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The net Ca 2+ influx was increased in human red cells in suspension by adding moderate concentrations of 
the Ca 2+ ionophore A23187, and due to the increased cellular Ca 2+ concentration ([Cali) the K ÷ channels 
opened (the 'Gardos effect'). At low K ÷ concentration and with the protonophore CCCP in the buffer-free 
medium the cells hyperpolarized and the extracellular pH (PHo) increased, enhancing the A23187-mediated 
net Ca 2+ influx. This elicited a prolonged response, viz. a primary transient increase of pH 0 and [Cal i  

followed by one or more spontaneous pH 0 and [Ca] i  transients. We explored the pump-mediated Ca 2÷ 
efflux by blocking the A23187-mediated Ca 2+ flux with CoCI 2 at appropriate times during the prolonged 
response. The Ca 2÷ pumping was higher during the descendent than during the ascendent phase of the 
primary transient at equal values of [Ca] i- The data were anlyzed using a mathematical model that accounts 
for the prolonged oscillatory response, including pH o and [Cali. In conclusion, the activation of the Ca 2 + 
pump is delayed due to slow binding of cellular calmodulin, which is a hysteretic response to a rapid increase 
of the cellular Ca ~+ concentration. This mechanism may be important for generation and execution of 
transient signals in other types of cell. 

Introduction 

The calcium pump in human red cells is located 
in the plasma membrane and has the ability to 
transport calcium ions from the cytoplasm to the 
extracellular medium against an electrochemical 
gradient utilizing ATP as the energy source (for 
recent reviews see Refs. 1 and 2). The calcium 
pump exhibits maximum activity when binding 
calmodulin [3-6], and the binding constants and 
the rate of binding are strongly dependent on the 
Ca 2÷ concentration, as suggested from Ca 2÷- 
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ATPase experiments [7]. The cytoplasmic con- 
centration of ionized calcium in human red cells 
seems to be in the range 10 -8 to 10 -7 M [1,8], 
and at that concentration calmodulin should be 
dissociated from the calcium pump [9]. 

In intact human red cells suspended in blood 
plasma the steady-state flux of Ca 2+ over the 
plasma membrane is about 50 /~mol /h  per 1 cells 
[1,8] or about 0.3% of the maximum activity of the 
calcium pump. The Ca 2+ influx can be increased 
by adding the CaZ+-transporting ionophore 
A23187 to a suspension of the red cells, and at an 
appropriate low concentration of A23187 the cells 
respond with a transient increase of the cellular 
concentration of calcium [9,10]. 

Based on experiments with Ca2+/calmodulin 
activation of membrane-bound CaZ+-ATPase we 
have suggested that the occurrence of the calcium 
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transients described above is conditional on a 
delayed activation of the calcium pump [9]. 

The delay in activation of the calcium pump is 
expected if it is assumed that Ca 2 ~, calmodulin 
and the pump ATPase are constituent parts of a 
hysteretic enzyme system that responds slowly to 
a rapid increase of the concentration of one ligand, 
in this case Ca 2+, as shown below in a mathemati- 
cal model. 

In an attempt to demonstrate directly the de- 
layed calcium pump activation in intact human 
red cells we have taken advantage of two recent 
techniques, one giving a pH-dependent  accelera- 
tion of the A23187-mediated Ca 2+ influx and 
rapid increase of cellular Ca 2+ concentration 
[11,12], another making it possible to block rapidly 
the A23187-mediated Ca 2+ flux without affecting 
the pump flux [13]. 

Materials and Methods 

Radioactive calcium (45CAC12) was purchased 
from Amersham (0.6 0.9 G B q / m g  Ca) and di- 
luted with CaC12 solution before use. Ionophore 
A23187 (Calbiochem) was stored as a stock solu- 
tion (1.55 mM) in e thanol /acetone  (9 : 1, v /v )  at 
- 2 0 ° C  and diluted (1:10) with ethanol before 
use. CCCP (Sigma) was administered as ethanol 
solution (20 mM). All other chemicals were from 
Merck (pro analysis). 

Human blood from healthy donors was col- 
lected in citrate-phosphate-dextrose solution, 
stored at 4°C, and used within 1 day. 

Transport experiments with glucose-fed cells. Im- 
mediately before use the blood plasma and buffy 
coat were removed by centrifugation (20000 × g 
for 1 min) and the red cells were washed at room 
temperature three times in the incubation medium 
containing (mM): NaC1 (155), KC1 (1), MgCla 
(0.15), and glucose (5). The washed cells were 
resuspended at 37°C in the incubation medium 
including, in addition, CCCP (0.02) and 45CAC12 
to a final concentration of about 10 ~M (60-90 
M B q / m g  Ca 2+ ), the pH was adjusted with NaOH 
(155), and the suspension was vigorously stirred 
during the mixing and the experimental period. 
The total volume of cell suspension was 8 ml and 
the cell volume fraction was about 4%. The experi- 
ment was started by addition of A23187 solution, 

For the determination of calcium pump flux 
the A23187-mediated Ca 2÷ flux was blocked by 
the addition of CoC12 solution to a final con- 
centration of 0.25 mM in the medium (cf. Results). 

The addition of the protonophore CCCP made 
it possible to follow changes of the membrane 
potential by measuring the extracellular pH (see 
Results and Ref. 11). Extracellular pH was moni- 
tored continuously during the experiment by a 
glass electrode (G202C) and a calomel electrode 
(K401) immersed in the cell suspension and con- 
nected via a pH-meter  ( T T T l c  all Radiometer) to 
a recorder. At the end of the experiment the cells 
were haemolysed by the addition of 100 ~l Triton 
X-100 (10%, v/v) ,  which allowed the determina- 
tion of the cellular pH due to the lack of other 
buffers in the medium. 

Transport experiments with A TP-depleted cells. 
To the stored whole blood were added (mM, final 
concentration): NaC1 (80), KC1 (75), MgCl 2 (0.15), 
inosine (10), iodoacetamide (6), and sodium glyco- 
late (15), to a final cell volume fraction of 10%, 
and the cell suspension was incubated at 37°C for 
2.5 h. Then the red cells were isolated and washed 
three times in the incubation medium chosen. This 
treatment reduced the ATP concentration of the 
washed cells to 1/~mol/1 cells [14]. Incubation and 
start of the experiment were as above except for 
the omission of glucose from the medium. 

The experiments with ATP-depleted cells were 
performed in order to determine the A23187- 
mediated net influx of Ca 2+ into the red cells. The 
flux parameters were determined as previously 
[14] in the presence of either low (1 raM) or high 
(75 100 mM) extracellular concentration of potas- 
sium chloride, leading to parameters for A23187- 
mediated Ca 2+ flux in hyperpolarized and non- 
hyperpolarized cells, respectively. 

Determination of cellular cakqum concentration. 
This method is modified from Lew and Brown 
[15] and has been described previously in detail 
[9]. With intervals of at least 7.5 s, samples (200 
/xl) were transferred from the incubating cell sus- 
pension to centrifuge tubes containing a stop 
buffer and dibutylphthalate oil (density 1.042- 
1.045). Subsequently, the cell pellet was isolated 
below the oil layer by centrifugation (20000 × g  
for 20 s), and the pellet was processed for scintil- 
lation counting of 45Ca in a Packard Tricarb (3255) 



counter. The cellular calcium concentration 
(t~mol/1 packed cells) was calculated from the 
measured cellular and total radioactivities and 
from the total concentration of calcium in the cell 
suspension, using the haematocrit values de- 
termined during the experiment. 

CaZ+-ATPase assay and determination of 
calcium were performed as previously [16]. The 
extracellular Ca 2+ concentration of the medium 
was monitored by atomic absorption measure- 
ments of separate samples of cell suspension 
centrifuged before the addition of A23187. 

Results 

Calcium uptake caused by A23187 
The addition of the calcium ionophore A23187 

to a suspension of glucose-fed human red cells in 
the presence of 4 5 C a  2+ revealed a transient in- 
crease of the cellular calcium concentration. A 
typical experiment is shown in Fig. 1. 
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Fig. 1. Changes of extracellular pH and cellular calcium con- 
centration dependent on time after addition of ionophore 
A23187. Washed human red cells (glucose-fed) were suspended 
in (mM): NaCI (155), KCI (1), MgC12 (0.15), glucose (5), pH 
7.08, 37°C (see Methods). 45CAC12 was added to the cell 
suspension to a total extracellular concentration of 10 p~M. 
Initial cell volume fraction was 4.2%. A23187 ('I ') was added 
at zero time (9.7 tzmol/ l  cells). Triton X-100 (to about 0.1%) 
was added at 4.5 min ( 'T')  in order to haemolyse the cells, 
which showed the cellular pH 6.82. The membrane potential is 
the pH difference multiplied by 61.5 mV. pH and potential 
(continuous curve), cell Ca (O). Inset, changes in extracellular 
pH showing a spontaneous second transient caused by a single 
A23187 addition at zero time. A spontaneous third transient 
(not shown) appeared 20 min after A23187 addition. Condi- 
tions above. 
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The calcium transient was accompanied by a 
transient increase of the potassium conductance 
due to a Ca 2+-mediated opening of the potassium 
channels, as described earlier [11,17]. In the case 
of an extracellular potassium concentration well 
below the equilibrium value, which was between 
75 and 100 mM, the increased potassium conduc- 
tance led to a hyperpolarisation of the membrane. 
The protonophore CCCP was added to the cell 
suspension in order to facilitate the transport of 
protons between the intracellular buffers (prim- 
arily haemoglobin) and the buffer-free extracellu- 
lar medium. Thereby the measurement of ex- 
tracellular pH can reveal changes in the mem- 
brane potential, and it appears from Fig. 1 that 
the membrane potential changed transiently from 
- 1 6 t o  - 8 2 m V .  

The extracellular pH increased faster than the 
cellular Ca 2+ concentration. During the first 30 s 
after the A23187 addition the pH increment and 
the Ca 2+ concentration reached (mean _+ S.E., n = 
8) 85 + 6% and 50+_ 7%, respectively, of their 
maximum values. This indicates that the opening 
of the potassium channels, and consequently the 
hyperpolarisation, was initiated at low cellular 
Ca 2+ concentrations (Fig.l). The subsequent de- 
creases of extracellular pH and cellular Ca 2+ con- 
centration, however, occurred either simulta- 
neously or in reverse order. 

The A23187-mediated Ca 2+ flux depends 
strongly on the proton gradient across the mem- 
brane [12]. During the transient increase of ex- 
tracellular pH in our experiments the A23187- 
mediated maximum Ca 2+ influx first increased 
(5-15-fold) and then decreased due to the change 
in the extracellular pH. 

The advantage of using the increase of ex- 
tracellular pH in order to obtain a rapid increase 
of the intracellular calcium concentration instead 
of employing a higher A23187 concentration was 
the following: after obtaining the maximum Ca 2+ 
flux at the top of the pH transient the flux de- 
creased again, which allowed the calcium pump to 
adjust to a lower steady-state level of cellular 
calcium concentration at the end of the transient 
(see Fig. 1) than would be possible at the higher 
Ca 2+ fluxes mediated by high A23187 concentra- 
tions (not shown). The low steady-state level at 
the end of the transient was necessary in order to 
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compare calcium pump fluxes at low cellular 
calcium concentrations during the ascendent and 
the descendent phases of the transient (cf. later). 

The disadvantage of using low extracellular 
potassium concentrations in these experiments was 
that the cells lost potassium chloride and water, 
i.e. the cells shrank during the calcium transient. 
Typically; the cell volume decreased about 20% 
during the first transient. 

In several experiments the first transient in- 
crease of extracellular pH was followed by sponta- 
neous pH transients (Fig. 1, insert) similar to the 
oscillations described previously [11,18,19], and 
these spontaneous pH transients were accompa- 
nied by transient changes in the cellular Ca 2+ 
concentration similar to those found in the first 
transient. 

Effect of CoCI: on Ca ,+ flux 
The increased Ca 2+ influx into human red cells 

caused by addition of the ionophore A23187 to 
the cell suspension can be blocked by the addition 
of either cobalt chloride or albumin, apparently 
without significant inhibition of the calcium pump 
[13]. Some effects of cobalt chloride are demon- 
strated in Fig. 2. 

Addition of CoC12 before the addition of 
A23187 totally prevented the .uptake of 45CAC12 
from the extracellular medium into cells depleted 
of ATP during the first 3-4  rain and the cobalt 
chloride still inhibited the Ca 2÷ influx up to 15 
min after the addition of ionophore (Fig. 2, inset). 

Cobalt chloride also inhibited the A23187- 
mediated Ca 2+ flux when added to red cells al- 
ready loaded with 45CAC12 by preincubation in 
the presence of A23187 (Fig. 2). Glucose-fed cells 
and ATP-depleted cells accumulated Ca 2-- at I°C 
at nearly the same rate but when transferred to 
37°C the fed cells (containing about 1 mmol 
A T P / I  cells), in contrast to the depleted cells 
(containing 1 /xmol ATP/1  cells) adjusted their 
cellular Ca 2 ÷ concentration to a lower steady-state 
value, indicating that the calcium pump was 
activated by the increase of temperature in the 
cells supplied sufficiently by ATP. Addition of 
CoCI 2 reduced the Ca 2 + concentration of fed cells 
rapidly but did not change the steady-state con- 
centration of cellular calcium in depleted cells 
(Fig. 2). 

37"C Co 

g " 

200 

o 

'°°F 
~ 100 ~ O~ ~ C o  

0 5 10 . 15 
rain 

0 20 /+0 60 80 
mJn 

Fig. 2. Effect of cobalt chloride on Ca 2+ flux. Washed human  
red cells (glucose-fed or ATP-depleted) were suspended in 
(raM): NaC1 (80), KC1 (75), MgC12 (1), 45CAC12 (0.1), glucose 
(5) and inosine (6) only in fed cells, pH (37°C) 7,4, cell volume 
fraction 20%. After equilibration at 1°C ionophore A23187 (50 
~mol /1  cells) was added at zero time ('I'). At 45 rain the 
suspension was transferred to 37°C (arrow) and after equi- 
libration and sampling COC12 was added to a final concentra- 
tion of 0.25 m M  at 66 min ( 'Co').  The curves were calculated 
(see mathematical model in Appendix) assuming that the ini- 
tial A23187-mediated Ca 2+ influx (Lm~, ,) was ( ~ m o l / m i n  per 
1 cells) about 35 at I ° C  and 2700 at 37°C before CoCI,  
addition, zero after COC12 addition. The fed cells were as- 
sumed to have a pump flux of zero at I ° C  and the calculations 
gave 420 / tmo l /min  per 1 cells at 37°C. The depleted cells 
were assumed to have no pump flux. O, glucose-fed cells; O, 
ATP-depleted cells. Inset: to suspensions of depleted cells (as 
above) kept at 37°C was added CoC12 (0.25 raM, e)  or 
nothing (control, O) before the addition of A23187 (13/ tmol/1 
cells) at zero time. 

These experiments confirm that CoC12 inhibits 
the A23187-mediated Ca 2+ flux, and the agree- 
ment between the model curve and the experimen- 
tal points suggests that there is no major effect on 
the ATP-dependent Ca 2+ efflux within 1 min 
after the CoC12 addition (cf. above). 

In a separate experiment (not shown) the 
Ca2+-ATPase activity of a membrane preparation 
from human red cells was inhibited approximately 
30% by 0.2 mM CoC12 in the presence of 
calmodulin. However, in the ATPase experiment 
the plasma membrane was exposed to CoC12 for 
10-20 rain, in contrast to the experiments above 
in which the A23187-treated cells were exposed to 
CoC12 for only a short period of time. This may 
explain the high C a  2+ efflux (360/~mol/min per 1 



cells) observed during the first 30 s after CoCI= 
addition (Fig. 2), which is even 10% higher than 
the 20 mmol/1 cells per hour which is most often 
referred to as the highest calcium pump activity 
attainable in experiments with human red cells [1]. 

Pump-mediated Ca-" ÷ efflux 
By addition of CoC12 after the addition of 

A23187 it is possible to block the ionophore-medi- 
ated Ca =+ flux apparently (see above) with no 
major effect on the pump-mediated Ca 2- efflux, at 
least for a short period of time. In the experiments 
below the calcium pump flux was determined dur- 
ing a period of 15 s after CoC12 addition. By 
choosing different time intervals between the 
A23187 addition and the addition of CoC12 it has 
been possible to determine the pump flux at dif- 
ferent levels of cellular calcium concentration dur- 
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Fig. 4. Same as Fig. 3 but initial extracellular pH 7.1. Twenty- 
five experiments. A23187 concentration 9.1+0.8 (S.D.). The 
' u p '  and 'down'  regression lines are significantly different 
(P  < 0.001). Extracellular pH at sampling was (mean + S.D.) 
7.6-+0.3 during ' up '  phase and 7.8_+0.2 during 'down'  phase. 
Intracellular pH was 6.85 _+ 0.03. 
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Fig. 3. Pump-mediated Ca 2+ efflux vs. cellular calcium con- 
centration ([Ca]i) at time of COC12 addition. Initial extracellu- 
lar pH  6.8. Suspensions of human  red cells (glucose-fed) were 
incubated at 37°C  in the same medium as in Fig. 1. Twenty-five 
experiments. The Ca 2+ influx was initiated by addition of 
A23187 (11.5_+0.3 (S.D.) ~ m o l / l  cells). CoC12 was added to a 
final concentration of 0.25 m M  during either the ascending 
phase ( 'up ')  or the descending phase ( 'down')  of the calcium 
transient (cf. Fig. 1). [Ca]i was determined at the time t of 
CoC12 addition, at t + 7 . 5  s, and at t + 1 5  s. The pump flux 
was obtained from these three [Ca]i values as the slope of a 
linear regression. The [Ca]i values were corrected for changes 
in cellular volume fraction. ' up '  phase (C)), 'down'  phase (o). 
The ' up '  and 'down'  curves are regression lines which were 
significantly different (P  < 0.001) when tested by Student 's t 
test. Extracellular pH at sampling was (mean + S.D.) 7.5 + 0.3 
during ' up '  phase and 7.4 + 0.2 during 'down'  phase. Intracell- 
ular pH (after haemolysis with Triton X-100) was 6.59 + 0.02. 

ing the ascending ('up') and the descending 
('down') phases of a calcium transient. 

Such experiments have been performed at three 
different values of extracellular pH (6.8, 7.1 and 
7.4) at the time of A23187 addition. In Figs. 3-5  
the calcium pump fluxes are compared with the 
concentrations of cellular calcium determined at 
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Fig. 5. Same as Fig. 3 hut init ial extracellu]ar pH 7.4. Twenty- 
four experiments. A23187 concentration 8.1_+0.2 (S.D.). The 
' up '  and 'down'  regression lines are significantly different 
(P  < 0.02). Extracellular pH at sampling was (mean+_S.D.) 
7.7_+ 0.2 during ' up '  phase and 7.7 +0.2 during 'down'  phase. 
Intracellular pH was 7.07_+ 0.02. 
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Fig. 6. Same as Fig. 3 but data were from spontaneous second 
calcium transients from 5 to 20 min after A23187 addition. 
Only the ascending phase (' up(2.)'). Eight experiments. A23187 
concentration 11.5+0.3 (S.D.). For comparison the ' up '  and 
"down" regression lines from Fig. 3 are shown. The 'up(Z) '  
regression line is significantly different from both the 'up" 
cu~'e and the 'down" curve (P  < 0.05). Extracellular pH at 
sampling was (mean±S.D. )  7.3+0.3. Intracellular pH was 
6.53 + 0.03. 

the time of C o C I  2 addition. Within the measured 
range of cellular calcium concentrations (up to 25 
/~mol/l cells of total calcium) the pump flux 
increased with increasing concentration of cellular 
calcium, apparently following a linear relation- 
ship. However, the data from the 'down'  phase of 
the calcium transients had to be fitted by a regres- 
sion line which is significantly different from the 
corresponding regression line fitting the ' up' phase 
data. 

In Fig. 6 the calcium pump fluxes and the 
corresponding cellular calcium concentrations 
were obtained from the ' up' phase of spontaneous 
calcium transients arising subsequent to the 
primary calcium transients initiated directly by 
the addition of A23187. In spite of the scattering 
of the data around the regression line the latter is 
significantly different from both the ' up '  phase 
and the 'down'  phase regression lines obtained 
from the primary calcium transients. 

Discussion 

Figs. 3-5 show that the pump-mediated Ca 2+ 
efflux was higher during the descending ( 'down')  

than during the ascending ( 'up ' )  phase of the 
calcium transient. Provided that equal concentra- 
tions of total cell calcium during the ' u p '  and 
'down'  phases corresponded to equal concentra- 
tions of ionized calcium, the results indicate that 
the calcium pump responded to a certain C a  2~ 

concentration with a higher pumping rate during 
the 'down'  phase than during the ' up '  phase of a 
transient. 

It is not definitely settled whether the calcium 
pump is electrogenic (for a discussion see Schatz- 
mann [1]). If the pump is electrogenic its activity 
will depend on the membrane potential, which 
was reflected by the extracellular pH in our ex- 
periments. Therefore, it is important to notice that 
the extracellular pH values during the ' up '  and 
'down'  phases of the calcium transients were not 
significantly different (Figs. 3-5). 

The validity of attributing cytoplasmic Ca 2+ 
values to the total calcium concentration of iono- 
phore-treated human red cells outside equilibrium 
conditions has recently been questioned [20]. In 
the present investigation we compared ' u p '  and 
'down'  data collected with short intervals (below 2 
rain), and the investigated cells nearly emptied 
themselves of calcium after the first transient (Fig. 
1), which makes it improbable that any major 
population of non-pumping calcium-accumulating 
cells [20] should interfere with our results. How- 
ever, it is possible that the calmodulin buffering of 
cytoplasmic Ca 2+ varied during the calcium 
transient (see below). 

From Ca2+-ATPase experiments it is known 
that the enzyme activity at a given Ca 2÷ con- 
centration depends on the fraction of pump en- 
zyme that binds calmodulin [16,21,22], i.e. the 
fraction of ATPase in 'B state'. 

Analogously, a higher activity of the calcium 
pump during the 'down'  phase can be attributed 
to a higher fraction of pumps in the calmodulin- 
binding B state than in the ' u p '  phase. The reason 
could be that the pump has been exposed to 
Ca 2 +/calmodulin for a longer period in the 'down'  
phase. The 'down'  phase data were collected 1.5-2 
min after the A23187 addition compared to the 
' u p '  phase data, which were collected 0.25 0.5 
min after the start of the experiment. 

In order to test this possibility we have simu- 
lated the experiments with the aid of the mathe- 



matical model described in the Appendix. Fig. 7 
shows the results of simulating the experiments 
carried out at the initial extracellular pH of 7.1. 
By comparison of Fig. 1 and Fig. 7 (right) it 
appears that the first transients of extracellular 
pH and cell calcium concentration are very much 
alike. 

We have simulated the CoC12 additions by 
setting the 'A23187-mediated' Ca 2+ flux equal to 
zero at various times after the start of the experi- 
ment (zero time). The pump-mediated C a  2 + efflux 
was calculated from the resulting [Ca]i values, just 
as described in Fig. 3, and the results are shown in 
Fig. 7 (left). As in Figs. 3-5, the 'down' curve lies 
above the 'up '  curve, and the model predicts that 
the fraction of calmodulin-binding B state is 
1-10% at the sampling time of the 'up '  phase 
(Fig. 7, full curve) but about 85% at the sampling 
time of the 'down' phase, in agreement with the 
suggestion above. 

The model also predicts that the concentration 
ratio of cytoplasmic Ca 2+ to total cell calcium (a)  
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Fig. 7. Simulation of changes in extracellular pH and cellular 
calcium concentration after A23187 addition (right) and of 
pump-mediated Ca 2+ efflux after CoCI 2 addition (Deft). Initial 
extracellular pH 7.1. Right, A23187 addition at zero time was 
simulated by increasing net Ca 2+ influx (L x, see Appendix) 
from zero to 8.8 ~mol /min  per 1 cells, pH (continuous curve), 
cell Ca (o). Intracellular pH was 6.85. Left, CoCI 2 addition 
was simulated by setting the A23187-mediated Ca 2+ flux equal 
to zero (Lma x = 0, see Appendix) at appropriate times during 
the 'up '  phase (©) and 'down' phase (O) of the Ca transient 
(right). The cell Ca interval identical to that in Fig. 4 is marked 
by full lines (left). The data were calculated with the aid of the 
mathematical model described in Appendix. Initial cell volume 
fraction was 4.2%, a varied between 0.04 and 0.26 during the 
transients, S was equal to 10 p, mol/1 cells (Eqn. 5). Maximum 
pump fluxes were 185 and 295 ~mol /min  per 1 ceils for 
'A-state' and 'B-state' (Eqn. 6). 

477 

decreased from about 0.2 to 0.1 during the 'down' 
phase, i.e. the higher pump fluxes found during 
the 'down' phase were caused by cytoplasmic Ca 2 + 
concentrations which were even lower than those 
during the 'up '  phase. If that is the case in the 
cells then the hysteretic response is stronger than 
appears from Figs. 3-5. 

The 'up(2.)' curve from the second transient 
(Fig. 6) is intermediate between the 'up '  and 
'down' curves from the first transient, and this 
agrees with the fraction of calmodulin-binding B 
state that, according to the model, is also inter- 
mediate between the fractions during the first 
transient, viz. 35%. 

The 'up '  curve in Fig. 7 (left) fits the experi- 
mental 'up '  curve in Fig. 4. The 'down' curve in 
Fig. 7, however, is steeper than the corresponding 
experimental curve in Fig. 4. We do not know the 
reason for this discrepancy. A comparison of Figs. 
3 5 shows that the difference between the 'up '  
and 'down' curves decreases with increasing initial 
pH. This is probably due to the lower peak height 
of the calcium transient at higher pH, especially at 
pH 7.4, at which the pump activity was maximum, 
as also found in model calculations. We noticed 
that transients with reproducible peak height and 
duration were more difficult to obtain at high pH 
values. 

The model predicts a decrease of cell volume 
fraction due to the loss of cell water accompany- 
ing the KC1 efflux caused by the transient opening 
of the potassium channels. According to the model 
calculation in Fig. 7 the cell volume fraction (b) 
decreased 20% during the first transient, com- 
pared to the pH 7.1 experiments that revealed a 
decrease of 22 _+ 2% (S.D., n = 8), indicating an 
adequate choice of parameter values for the model 
calculations. 

In accordance with the experiments (Fig. 1, 
inset) the model predicts that subsequent to the 
first pH and calcium transients additional sponta- 
neous transients will occur (Fig. 7, right), i.e. the 
model predicts oscillations. This is remarkable 
since the conductance of potassium ions in the 
model only depends on the concentration of 
intracellular free Ca 2+. The potassium channel is 
assumed to open by binding of two calcium ions, 
and the calculations suggested that half of the 
channels were activated at 0.7 /zM Ca 2+. This 
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apparent K~ is intermediate to those reported 
previously, ranging from 0.4 /~M (+Mg)  [23] to 
2-3 /~M [24,25]. The frequency of the transients, 
however, is higher in the model than in the experi- 
ments (Figs. 1 and 7) suggesting that the regu- 
lation of the potassium channels may be more 
complicated (cf. Refs. 18,26-29) than is assumed 
in our model. 

Our experiments support the concept of the 
calcium pump as part of a hysteretic enzyme 
system. Taken together the 'up '  and 'down' curves 
in Fig. 7 (left) represent a hysteretic loop, the 
upper end of the loop corresponding to the top of 
the calcium transient (Fig. 7, right). The experi- 
mental 'up '  and 'down' curves (Figs. 3-6) seem to 
be part of such hysteretic loops. 

The hysteresis of the system cannot be assigned 
to a single component. We have shown (not pub- 
lished) that the only necessary condition for hys- 
teresis in a calmodulin-dependent system is the 
high affinity of the Ca2+-calmodulin complex for 
the target, e.g. the calcium pump, compared to the 
low target affinity of calmodulin not complexed 
by Ca 2 +. The hysteresis manifests itself as delayed 
activation or deactivation of the system when the 
concentration of one of the ligands, e.g. Ca 2+, 
changes rapidly. This type of hysteresis may be of 
great importance for the generation and execution 
of transient signals in other types of cell as well 
(see also Ref. 30). 

Appendix 

The mathematical model used for the simula- 
tion of changes in cellular calcium concentration 
([Ca]i) and extracellular pH (pH0) is an extension 
of the model previously described [9,14]. 

Besides the calculation of A23187-mediated 
Ca 2+ net influx, the CaZ+/calmodulin-dependent 
p u m p - m e d i a t e d  C a  2+ efflux, and the degree of 
calmodulin binding in the cell [9], the extended 
model includes the calculation of K + efflux from 
the cells caused by the opening of the Ca 2+-sensi- 
tive potassium channel. Furthermore the extended 
model accounts for the hyperpolarisation of the 
cells due to the opening of the potassium channel, 
the resulting increase of pH 0 in the suspension of 
the CCCP-treated cells, and the pH0-dependent 
increase of A23187-mediated net influx of Ca 2+. 

Finally, it is assumed in the model that the K + 
efflux is accompanied by an equivalent C1- efflux 
and a loss of cell water, leaving the intracellular 
concentration of KC1 unchanged. All other cellu- 
lar concentrations, however, are corrected for the 
loss of cell water. 

The model calculations imply the solution of 
four simultaneous differential equations (solved as 
earlier [9] but using a Digital PDP-11 computer): 

d [ C a ] i / d t  = L - V ( l )  

d w / d t  = k l ( 1 -  w ) Z -  k2w (2) 

du /d t  = k 3 ( 1 -  u ) Z -  kau (3)  

d [ K ] 0 / d t  = fgK ( E-- E K ) / F  (4) 

Eqn. 1 expresses the time dependence of [Ca], 
equal to the A23187-mediated Ca 2+ net influx 
('leak' L) minus the pump-mediated Ca 2+ efflux 
(v): 

L ( 1  - e x p (  - i s = kt))  L . . . .  ( 1 - ( f + a / r Z ) [ C a l i / S )  (5)  

V =  (1 - w ) v  A + wv B (6)  

The first bracket in Eqn. 5 accounts for the time 
dependence of A23187 uptake in the cell (k = 7 
min-1; for further details see Ref. 14). L m a  x de- 
pends on pH according to log(Lm~)=  m(pH 0 - 
pHx) + log(Lx), L x being the maximum 'leak' at 
the initial extracellular pH equal to pH x and m 
being a value between 1 and 1.5 dependent on 
intracellular pH [12] (we chose 1.2 in the pH 7.1 
experiments), f = b / ( 1 - b ) ,  b being the cell 
volume fraction, a refers to the concentration 
ratio of cytoplasmic [Ca 2+] to [Ca]i and depends 
on the Ca2+-buffering effect of calmodulin (see 
below), r =  exp( -EF/RT) ,  E being the mem- 
brane potential and F, R and T the Faraday 
constant, the gas constant, and the absolute tem- 
perature, and S is the initial extracellular Ca 2+ 
concentration. In Eqn. 6 o A and v B, the pump 
activities of the calmodulin-free 'A' state and the 
calmodulin-saturated 'B' state, are functions of 
t h e  C a  2+ concentration as described earlier [9]. 

Eqn. 2 defines the time dependence of the 
fraction w of the calcium pump that binds 
calmodulin (cf. Eqn. 6), Z being the concentra- 



t ion of free ca lmodul in  and k 1 and k 2 being the 
rate constants  for association and  dissociation of 

the pump-ca lmodu l in  complex described earlier as 
funct ions  of the Ca 2+ concent ra t ion  [9]. Analo-  

gously, Eqn. 3 defines the time dependence of the 
fraction u of a hypothetical  ca lmodul in  target that 

b inds  ca lmodul in  and thereby competes with the 
p u m p  for free calmodulin.  The cellular concentra-  
t ions of ca lmodul in  and  ca lmodul in -b ind ing  target 

were 4 and 3.8 ~M, k 3 = 13 • k I and k 4 = 4 .  k 2. 
Since ca lmodul in  associating to a target b inds  
Ca 2+ with higher affinity than uncomplexed 
ca lmodul in  [9], the buffer ing of cytoplasmic Ca 2+ 

depends  on w and u and, therefore, c~ (cf. above) 
varies dur ing the calcium transient.  

Eqn. 4 describes the time dependence of the 
increment  of extracellular K + concentra t ion  due 

to the opening of the potass ium channel.  The 
membrane  potent ia l  E is equal to (EKgk+ 
EAngAn)/(gK+gAn), E K and EAn being the 
Nerns t  equi l ibr ium potentials  and gK and  gAn the 
conductances  of potass ium ions and anions, re- 

spectively (see Ref. 31). EAn and gAn are kept 
cons tant  dur ing the calculations, EAn equal to the 
initial  membrane  potent ia l  (cf. Refs. 32,33). gK is 

equal to gKmax[Ca2+]2/(0.5 + [Ca2+]2). gKmax 
and  gAn were 40 and 25 /~S/cm 2 mult ipl ied by 
1.75 • 10 7 cm2/1 cells. 
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