point exists at which Ca o and 
Ca i are equal. Unfortunately, with normal cells, 
EGTA has to be added to the suspension to reach 
free Ca concentrations in the vicinity of the null- 
point. This distorts the results, greatly reducing the 
increase in Cao that should occur when Ca o is less 
than Ca i. If the use of EGTA is avoided, the null- 
point has to be estimated by extrapolation, and this 
leads to relatively large errors at low concentrations 
of Ca i. It is noteworthy that Murphy et al. (1980) 
failed to see any distortions of null-points in their 
work with hepatocytes, even though they used 
EGTA. This may be because the change in free Ca 
when hepatocytes are treated with digitonin is not 
jusl caused by the mixing of intracellular and extra- 
cellular fluids, but also includes the movement of Ca 
into and out of organelles. 

The measurements of Ca i might also be over- 
estimates if digitonin releases tightly bound Ca from 
the membrane. This is unlikely because digitonin 
fails to release a substantial fraction of the total Ca 
in the cells (Table 1 and Fig. 12). This Ca must be 
bound to the cell membranes. Porzig and Stoffel 
(1978) have also shown that saponin, a molecule 
with a very similar action to digitonin, actually in- 
duces a small increase in the number of high-affinity 
Ca-binding sites on the red cell membrane under 
isotonic conditions. 

The values for intracellular free Ca reported in 
this paper -- 0.41aM in fresh red cells, and 0.4 to 

0.7t~M in flood-bank cel ls -are  substantially higher 
than those reported for other cells, for example 
0,10gM for squid axons (Baker, 1976), 0.19gM for 
hepatocytes (Murphy et al., 1980) and 0.12gM for 
lymphocytes (Pozzan, Rink & Tsien, i981). This 
would be surprising if it were true, as all cells must 
depend on their Ca pumps to maintain a low in- 
tracellular free Ca, and the human red cell has an 
exceedingly active Ca pump (Schatzmann, 1975). 
0.4~.M Ca should be regarded as an upper limit, 
because of the errors involved. Increases in H ion 
concentration tend to increase the null-point Ca in 
red cells, although increases in Mg do not, within 
experimental error. The converse was seen by Mur- 
phy et al. (1980) in liver cells. There is no obvious 
explanation for the difference in findings. Changes in 
the composition of the external solution should only 
be able to affect Ca i if the internal solution changes 
as well: for red cells this is true of H but not Mg 
ions, If the measured value of Ca/ is affected by 
changes that occur after the cells are lysed with 
digitonin, then it is not a true null-point determi- 
nation. 

Buffering Power of Red Cell Cytoplasm 
and Distribution of Cell Ca 

Ferreira and Lew (1976, 1977) studied Ca binding in 
human red cells by rendering the membrane selec- 
tively permeable to Ca (and Mg) with A23187. They 
found binding to be linear in Ca concentration, up 
to about 1 mM free Ca, with a slope, c~ (the fraction 
of cell Ca that is ionized)=0.2 to 0.45. ATP-de- 
pletion had no significant effect on this value, which 
was measured in the presence of 1 mu  external Mg, 
and probably a higher internal free Mg concen- 
tration. The results in this paper agree in that Ca 
binding is linear up to a concentration of about 
150~M, but suggest that the slope varies considera- 
bly with the conditions. Direct measurement of 
binding in a hemolysate of fresh red cells in 0.5 mM- 
Mg medium gives ~=0.10 (Fig. 4). ~ can also be 
calculated from the slopes of null-point graphs. 
Blood-bank cells give a value of 0.16 in 0.5 mu-Mg 
(Figs. 6 and 7), although Ca-binding is much stronger 
in 0-Mg (~.=0.10) and weaker in 5 mm-Mg solutions 
(~.=0.26; calculated from Fig. 10). On the other 
hand, estimates of c~ are in the range of 0,26 to 0.39 
with metabolically depleted blood-bank cells 
(Fig. 12) and 0.09 to 0.10 with fresh cells, in a 
0.5 mM-Mg medium. Although these measurements 
are rather indirect, the variations in different con- 
ditions are probably too large to be explained by 
chance. 

It should be noted that all the measurements 
reported here, together with those of Ferreira and 
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Lew (1976, 1977) actually refer to the rapidly ex- 
changeable fraction of cell-bound Ca, which may 
include membrane-bound Ca as well as cytoplasmic 
Ca. The distribution and exchangeability of red cell 
Ca is a confused and uncertain subject. Harr ison 
and Long (1968) found that saline-washed fresh hu- 
man red cells contain on average 16 btmole Ca/liter 
cells, but four washes with a solution containing 
5mM of a strong chelating agent reduces this to 
about 1.8 btmole/liter cells. They also found that the 
Ca content of ghosts obtained by hypotonic he- 
molysis is the same as that of intact cells, within 
experimental error. This has been widely misinter- 
preted to mean that all of the cell Ca is bound to 
the membrane,  which neglects the increase in Ca 
binding caused by a reduction in ionic strength. In 
the present work, the cells were always washed once 
in a solution containing 1 mM EGTA. This was nec- 
essary in order to have a reasonably low basal level 
of Ca o, but inevitably leads to the loss of an un- 
known quantity of "loosely bound"  Ca. Prolonged 
washes with E G T A  were not carried out, because it 
would not be desirable to lose too much Ca from 
Ca-loaded cells. The experiments with Ca-loaded 
cells show that not all the cell Ca participates in the 
redistribution when digitonin is added (Fig. 12). The 
nonparticipating fraction may be interpreted as 
"tightly bound"  Ca, but if this is correct, the binding 
must be loose enough for the amount  to vary with 
the Ca content of the cells. Most of the Ca in fresh 
red cells is not exchangeable with 45Ca (see, for 
example, Bookchin & Lew, 1980), and it is possible 
that this might be the same fraction. 

Dependence o f  Potassium Permeability 
on Intracellular Ca 

Most of the work on the Ca-dependent K channel 
has involved measurements of net K loss from red 
cells suspended in low-K solutions. In these experi- 
ments, the K fluxes change continuously with time, 
and it is not possible to estimate permeabilities. 
Measurements of 42K fluxes under exchange con- 
ditions have been made in energy-depleted resealed 
ghosts containing Ca buffers (Simons, 1976a, b) and 
in A23187-treated intact cells (Lew & Ferreira, 1976, 
1978). In resealed ghosts, there is a high affinity for 
Ca (half-maximal velocity at 0.4 IxM Cal with 0-Mg), 
and a maximum rate of about 3.5hr -1, while in 
A23187-treated cells, there is a low affinity for Ca 
(half-maximal at 1 mM Ca~) in the presence of meta- 
bolic substrates and a low ionophore concentration, 
but a high affinity otherwise (depleted cells or a high 
ionophore concentration), and the maximum ve- 
locity varies between about  4hr  1 and 10hr -1 in 

the different conditions. The present results, in 
which 86Rb is used as a tracer, show that metaboli- 
cally depleted intact cells still have a high affinity 
for Ca in the absence of A23187 (half-maximal at 
about 1 gM Ca i with about 0.5 mM free internal Mg), 
but the maximum rate of exchange is very low, 
about 1 hr-1.  This low rate is not caused by cell 
heterogeneity, nor does it seem to be due to the use 
of 86Rb as a tracer. The most likely explanation is 
that the Ca-dependent K permeability mechanism 
does not have a fixed maximum rate of transport. It 
might be variable, dependent on such factors as 
ghosting the cells, or treating them with A23187. A 
physical explanation might be variations in the 
mean duration of opening of a channel, and the 
recent observation of "single-channel" K conduc- 
tances in human red cell membranes (Hamill, 1981) 
may be pertinent. Further support for this sugges- 
tion comes from the observations of pharmacological 
effects of propranolol  (Simons, 1980) and reducing 
agents (Garcia-Sancho, Sanchez & Herreros, 1979) 
on the maximum rate of transport. 

The free Ca measured in fresh red cells (0.38 ~tM) 
is not consistent with the upper limit estimated ear- 
lier (0.25btM, Simons 1976a) from the requirement 
that intracellular free Ca should not be sufficient to 
stimulate the K permeability above its resting value. 
That  estimate depended upon the assumption that 
the properties of the Ca-dependent K channel are 
the same in fresh red cells as in resealed ghosts, 
which seems most unlikely on the evidence now 
available. It should also be noted that the figure of 
0.38 gM is equivalent to 0.30btM Ca in the earlier 
work, because of the revised ionized Ca values used 
in this paper. 
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