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Summary. Addition of 0.l 0.3 gM A23187, a divalent cation ionophore, to human 
erythrocytes suspended in a 1.0 mM 4SCa2+-containing buffer results in a small (~two 
fold) increase in [Ca2+]i, a significant decrease in osmotic fragility, and a decrease in 
intracellular K + (100 mmoles/liter of cells to 70 mmoles/liter cells) without significant alter- 
ation of intracellular [Na + ]. This decrease in [K + ]i is associated with a significant decrease 
in packed cell volume and correlates directly with the observed alteration is osmotic fragility. 
Increasing extracellular K + to 125 m~ prevents the A23187-induced changes in osmotic 
fragility, K + content and cell volume, but does not prevent the ionophore-induced uptake 
of 4SCa2+. Addition of 0.1-0.3 ~tM A23187 to toad erythrocytes leads to an increase in 
45Ca2+ uptake comparable to that observed in human erythrocytes, but does not alter 
osmotic fragility, cell volume or K + content. Higher concentrations of ionophore 
(3.0-10.0 gN) cause a 30- to 50-fold increase in 4SCa2+ uptake and concomitant change 
in K § content, cell volume and osmotic fragility. These changes in cell properties can 
be prevented by increasing extracellular [K § to 90 raM. The difference in sensitivity of 
the two cell types to A23187 is attributed to the presence of additional intracellular calcium 
pools within toad erythrocytes that prevent an increase in cytoplasmic Ca z+ until Ca 2+ 
uptake is increased substantially at the higher concentrations of A23187. 

The  in t race l lu la r  ca l c ium con ten t  o f  the h u m a n  e r y t h r o c y t e  has  a 

p r o f o u n d  inf luence u p o n  m a n y  o f  the phys ica l  p r o p e r t i e s  o f  the  cell 

m e m b r a n e .  O s m o t i c  fragil i ty,  cell size a n d  shape,  viscosity,  de fo rmab i l i t y ,  

m e m b r a n e  po ten t i a l  a n d  m o n o v a l e n t  ca t ion  t r a n s p o r t  are  all a l te red  

by  changes  in e r y t h r o c y t e  ca l c ium con t en t  ( G a r d o s ,  1958; H o f f m a n ,  

1962, 1966; Weed ,  LaCe l l e  & Merri l l ,  1969; Palek ,  C u r b y  & Lionet t i ,  

1971 ; D u n n ,  1974; Lassen,  Pape ,  V e s t e r g a a r d - B o f i n d  & Bengtson ,  1974). 

The  ca lc ium con t en t  o f  the  in tac t  e ry th rocy t e  is con t ro l l ed  by  the i nward  

d i f fus ion  o f  ca l c ium across  the p l a s m a  m e m b r a n e  and  the o u t w a r d  extru-  

s ion o f  Ca  2+ by  a highly efficient  act ive C a 2 + - p u m p  coup l ed  to A T P  

hydro lys i s  (Ca2+-sens i t ive  A T P a s e )  p resen t  in the  p l a s m a  m e m b r a n e  

( S c h a t z m a n n ,  1975). U n d e r  the usual  i n c u b a t i o n  cond i t ions  in the pres-  
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ence of 1.0 mM free extracellular calcium ion concentration, intracellular 
calcium concentration is no greater than 10 6M (Schatzmann, 1975). 
Thus, in order to increase intracellular calcium ion concentration, either 
erythrocytes must be lysed and resealed in the presence of high extracellu- 
lar calcium or cells must be depleted of ATP to inhibit calcium extrusion 
and allow net calcium uptake. In the present investigation we have utilized 
a specific divalent cation ionophore, A23187 (Reed & Lardy, 1972) to 
explore the relationship between small changes in calcium content of 
intact erythrocytes with normal ATP content and the functional prop- 
erties of  these cells. Our results extend the earlier observations of  Reed 
and Lardy (1972), White (1974), Steer and Levitzki (1975), and Ferreira 
and Lew (1976). They indicate that the addition of low concentrations 
of A23187 to erythrocytes induces a Ca2+-dependent increase in the 
K + permeability of the cell membrane that leads to a decrease in intracel- 
lular K--. This decrease in K + content leads to a decrease in cell volume 
that results in a marked decrease in osmotic fragility of the cell. 

Materials and Methods 

Human blood was obtained by venipuncture from normal adult donors. Toad blood 
(Bufo marinus, National Reagents, Bridgeport, Connecticut) was collected by cardiac punc- 
ture. Heparin (10 units/ml) was employed as anticoagulant. Human erythrocytes were sepa- 
rated from plasma and bully coat by centrifugation at room temperature (IEC Model 
CL) and washed five times in a buffer containing (in mM): NaCI, 140; KC1, 5; MgSO4, 
1; CaC12, 1; NaH2PO4, 1; Tris, 10; and glucose, 5 pH 7.4. In some experiments [K T] 
was increased to 125 mM by substitution of KC1 for NaC1 (high-K buffer). For toad 
blood NaC1 was 102 raM, KC1, 2.5 mM; the other components were as above. For investiga- 
tions of toad erythrocytes in high-K buffer, [K+] was increased to 90 mM by substitution 
of KC1 for NaC1. This lower K + concentration was used because the osmolarity to toad 
plasma is 60-70 % that of human plasma. After the final wash, packed cells were resuspended 
in washing buffer at a hematocrit of 20% v/v. Osmotic fragility was measured by adding 
aliquots (50 gl) of the cell suspension to 2 ml of a series of hemolyzing solutions of decreasing 
osmolarity prepared by diluting the standard washing buffer. After a 15-rain incubation 
at room temperature the degree of hemolysis was determined by measuring optical density 
(576 nm) of the supernatant following centrifugation to sediment unhemolyzed cells. An 
equal aliquot was added to distilled water to obtain the optical density corresponding 
to 100% hemolysis. 

To determine ~SCa 2 + uptake, erythrocytes were resuspended in standard buffer contain- 
ing 1 mM 4SCaC12 (20 mCi/mmole). Aliquots (200 gl) were removed at desired time intervals 
and added to 10ml of standard buffer at 4~ that contained 2• 10-~a  LaC13. Cells 
were collected by centrifugation for 5 min at 500 x g in a refrigerated centrifuge and washed 
three times with LaC13-containing buffer. Cold 10% trichloroacetic acid (1.5 ml) was added 
to the final cell pellet, the mixture rapidly mixed on a Vortex mixer, allowed to stand 
15 rain on ice, and then centrifuged at 2000 x g for 10 rain. The final clear supernatant 
was added directly (200 l.tl/10 ml) to a toluene methylcellosolve (5:3) scintillation fluid and 
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counted in a Packard Tricarb scintillation counter. Intracellular Na + and K + was deter- 
mined by atomic absorption spectroscopy (Perkin-Ehner Model 290) of hemolysates pre- 
pared by rapidly washing cells four times in 110 mM MgC12 at 4 ~ and dilution (1:150) 
in deionized water. 

To investigate the relationship between osmotic fragility and 4SCaZ+ uptake or intracel- 
lular K + content, aliquots of cell suspension were taken simultaneously for hemolysis, 
and determination of 45Ca2+ uptake or intracellular K + content 10 min after addition 
of A23187. Osmolarity of the hypotonic buffer required to lyse 50% of the cell population 
(a measure of osmotic fragility) was determined from the hemolysis curve for each sample, 
and correlated with K § content or 45Caa+ uptake after correction for uptake in the 
control sample. ATP was assayed by luciferin-luciferase (Stanley & Williams, 1969), utilizing 
a crude firely lantern extract (Sigma) and a Model 3385 Packard Tricarb liquid scintillation 
counter. The tonicity of all buffers and hemolyzing solutions was measured on an osmette 
Model 2007 osmometer. The A23187 was a gift from Dr. Robert Hamill of Eli Lilly 
and Company. A stock solution of the ionophore (2 x 10- 3 M) was prepared in 50% ethanol 
and stored at - 2  ~ Final ethanol concentration in control and experimental samples 
was 0.5% by volume. 

Results 

Effects of A23187 upon Osmotic Fragility of Human Erythrocytes 

Dependence upon [Ca 2 + ] and[A23187]. The  effects o f  increasing extra- 

cel lular  ca lc ium c o n c e n t r a t i o n  u p o n  the percent  hemolys is  o f  h u m a n  

e ry th rocy tes  incuba ted  in the absence  or presence  o f  increasing concen-  

t ra t ions  o f A 2 3 1 8 7  are shown in Fig. 1. In this s tudy a s t anda rd  hemolyz-  

ing solut ion (147 m O s s )  is e m p l o y e d  tha t  p roduces  ap p ro x im a te ly  25 % he- 

molysis  o f  n o r m a l  washed  cells i ncuba ted  for  10 rain in the 1.0 mM CaC1 z 

buffer  wi thou t  i onophore .  As shown in this figure, increasing the ex- 

t racel lular  ca lc ium c o n c e n t r a t i o n  f r o m  0 to 10.0 raM, in the absence  of  

i onopho r e ,  has no  effect  u p o n  osmot ic  fragility.  W h en  cells are incuba ted  

in the absence  of  external  calcium, low doses of  i o n o p h o r e  (0.1 0.2 gM) 

have no  effect u p o n  hemolysis ,  and  higher  doses cause only  a slight 

increase in hemolysis .  In  cont ras t ,  when  cells are i ncuba t ed  wi th  0.1 ~t~I 

i onopho r e ,  increasing the external  ca lc ium co n cen t r a t i o n  results in a 

progress ive and  very  significant decrease in osmot ic  fragility.  Thus ,  at 

0.1 and  0.2 mM Ca 2§ this concen t r a t i o n  o f  i o n o p h o r e  has no  effect, 

bu t  f r o m  0.5 to 5.0 mM [Ca 2+] there  is a progress ively  grea ter  decrease 

in percent  hemolysis .  W h e n  higher  concen t ra t ions  o f  i o n o p h o r e  (1.0 gM) 

are e m p l o y e d  the decrease  in percen t  hemolysis  is max ima l  when  [Ca 2+] 

is be tween 0.1 and  0.5 raM. As i o n o p h o r e  concen t r a t i ons  are increased 

the [Ca 2+] c oncen t r a t i on  requ i red  to induce  a max ima l  decrease in per- 

cent  hemolys is  is, therefore ,  decreased.  W h e n  the co n cen t r a t i o n  o f  iono-  

pho r e  is 1.0 BM, concen t r a t i ons  o f  [Ca 2+] above  0.5 mM cause a reversal  
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Fig. l. Osmotic fragility of washed human erythrocytes in a standard hemolyzing solution 
as a function of extracellular calcium concentration. Human erythrocytes were washed 
five times in standard Ca2+-containing buffer (1 raM) and once in a calcium-free buffer 
containing EGTA (1.6 pM). After the final wash cells were collected, suspended to 20% 
v/v in the EGTA buffer and divided into 2-ml aliquots. The desired final [CaC12] was 
obtained by addition of CaClz (20 pl) from a series of stock solutions in distilled water. 
Cell suspensions were incubated for 10 rain in the presence of 0 (a), 0.1 gM (~), 0.2 pM 
(D), 0.5 p.M (~), or 1 l.tM ( I ) ,  A23187 before removal of an aliquot (50 gl) for hemolysis 
in 2 ml of the standard hemolyzing solution. Percent hemolysis was determined as described 

in Materials and Methods 

o f  the effect  u p o n  hemolys is ,  and  unde r  these cond i t ions  (e.g., iono-  

p h o r e -  1.0 gM, and  [Ca 2 + ] -  10 mM) there  is a very  s t r ik ing increase  in 

pe rcen t  hemolys is .  

Dependence upon Time. T h e  effect o f  i o n o p h o r e  is not  only  [CaZ+] - 

a n d  [A23187]-dependent ,  bu t  t i m e - d e p e n d e n t  as well. W h e n  cells are 

t r ea t ed  wi th  0.5 pM i o n o p h o r e  in the p resence  o f  1.0 mM [CaZ+], there  

is an  initial, very  m a r k e d  decrease  in pe rcen t  hemolys i s  tha t  then  b e c o m e s  

progress ive ly  less m a r k e d  if the i ncuba t i on  t ime  is ex tended  for  m o r e  

t h a n  60 rain (Fig. 2). In  the absence  of  ex terna l  ca lc ium there  is no 

change  in hemolys i s  wi th  t ime.  Consequen t ly ,  a s t a n d a r d  i ncuba t i on  

t ime o f  10 m i n  and  1.0 mM [Ca z+] was ut i l ized in the p resen t  s tudy 

unless o therwise  indicated.  
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Fig. 2. Effect of A23187 upon the osmotic fragility of washed human erythrocytes in a standard 
hemolyzing solution as a function of time. At t= 0 cells suspended in 1 mM Ca z + containing 
buffer were treated with 0 ([]), or 0.5 gM A23187 (e). Aliquots (50 ~1) were removed at 
timed intervals for hemolysis in 2 ml of the standard hemolyzing solution. Percent hemolysis 

was determined as described in Materials and Methods 

Effect of Magnesium upon the Ionophore Response. The effect of  extra- 
cellular magnesium ion concentrat ion upon  the osmotic fragility of  human 
erythrocytes, in the absence of  extracellular calcium and in the absence 

or presence ofA23187,  is shown in Fig. 3a. In this experiment an osmotic 

fragility curve for the entire cell populat ion is obtained by addition 

of  aliquots of  the cell suspension to a series of  hypotonic hemolyzing 
solutions of  decreasing tonicity prepared by dilution of  the standard 
buffer. In the absence of extracellular calcium, addition of  0.3 ~tM A23187 

has no effect upon the osmotic fragility of  cells suspended in media 
containing either 1.0 or 10.0 mM [Mg2+]. In contrast, in media containing 
1.0 mM [Ca 2+] and 1.0 m s  [Mg 2+] (Fig. 3b) the osmotic fragility of 

the entire cell populat ion is decreased dramatically, and hemolysis does 
not occur until cells are added to hemolyzing solutions of  much lower 

tonicity. The tonicity of  hemolyzing solution required to hemolyze 50% 

of the control cell populat ion (Tso) is 134 mOsM, while the Tso for 
ionophore-treated cells in the presence of  1.0 mM Mg 2+ and 1.0 mM 

Ca 2+ is 99 mOsM. When the magnesium ion concentrat ion in the media 
is increased, such that [ M g  2+ ] = 10.0  m M  and [ C a  2+ ] = 1.0 raM, the change 
in osmotic fragility observed after treatment with 0.3 ~tM A23187 is less 
marked (Ts0=  120 mOsM), but  is still significantly reduced when com- 
pared to the osmotic fragility of  control cells (Fig. 3 b). 
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Effect of Extracellular K* Concentration upon the Ionophore Response. 
The effect of increasing concentrations of A23187 (0.1-0.3 laM) upon 
the osmotic fragility of human erythrocytes incubated in standard 
(5.0 mM) or high-potassium (125 mM) buffers containing 1.0 m ~  Ca 2+ 
and 1.0 m u  Mg 2+ is shown in Fig. 4. When cells are suspended in stan- 
dard buffer, addition of increasing amounts  of ionophore causes a pro- 
gressive decrease in the osmotic fragility of the cells. The tonicity of 
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Fig. 4. Effect of increasing concentrations of A23187 upon the osmotic fragility of washed 
human erythrocytes suspended in standard buffer (5 mM) or a high-potassium (125 mM) 
buffer containing 1.0 mM extracellular Ca 2+. Cells were incubated for 10 min in standard 
buffer K + with 0 (a), 0.1 ~tM (cz), 0.2gM (�9 or 0.31aM (• A23187 or in high-K + 
buffer (125 rnM K +) with 0.3 ~tM (o) A23187. Percent hemolysis was determined as described 

in Materials and Methods 

hemolyz ing  so lu t ion  requ i red  to hemolyze  50% of  the con t ro l  cell popula -  

t ion is 139 mOsM, and  af ter  t r ea tmen t  with 0.1 gN A23187 the Tho is 

132 mOsM. Af ter  t r ea tmen t  with 0.2 and  0.3 gN i o n o p h o r e  Tho is de- 

creased to 120 and  109 mOsM, respectively.  W h e n  the m o n o v a l e n t  ca t ion  

c o m p o s i t i o n  o f  the i ncuba t ion  media  is al tered,  such that  N a  § = 15 mM 

and  K + = 125 mM, the add i t ion  o f  0.3 gN A23187 has  no effect u p o n  

osmot ic  fragil i ty (con t ro l  cells, Tho = 130 mOsM; i o n o p h o r e - t r e a t e d  cells, 

Tso = 139.5 mOsM). 

Effect of A23187 upon the Osmotic Fragility 
o f  Toad Erythrocytes in Standard or High-K + Buffer 

T o  s tudy the effects o f  the i o n o p h o r e  u p o n  nuc lea ted  as well as 

n o n n u c l e a t e d  cells, its effects u p o n  t oad  e ry th rocy tes  were examined.  
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Fig. 5. Effect of increasing concentrations of A23187 upon the osmotic fragility of washed 
toad erythrocytes suspended in low-potassium (2.5 raM) or high-potassium (90 mM) buffer 
containing 1.0 mM extracellular Ca 2+ . Cells were incubated for 10 min in standard buffer 
with 0 (zx), 3.0 pg ([]), or 5.0 pM (�9 A23187 or in high-K" buffer with 5.0 ~M (e) A23187. 

Percent hemolysis was determined as described in Materials and Methods 

The effect of increasing concentrations of  A23187 upon the osmotic 

fragility of  toad erythrocytes suspended in standard (2.5 mM) or high- 
potassium (90 mM) buffer containing 1.0 mM Ca 2+ is shown in Fig. 5. 
In the absence of  ionophore the osmolarity of  hemolyzing solution re- 

quired to lyse toad erythrocytes is lower than that required for human 

erythrocytes (toad cells, T5o=51 mOsM; human cells, 7"5o= 139 mOsM). 
When toad erythrocytes in standard buffer are treated with 0.1-2.0 ~g 

A23187 a concentration range that causes a marked change in the osmotic 

fragility of  human erythrocytes, no change in the osmotic fragility of 
toad cells occurs. However,  as shown in Fig. 5, addition of  3.0 gM A23187 
to toad erythrocytes does produce a decrease in the osmotic fragility 
of  these cells. Under  these conditions Ts0 is reduced from 51 mOsN 
in control cells to 43 mOsM in cells treated with 3.0 pM ionophore.  Addi- 
tion of 5.0 ~tM ionophore results in a further decrease in osmotic fragility 
( T s o = 3 7 m O s g ) .  When toad cells are suspended in high-K + buffer 
(90 mM) no decrease in osmotic fragility occurs after treatment with 

5.0 gN A23187 (Fig. 5). 
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Fig. 6. Correlation between osmotic fragility and net 45Ca2+ uptake of washed human 
erythrocytes 10 rain after addition of A23187. Cells were preincubated with 1.0 m~ 45CAC12 
(20 mCi/mmole) for 10 rain and divided into eight equal aliquots. At t=0 samples were 
treated with ethanol or various concentration of ionophore in ethanol (x ,  0.05 laM; Lx, 
0.075 gM;o, 0.10 gM; [], 0.125 ~tM; O, 0.175 ~tN; m, 0.20 gN; +, 0.30 gM A23187). At 
t= 10 min aliquots were removed simultaneously for determination of 45CaZ+ uptake and 
hemolysis. The Ts0 was determined from the osmotic fragility curve for each sample as 
described (see text) and correlated with ~*SCa 2+ uptake after correction for uptake in 

the control sample. Final ethanol concentration was 0.5% v/v 

4 5 C a 2 +  Uptake in A23187-Treated Human Erythrocytes 

A s tudy  of  the r e l a t ionsh ip  be tween  net  4SCaZ+ u p t a k e  a n d  o smo t i c  

f ragi l i ty  (Tso) of  h u m a n  e ry th rocy t e s  s u s p e n d e d  in s t a n d a r d  buf fe r  is 

s h o w n  in Fig. 6. In  this  e x p e r i m e n t  h u m a n  cells were  p r e i n c u b a t e d  for  

10 rain wi th  1.0 mM 4SCaC12 a n d  d iv ided  into e ight  equa l  a l iquots .  At  

t = 0 ,  s amples  were  t r ea t ed  wi th  va r ious  c o n c e n t r a t i o n s  o f  i o n o p h o r e  
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(0-0.3 g~), as indicated in the Figure legend. At ~ = I0 min aliquots were 
removed simultaneously for determination of ~5Ca2-- uptake and hemo- 
lysis. The Tso was determined from the hemolysis curve for each sample 
and correlated with 45Caa + uptake after correction for uptake in control 
cells. 

There is a direct correlation between net 45Ca 2+ uptake and the 
decrease in Ts0 until net 45Ca2+ uptake exceeds 0.6 gmoles/liter of cells. 
An ionophore concentration of 0.2 gN is required to produce a 45Ca2+ 
uptake of 0.6 gmoles/liter of cells in 10 min. When the ionophore concen- 
tration is increased to 0.3 ~tM an additional fourfold increase in net 
45Ca2+ uptake occurs (from 0.6 gmoles/liter of cells to 2.4 ~tmoles/liter 
of cells), but the decrease in 7"5o in response to this increase in ~SCa2+i 
is significantly less than that observed after initial small changes in 
4SCa2+i. Treatment of cells with 0.05 ~tM ionophore produces a net 
4SCa2+ uptake of 0.06 ~tmoles/liter of cells in 10 min which is sufficient 
to produce an observable decrease in osmotic fragility of human erythro- 
cytes. When human cells, suspended in high-K + buffer (125 mM), are 
treated with 0.3 gM ionophore, net 45Ca 2+ uptake is not altered 
(2.4 gmoles/liter of cells) when compared to 45Ca2+ uptake by cells 
suspended in the standard buffer. However, no decrease in osmotic fragil- 
ity occurs after ionophore treatment in high-K + buffer (Fig. 4). 

4 . 5 C a  2 + Uptake in A23187-Treated Toad Erythrocytes 

The relationship between net 45Ca2+ uptake and osmotic fragility 
of toad erythrocytes is shown in Fig. 7. Addition of 0.2/aM A23187 
to toad erythrocytes results in a ~5Ca2+ uptake comparable to that 
observed in human erythrocytes (0.55 +_0.02 ~tmoles 4~CaZ+/liter toad 
cells vs. 0.62 +_ 0.02 gmoles/liter of human cells). However, unlike human 
erythrocytes, there is no concomitant effect of this concentration of iono- 
phore upon osmotic fragility of toad cells. 

When toad cells are treated for 10 rain with ionophore concentrations 
between 0.2 and 2.0 ~M, the ~5Ca2+ uptake is much less than that 
observed in human cells after treatment with the same concentration 
of ionophore. Thus, 45Ca 2+ uptake in human erythrocytes 10rain 
after treatment with 0.5 ~t~ A23187 is 60 gmoles/liter of cells (data not 
shown), while 45Ca 2+ uptake in toad erythrocytes under the same condi- 
tions is 1.2 gmoles/liter of cells (Fig. 7). A net 45Caa+ uptake of 
1.2 gmoles/liter of cells is associated with a dramatic decrease in the 
osmotic fragility of human cells. In contrast, no change in the osmotic 
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45Ca at- UPTAKE ( ~.motes/ l i ter  cells ) 

Fig. 7. Correlation between osmotic fragility and net ~5Ca2 + uptake of washed toad erythro- 
cytes 10 min after addition of A23187. Cells were preincubated with 1.0 m~ 4SCaC12 
(20 mCi/mmole) for 10 rain and divided into nine equal aliquots. At t=0 samples were 
treated with ethanol or various concentrations of ionophore in ethanol (o, 0.1 gM; 1 
0.2 gM; x, 0.5 p,M; on, 1.0 gM; a, 2.0 I,tM; @, 3.0 pM; zx, 5.0 pM; +, 10.0 gM). The experiment 

was performed as described in Fig. 6 

fragility of toad erythrocytes is observed until net 45Ca2+ uptake exceeds 

2.0 gmoles/liter of cells; i.e., 30- to 40-fold greater than is required to 

produce a detectable decrease in the osmotic fragility of  human cells 

(0.06 gmoles/liter of cells). When ~5Ca2+ uptake in toad erythrocytes 

is between 2.0 and 3.15 gmoles 45Ca2+/liter of cells, there is a direct 
correlation between net 45Ca2+ uptake and the decrease in Tso. Iono- 

phore concentrations between 2.0 and 5.0 gM produce a net 45Ca2+ 

uptake of  2.0 to 3.15 l, tmoles/liter of  cells in 10 min in toad erythrocytes. 

Increasing the concentration of ionophore to 10.0 gM results in a further 

fourfold increase in 4SCa2+ uptake, but only a slight additional decrease 
in osmotic fragility. 

Ery throcy t e  Na + and K + Content  

Increasing concentrations of  A23187 cause a progressive depletion 
of the intracellular K + content of  human erythrocytes (Fig. 8a). Simul- 
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Fig. 8. The effect of A23187 upon the K + content (mmoles K-/liter of original cell volume) 
of washed human (a) and toad (b) erythrocytes. Human erythrocytes were incubated for 
10 rain with A23187 in the presence (o) or absence (•) of calcium (1.0 mM). Toad erythro- 
cytes were incubated for 10 rain in the presence of 1.0 mM [Ca2+]o. K + content was deter- 

mined as described in Materials and Methods 

taneous measurement of  Na-- content shows no significant change 

(control, 5.4 + 0.2 mmoles/liter of  cells; 0.3 p~ A23187, 5.6 + 0.2 mmoles/  
liter of cells) while ionophore induces a fall in K § content of the same 

cells from 100 to 70 mmoles/liter of  original cell volume (Fig. 8a). When 
cells are suspended in calcium-free buffer, no change in K § content 

occurs after treatment with 0.1-0.5 ~tM ionophore. 
The relationship between intracellular K + content and Tso, obtained 

by incubating cells with increasing concentrations of ionophore,  is shown 
in Fig. 9. There is a linear correlation between K + content and the 
osmotic fragility such that a decrease in K * content is associated with 

a decrease in the Ts0. 
In high-K + buffer, however, the K + content of human erythrocytes 

treated with 0.3 gM A23187, is increased slightly when compared to con- 
trol cells, (96.7+0.9 mmoles/liter of  cells in control v s .  103.6+0.9/li ter 

of cells in A23187-treated cells). 
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Fig. 9. Correlation between osmotic fragility and cellular K + content. Human erythrocytes 
were incubated for 10 min with A23187 (0.075 0.3 gM) and aliquots taken simultaneously 
for determination of osmotic fragility and intracellular K +. The Ts0 was determined from 
the fragility curve for each sample and correlated with cellular K + content (expressed 

as mmoles K+/liter of original cell volume) 

The concentrat ion of A23187 required to produce a detectable de- 
crease in K § content  of  toad erythrocytes is 40-fold higher than is re- 

quired in human  cells (4.0 gM vs. 0.1 gN). The response of toad erythro- 
cytes, in terms of  K § content, to increasing concentrations of A23187 
is shown in Fig. 8b. Addit ion of 4.0 gM ionophore to a suspension of 
toad cells results in a decrease in K + content from 84 to 72 mmoles/liter 
of  cells in 10 rain. Increasing the concentrat ion of ionophore to 10.0 ~tM 
produces a further decrease in K + content to 65.4 mmoles/liter of  cells. 

Effect o f  A23187 on Packed Cell Volume 

The effect of  increasing concentrations of A23187 upon the packed 
cell volume of human erythrocytes in standard buffer is shown in Fig. 10. 
The packed cell volume of the control cell suspension is 19%. When 
cells are treated with increasing concentrations of ionophore a progressive 
decrease in packed cell volume is observed. After t reatment with 0.2 gM 
ionophore for 10 min, packed cell volume is decreased to 17.5%. Addition 
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Fig. 10. The effect of A23187 upon the packed cell volume of washed human erythrocytes. 
Cells were incubated for 10 min in standard buffer with various concentrations of A23187 

(00.5 gM) or in high-K + calcium containing buffer with 0.3 g~ A23187 
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Fig. 11. The change in ionophore-induced reduction of osmotic fragility as a function 
of ionophore-induced decrease in cell volume. The measure of osmotic fragility employed 
was the tonicity of the salt solution necessary to produce 50% hemolysis of suspensions 
of red cells incubation with 0, 0.1, 0.2 and 0.3 pM A23187. The A osmotic fragility is 
the difference between the tonicity of the solution required to produce 50% hemolysis 
in the presence of a given ionophore concentration and that required to produce 50% 
hemolysis in the absence of ionophore. The A volume is the difference between the volume 

of packed cells in the presence and absence of a given ionophore concentration 

/ 
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Fig. 12. The effect of A23187 upon the packed cell volume of washed toad erythrocytes. 
Cells were incubated for 10 min in standard calcium-containing buffer with various concen- 
trations of A23187 (0-10 gM) or in high-K + calcium-containing buffer with 10 gM A23187 

of 0.3 gM ionophore results in a further decrease in packed cell volume 
to 16.6%. When cells are suspended in high-K + buffer an increase (19 
to 19.3%) in packed cell volume occurs after treatment with 0.3 gM 
A23187. This contrasts with the decrease (16.6%) observed after treat- 
ment of cells in the standard buffer. The decrease in cell volume (Fig. 10) 
correlates directly with the decrease in osmotic fragility (Fig. 4) as shown 
in Fig. l 1. 

The effect of increasing concentrations of A23187 upon the packed 
cell volume of  toad erythrocytes is shown in Fig. 12. The packed cell 
volume of the control cell suspension is 20%. Treatment of toad cells 
suspended in standard buffer with ionophore concentrations below 2.0 gN 
produces no significant change in packed cell volume. Addition of 3.0 
or 5.0 gg  ionophore decreases the packed cell volume to 18.7 and 16.7%, 
respectively, after a 10-rain incubation. A further decrease in packed 
cell volume occurs after treatment with 10.0 gM ionophore (16.2%). When 
cells are suspended in high-K + buffer, treatment with 10.0 ~tN ionophore 
results in an increase in packed cell volume to 21%. 

Effect ofA23187 on ATP  Content 

Concentrations of A23187 as high as 2 ~tM have no effect upon ATP 
content of human erythrocytes when measured 10 rain after addition 
of ionophore (control: 1.6_+0.1 mmoles/liter of cells; 2~tM A23187" 
1.6 + 0.1 mmoles/liter of cells). 
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Effect of  Ca 2+ Upon Cellular Uptake Ionophore 

To determine if C a  2+ is required for insertion of ionophore into 
the plasma membrane, human erythrocytes were preincubated with 
A23187 (0.3 gM) for 10 rain, separated from the incubation medium,  by 
centrifugation, and washed extensively in CaZ+-free buffer. Buffer sepa- 
rated from cells incubated with A23187 in the absence of C a  2+ had 
no effect upon the osmotic fragility of a previously unexposed cell popula- 
tion after addition of calcium (1.0 raM) and incubation for 10 min (percent 
hemolysis in 147 mOsM hemolyzing solution: control, 26% ; cells in prein- 
cubation buffer, 26%). In contrast, the percent hemolysis of cells preincu- 
bated with A23187 in the absence of calcium, collected by centrifugation, 
and washed extensively in Ca2+-free buffer is decreased significantly 
10 rain after resuspension in 1.0 mM Ca 2+ buffer (control cells, 26% 
hemolysis; preincubated cells, 5% hemolysis). These data indicate the 
ionophore is taken up and retained by the cell even in the absence 
of calcium. 

Discussion 

The influence of changes in intracellular calcium content of human 
erythrocytes on the properties of this cell has been extensively do- 
cumented. Dramatic changes in cellular and membrane deformability, 
cell size and shape, viscosity, membrane potential and cation transport  
occur when intracellular [Ca  2 + ] is altered (Gardos, 1958 ; Hoffman, 1966; 
Weed et al., 1969 ; Palek et al., 1971 ; Romero & Whittam, 1971 ; Dunn, 
1974; Lassen et al., 1974; White, 1974; LaCelle & Kirkpatrick, 1975; 
Reed, 1976). What is not clear, however, is how these various changes 
are related. Do they represent different effects of Ca 2+, or is there an 
initial effect of calcium upon some critical membrane function which 
when altered leads to the other changes? 

One documented effect of a change of [Ca2+]i is a change in monova- 
lent cation permeability, but even here there is not unanimity of opinion. 
Blum and Hoffman (1972) and Passow ( 1963) have reported that increased 
Ca~ + affects only K + and not Na + permeability, but Romero and 
Whittam (1971), Porzig (1973), Dunn (1974) and Kirkpatrick, Hillman 
and LaCelle (1975) have also observed that increased Ca 2+ induces 
changes in Na +. This apparent conflict probably reflects differences 
in [Ca2+]i .  Romero and Whittam (1971) utilized ATP-depleted high- 
[Ca2+]i erythrocytes for their studies while Kirkpatrick etal. (1975) 



A23187 Alters Red Cell Membrane Function 109 

observed an increase in Na + from 9 mM to 12-16 mM after treatment 
of erythrocytes with 10 ~tM A23187 for 2 hr. Dunn (1974), using trinitro- 
cresol to increase [Ca 2+ ]i, reports an increase in Na + influx when [Ca 2 +]i 
exceeds 0.2 mN. In all of these studies [Ca2+]i is relatively high. In con- 
trast, Porzig (1973) finds that [Ca2+]i in the range of 10 -6  to  1 0 - 5 M  
causes a significant increase in K + permeability of erythrocyte ghosts 
and Blum and Hoffman (1972) report that the effect on K + permeability 
is maximal at 10 gN [Ca2+]i. Our present studies support the conclusion 
of Passow (1963), Blum and Hoffman (1972), and more recently Reed 
(1976), that a small rise in intracellular calcium causes a specific increase 
in the K + permeability of the human red cell membrane. 

A controlled change in [Ca2+]i of human red cells can be induced 
by the addition of very small amounts of the divalent cation ionophore 
A23187 (Fig. 6) and this change causes not only an increase in K + 
efflux (Fig. 8) but also a decrease of osmotic fragility (Figs. 1-4). 

Furthermore, our results show that A23187 induces a marked change 
in the osmotic fragility of both nonnucleated (human) and nucleated 
(toad) erythrocytes and that the presence of extracellular Ca 2+ is essential 
for producing this effect (Figs. 1, 2, 4, 5). The effect of ionophore upon 
cell fragility is not seen if low external Ca 2+ is replaced with low or 
high external M g  2+ (Fig. 3a). In fact, high external M g  2+ partially in- 
hibits the effect of Ca 2+ (Fig. 3b) presumably because Ca 2+ and Mg 2+ 
compete for binding and transport with A23187 (Pfeiffer, Reed & Lardy, 
1974). 

High concentrations of ionophore will cause [Ca 2+ ] across the eryth- 
rocyte membrane to reach equilibrium (Hamill, Gorman, Gale, Higgins 
& Hoehm, 1972; Reed & Lardy, 1972), and the effects of A23187 upon 
[ Ca2+ ]i are dependent upon the extracellular calcium concentration, time 
of exposure (Ferreira & Lew, 1976) and the ionophore concentration 
(Figs. 1, 6 and 7), (Ferreira & Lew, 1976). When [Ca z+] is 0.5 mM, 
addition of 10 gM ionophore to a suspension of human erythrocytes 
results in total cell calcium content of 3 mmoles/liter of cells under steady- 
state conditions, with the fraction of ionized calcium between 30 and 
50% of the total calcium content (Ferreira & Lew, 1976). However, 
in the present study, the increase in [Ca2+]i required to protect cells 
from hemolysis is much less than this. An increase in [Ca2+]i of less 
than 0.2 gmoles/liter of cells will protect the cells from hemolysis. The 
importance of this aspect of the ionophore effect is illustrated by the 
observation that incubation of human cells for 10 min at low concentra- 
tions of [Ca 2+] or [A23187], where a small increase in [Ca2+]i occurs, 
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results in a marked decrease in osmotic fragility (Fig. 1). Furthermore, 
as shown in Fig. 1, combination of higher ionophore and external Ca 2+ 
concentrations cause a reversal of the specific effect on osmotic fragility 
due to a massive accumulation of Ca 2 + by the cells. 

Since we wished to investigate the effects of small changes in [Ca2+]i 
on cellular and membrane properties, we utilized a standard incubation 
time of 10 min and 1 mM [Ca 2+] for the present work. Under these 
conditions there is a linear relationship between ionophore-induced 
45Ca 2+ uptake and the osmolarity of standard hemolyzing solution re- 

quired to lyse 50% of the cell population until 45Ca2+ uptake exceeds 
0.6 l, tmoles/liter of original cell volume (Fig. 6). Since [Ca2+]i in human 

erythrocytes is probably less than 1 g~ (Schatzmann, 1975), it can be 
seen that very small changes in [Ca2+]i caused very marked changes 

in osmotic fragility. 
We have also investigated the effect of A23187 on osmotic fragility 

and 45Ca2+ uptake of the nucleated toad erythrocyte. These cells are 
of interest because they possess additional intracellular calcium pools 
(nucleus and mitochondria) not found in human erythrocytes, and thus, 
allow an investigation of the importance of these pools in controlling 
[Ca2+]i-induced changes in cellular and membrane properties. A23187 

decreases osmotic fragility of these cells (Fig. 5) in the presence of 1 mM 
[Ca2+], but no response is observed at ionophore concentrations below 

3 gN; i.e., the ionophore concentration must be 30-fold higher in these 
nucleated cells in order to alter their osmotic fragility. Uptake of ~5Ca2+ 
under these conditions is also 30- to 40-fold higher than those observed 
in human erythrocytes (Fig. 7). Addition of lower concentrations of 
A23187 (0.1-0.3 ~tN) to toad erythrocytes results in an increase in 45Ca2+ 
uptake comparable to that observed in human erythrocytes, thus indicat- 
ing that the difference in response of the two cell types is not due 
to differences in the ability of A23187 to induce the transport of calcium 
across the plasma membrane. The difference probably reflects the pres- 
ence of additional intracellular calcium reservoirs in nucleated cells whose 
capacity is sufficient to prevent an increase in cytoplasmic calcium when 
45Ca2 + uptake is increased by A23187 at lower concentrations. At higher 
[A23187], however, the increase in ~SCa 2 § uptake would exceed the capac- 
ity of these reservoirs and produce the change in cytoplasmic Ca 2§ 
necessary to induce changes in membrane properties. It is possible that 
in these nucleated cells, after addition of large amounts of ionophore, 
some of the drug enters the cell and becomes incorporated into one 
or more subcellular membrane and thereby further influences the [Ca 2+] 
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of the cell cytosol. It is necessary to point out that the present studies 

in osmotic fragility were all carried out 10 min after ionophore addition. 
It is quite possible that in toad cells exposed for longer periods of time, 
the ionophore could gain access to intracellular (e.g., mitochondrial) mem- 
branes and cause a release of calcium from these internal stores. This 
might, in turn, cause a rise in [Ca 2+ ] in the cell cytosol and an increase 
in K + efflux. This aspect of the effect of ionophore on toad erythrocytes 
remains to be investigated. 

The results with the toad cells indicate that it is the calcium ion 
content of the cytosol, and not some superficial membrane calcium pool 
that is responsible for the change in K + efflux after ionophore addition. 
This conclusion is based on the observation that low doses of ionophore 
cause Ca 2 + uptake into these cells but no change in fragility, 

The basis of the Ca2§ decrease in osmotic fragility seen 
after A23187 addition is apparently due to a specific Ca2+-dependent 
increase in the K § permeability (Figs. 8 and 9). This leads to a loss 
of intracellular electrolyte, and a decrease in cell volume (Figs. t0-12). 
Because initial cell volume is a major determinant of osmotic fragility 
(Ponder, 1948), these small K+-depleted cells are more resistant than 
normal to osmotic lysis. Support for this proposed sequence is provided 
by the observations that when, in either human or toad cells, the Ca 2+- 

dependent K + depletion is prevented by incubating ionophore-treated 

cells in high K + media, there is no change in osmotic fragility even 
though Ca § uptake is stimulated. Also, there is a direct correlation 
between K § content and osmotic fragility (Fig. 9), and a direct correla- 
tion between the change in initial cell volume and change in osmotic 
fragility when 0.1 to 0.3 gM ionophore is added to human cells (Fig. 11). 

These two correlations indicate that the decrease in cell volume is a 

direct function of the decrease in K + content and that K + does not 
exchange to any appreciable extent with external cations, but that the 
K § loss is accompanied by loss of anion to maintain electrical neutrality. 
It seems likely that this anion is C1- because Reed (1976) has shown 
that agents which decrease the CI- permeability of the membrane inhibit 
ionophore-induced K § loss. 

From our data it is not possible to conclude that a small rise in 
[Ca2§ alters the intrinsic deformability of the membrane of the human 
erythrocyte although the data of Weed et  al. (1969) and LaCelle and 
Kirkpatrick (1975) suggest that this is the case. It is possible, for example, 
that the results of LaCelle and Kirkpatrick (1975) are due either to 
the fact that larger concentrations of ionophore were used in their studies, 
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or that a reduction in cell volume p e r  se  ted to a change in 'intrinsic 
membrane deformability' as measured by their technique. In either case, 
it would be of great interest to study the intrinsic membrane deformability 
of cells treated with low concentrations of i onophore in a high K + medium 

in order to determine whether small changes in [Ca2*]i do alter membrane 
deformability independent of Caa+-induced change in K + efflux and 
cell volume. 

The mechanism by which an alteration in [CaZ+]i changes K + per- 
meability is not known. It is possible that a calcium-dependent change 
in the state of aggregation of the spectrin complex leads to a reorientation 
of membrane proteins and thus to changes in K + permeability, or that 
a Ca 2+ interaction with the membrane phospholipids changes the lipid 

environment of the ion channel and thereby the rate of K + flux. Further 

experiments are necessary to determine which of these is the more likely. 

This research was supported by NIH Grants No. AM09650 and No. AM19813-01 
and an NIH Fellowship No. 6 F22 AM00369-01 awarded to W.L. 

References 

Blum, R.M., Hoffman, J.F. 1972. Ca-induced K transport in human red cells: Localization 
of the Ca-sensitive site to the inside of the membrane. Biochem. Biophys. Res. Cornrnun. 
46:1146 

Dunn, M.J. 1974. Red blood cell calcium and magnesium: Effects upon sodium and potas- 
sium transport and cellular morphology. Biochirn. Biophys. Acta 352:97 

Ferreira, H.G., Lew, V.L. 1976. Use of ionophore A23187 to measure cytoplasmic Ca 
buffering and activation of the Ca pump by internal Ca. Nature (London) 259:47 

Gardos, G. 1958~ The function of calcium in the potassium permeability of human red 
cells. Biochim. Biophys. Acta 30:653 

Hamill, R.L., Gorman, M., Gale, R.M., Higgins, C.E., Hoehm, M.M. 1972. A23187, 
A new ionophore for divalent cations. I. Discovery, isolation and properties. Twelfth 
Interscience Conference on Antimicrobial Agents and Chemotherapy, p. 32 (Abstr.) 

Hoffinan, J.F. 1962. Cation transport and structure of the red-cell plasma membrane. 
Circulation 26" 1201 

Hoffman, J.F. 1966. The red cell membrane and the transport of sodium and potassium. 
Am. J. Med. 41:666 

Kirkpatrick, F.H., Hillman, D.G., LaCelle, P.L. 1975. A23187 and red cells: Changes 
in deformability, K +, Mg 2+, Ca 2+ and ATP. Experientia 31"653 

LaCelle, P.L,, Kirkpatrick, F.H. 1975. Determinants of erythrocyte membrane elasticity. 
In: Erytl~'ocyte Structure and Function. G.J. Brewer, editor, p. 535. Alan R. Liss, 
Inc., New York 

Lassen, U.V., Pape, L., Vestergaard-Bogind, B., Bengtson, O. 1974. Calcium-related hyper- 
polarization of the Arnphiuma red cell membrane following micropuncture. J. Membrane 
Biol. 18" 125 

Palek, J., Curby, W.A., Lionetti, F.J. 197l. Relation of Ca2+-activated ATPase to Ca z+- 
linked shrinkage of human red cell ghosts. Am. J. Physiol. 220:1028 



A23187 Alters Red Cell Membrane Function 113 

Passow, H. 1963. Metabolic control of passive cation permeability in human red cells. 
In: Cell Interface Reactions. H.D. Brown, editor, p. 57. Scholar's Library, New York 

Pfeiffer, D.R., Reed, P.W., Lardy, H.A. 1974. Ultraviolet and fluorescent spectral properties 
of the divalent cation ionophore A23187 and its metal ion complexes. Biochemistry 
13: 4007 

Ponder, R. 1948. Hemolysis and Related Phenomena. Grune and Stratton, New York 
Porzig, H. 1973. Effect of divalent cations of Na and K permeability of human red 

cell ghosts. Experentia 29:747 
Reed, P.W. 1976. Effects of the divalent cation ionophore A23187 on potassium permeability 

of rat erythrocytes. J. Biol. Chem. 251-3489 
Reed, P.W., Lardy, H.A. 1972. A23187: A divalent ionophore. J. Biol. Chem. 247:6970 
Romero, P.J., Whittam, R. 1971. The control by internal calcium of membrane permeability 

to sodium and potassium. J. Physiol. (London) 214"481 
Schatzmann, H.J. 1975. Active calcium transport and Ca2+-activated ATPase in human 

red cells. In : Current Topics in Membranes and Transport. F. Bronner and A. Kleinzel- 
ler, editors. Vol. 6, p. 126. Academic Press, Inc., New York 

Stanley, P.E., Williams, S.G. 1969. Use of the liquid scintillation spectrometer for determin- 
ing adenosine triphosphate by the luciferase enzyme. Anal. Biochem. 29" 381 

Steer, M.L., Levitzki, A. 1975. The interaction of catecholamines, Ca 2+ and adenylate 
cyclase in the intact turkey erythrocyte. Arch. Biochem. Biophys. 167:371 

Weed, R.I., LaCelle, P.L., Merrill, E.W. 1969. Metabolic dependence of red cell deformabil- 
ity. J. Clin. Invest. 48:795 

White, J.G. 1974. Effect of an ionophore, A23187, on the surface morphology of normal 
erythrocytes. Am. J. Pathol. 77"507 


