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The currents through single Ca2+-activated K + channels were studied in excised inside-out membrane 
patches of human erythrocytes. The effects of temperature on single-channel conductance, on channel gating 
and on activation by Ca 2 + were investigated in the temperature range from 0 up to 47 o C. The single-channel 
conductance shows a continuous increase with increasing temperature; an Arrhenius plot of the conductance 
gives the activation energy of 29.6 :t: 0.4 kJ/mol .  Reducing the temperature alters channel-gating kinetics 
which results in a significant increase of the probability of the channel being open (Po)- The calcium 
dependence of Po is affected by temperature in different ways; the threshold concentration for activation by 
Ca 2+ is not changed, the Ca 2+ concentration of half-maximal channel activation is reduced from 2.1 #tool / !  
at 20°C to 0.3/~moi/ l  at 0°C, the saturation level of the dependence is reduced for temperatures higher 
then about 30 ° C. The relevance of the obtained data for the interpretation of the results known from flux 
experiments on cells in suspensions is discussed. 

Introduction 

Cation movements across the red cell mem- 
brane can be separated pharmacologically into 
three major components: the ouabain-sensitive 
Na + and K + flux mediated by the sodium pump, 
C 1 - / N a ÷ / K  + cotransport systems sensitive to 
' loop' diuretics (e.g., bumetanide, furosemide), and 
the residual, ouabain- and loop diuretics-insensi- 
tive K + flux (for references see, for example Refs. 
1 and 2). For full thermodynamical description of 
the transport processes changes of temperature 
and pressure are used as a complementary physi- 
cal tool [1]. Especially the effects of temperature 
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on Na + and K + transport in the erythrocyte mem- 
brane attract much attention [2-4]. Two of the 
flux components, the ouabain-sensitive and the 
loop diuretics-sensitive, show a continuous de- 
crease with decresing temperature from 37 to 0 °C 
while the residual K + flux, in human red cells, 
shows a paradoxical increase when temperature is 
reduced below 12°C [5,1]. Similar effects have 
been observed in red cells from rat, dog and 
guinea pig (when calcium was added to the 
medium) but not in other species (e.g., rodents 
[2,6]). 

Since Ca2+-activated K + channels seem to con- 
tribute to the elevated K + flux at reduced temper- 
atures in red cells of at least some species [2] I 
wanted to investigate in more detail the effects of 
temperature on the Ca 2 +-activated K + channels in 
the membrane of human erythrocytes. 

The Ca2+-activated K + channels in red cells 
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(reviewed in Ref. [7]) have been extensively studied 
in this laboratory by the patch-clamp technique 
[8,9,10]. The direct measurements of single-chan- 
nel conductance, channel gating and their modula- 
tion by different factors allowed a better interpre- 
tation and understanding of a series of results 
obtained in flux experiments on cells in suspen- 
sions. In particular it was possible to establish that 
Ca2+-activated K + channels mediate so called 
G~trdos effect consisting of an increased mem- 
brane permeability to K + at elevated intraceUular 
calcium concentrations [11]. 

In this paper I shall present data from patch- 
clamp experiments in the temperature range from 
0 to 47 o C; this may serve to a further characteri- 
zation of the CaZ+-activated K + channel. 

Materials and Methods 

Human red cells were obtained from Rh+0 
blood of healthy donors from Red Cross Blood 
Bank in Frankfurt. The cells were washed two to 
three times in isotonic KCI solution buffered to 
pH 7.4 by 4-morpholinepropane sulfonic acid 
(Mops). 

Solutions 
The standard solution contained 150 mmol/1 

KCI, 1 mmol/l  MgC12 and was adjusted to pH 
7.4 by 10 mmol/l  Mops buffer. Concentrations of 
free Ca 2+ below 5 ~tmol/1 were established by 
buffering with 1 mmol/1 ethylene glycol bis(fl- 
aminoethyl ether)-N,N'-tetraacetic acid (EGTA) 
(see Ref. 12). Solutions in the pipette were usually 
prepared without added CaCI 2. The stability con- 
stant of the Ca-EGTA complex, K, used for calcu- 
lations of the free Ca 2+ concentrations was not 
corrected for changes of the temperature. Accord- 
ing to Ref. 13 K does not change significantly 
while changing the temperature between 0 and 
35 ° C (see also Discussion). 

Patch-clamp recordings 
The patch-clamp technique [14] was applied to 

record single-channel currents in cell-free, inside- 
out membrane patches of human red cells. 

The bath temperature was controlled with a 
Peltier cooling device and monitored with a ther- 
mistor placed near the tip of the patch pipette. 

The data were stored on magnetic tape, and 
were later transferred to a brush recorder (Gould) 
for evaluation by hand, or records were digitized 
at an appropriate sampling rate, transferred to 
floppy diskettes and analysed by means of an LSI 
11/23 computer (for details see Refs. 10 and 15). 
The probability of the channel being open Po was 
usually determined from amplitude histograms. At 
low temperatures (< 10 °C) records were 
dominated by long-lasting openings and show 
reduced frequency of brief closures: under these 
conditions estimates of Po were often made by 
hand from data plotted by the brush recorder. 

Results 

The effects of temperature on single-channel 
conductance, on channel gating and on activation 
by Ca 2+ of the K + channels were investigated in 
cell-free, inside-out membrane patches of human 
red cells. For convenience the studies were per- 
formed primarily on inward currents, i.e. for the 
membrane configuration used currents flowing 
from pipette to the bath, since the Ca 2 +-activated 
K ÷ channels exhibit inward rectification with out- 
ward currents usually not exceeding 1 pA. 

Fig. 1 shows records of single-channel K + cur- 
rents in a membrane patch of a human erythro- 
cyte at different temperatures and at a holding 
potential of V H = - 100 mV. The bath solution in 
contact with the internal membrane surface con- 
tained 10/xmol/1 free Ca 2+. The records demon- 
strate that the amplitude of sin#e-channel events 
decreases with decreasing temperature (note the 
presence of two channels in the membrane patch). 
In addition to single-channel conductance, the 
channel gating is also strongly affected by temper- 
ature. Reducing the temperature by only 5°C 
from 35 to 30 °C results in a significant increase 
in channel activity that consists of high-frequency 
brief-channel openings and closings. This 'flicker- 
ing' is gradually replaced by long-lasting dwell 
times when the temperature is further reduced; the 
temperature dependence of this channel gating is 
considered in more detail below. 

1. Temperature dependence of the single-channel 
current 

Fig. 2 shows I -V  (current-voltage) relations of 
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Fig. 1. Temperature dependence of single-channel K + currents in an excised membrane patch+ Downward defleettons represent 
inward current flowing from the pipette to the bath. Broken lines show the base line currnet level (closed channel). The temperatures 
are indicated on the right of each record. The pipette and bath contained the same standard solution (see Materials and Methods) 

with 10 #mol / l  free Ca 2+. Holding potential Vu = - 100 inV. 
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Fig. 2. Current-voltage (i-v) relations of the K + channel 
from one membrane patch measured at different temperatures. 
Pipette and bath contained the same solution as described in 
Fig. 1. The solid line represents 1- V relation at room tempera- 
ture (TR) published previously (Grygorczyk et ai. [9], Fig. 3); 
broken lines show the same but rescaled relation at 32°C (©), 
10 ° C (U) and 2 ° C (v), respectively (see text for other details), 

the channel for different temperatures. The solid 
line represents the I - V  curve observed at room 
temperature (TR) as published previously [9]. The 
broken lines represent the same curve multiplied 
for each temperature by a factor representing rela- 
tive change of single-channel current observed at 
- 1 0 0  mV with respect to the current at room 
temperature, Each curve fits well to the data points 
measured at the corresponding temperature indi- 
cating that decreasing temperature decreases the 
slope of the whole I - V  curve by the same factor. 
Thus the temperature dependence of the channel 
conductance (represented by the slope of the I - V  
curve) can be described by the temperature depen- 
dence of single-channel current at a fixed mem- 
brane potential (e.g. - 1 0 0  mV). Fig. 3A shows 
the dependence of the single-channel current 
recorded at - 1 0 0  mV in the temperature range 
0-47  ° C. The Arrhenius plot of these data, Fig. 
3B, is convincingly linear and has a slope which 
corresponds to an activation energy of 29.6 + 0.4 
kJ /mol .  

2. Temperature dependence of channel gating 
The records presented in Fig. 1 were obtained 

with 10 /~mol / l  free Ca 2+ on the intraceUular side 
of the membrane.  This Ca 2+ concentration is suf- 
ficient to give saturating channel activity at 20 o C, 
i.e. maximum probabili ty of finding the channel in 
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Fig. 3. (A) Temperature dependence of single-channel current 
recorded at -100 inV. Each point represents the mean value 
(5: S.D.) from 2-9 experiments. Points without bars are from 
single experiment. (B) Arrhenius plot of the data shown in (A). 
The slope of the straight line, representing least-squares fit to 
the data, corresponds to an activation energy E a of 29.6 + 0A 

k J/tool. 

the open state, Po (see Ref. 9). Fig. 4 shows 
records obtained with low (0.5 #mol/1)  Ca 2+ in 
the bath at higher (35 ° C) and lower temperature 
(0 o C). One can easily recognize that at 35 ° C only 
brief channel openings are present, while at 0 °C  
the record is dominated by openings lasting up to 
several seconds which is similar to the observa- 
tions at 10 btmol/1 Ca 2+ (Fig. 1). This temperature 
dependence of channel gating corresponds to a 
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Fig. 4. Temperature dependence o£ channel activity recorded with 0.5 #mol/l Ca "~- in the solution in contact with the intracellular 
membrane surface. The membrane potential was set to -100 mV; temperatures are indicated on the right of each record. Broken 

lines represent baseline current levels. Note the presence of two channels in the membrane patch. 

significant increase of  Po if the temperature is 
lowered. The effect is reversible and can be 
repeated during cycles of  heating and cooling 
within the temperature range f rom 0 to 47 ° C. Fig. 
5 shows open- and closed-time distributions of  the 
K ÷ channels at 30 and 0 ° C  with 0.5/~mol/1 Ca 2+ 
in the bath  solution. For  3 0 ° C  the open- t ime 
distribution could be satisfactorily described by  a 
single exponential  w i t h  a time constant  corre- 
sponding to a mean  open  time of  about  1.6 ms. In  
contrast  the closed-time distr ibution has to be 
described by  two components :  a fast one with a 
mean  d o s e d  time %1 of  about  6.8 ms and a slow 

one with r¢2 = 40.0 ms. At  0 ° C the situation is so 
to speak reversed; i.e. the open-t ime distribution 
now shows two components  with mean open  times 
of about  % t = 3 - 7  and % 2 = 2 9 . 4  ms, and the 
closed-time distribution is now dominated  by  a 
fast componen t  with a mean closed t ime of  about  
2.5 ms (the contr ibut ion of  the slow componen t  
amounts  to less then 2%). 

3. Temperature dependence of activation by Ca 2+ 
Fig. 6 shows more  explicitely the temperature 

dependence of  Po at different Ca 2+ concentrat ions 
in the bath solution (in Fig. 6A at 0.2, 0.5 and 1.0 
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Fig.  5, T e m p e r a t u r e  d e p e n d e n c e  o f  the  g a t i n g  o f  s ingle  CaZ+-ac t i va t ed  K + channe l s .  Lef t  pane l :  d i s t r i bu t i ons  of  dwel l  t imes  of  the  
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s ing l e - channe l  c u r r e n t s  were  o b t a i n e d  a t  - 100 m V  a n d  dig i t ized  a t  s a m p l i n g  ra te  o f  400  Hz.  T h e  curves  r ep re sen t  l ea s t - squa res  fits o f  

N = P l e x p ( -  t/~z)+ P2 e x p ( -  t/~2) to  the  d a t a .  F i t  p a r a m e t e r s  fo r  c losed  t imes  d i s t r i bu t i ons  a t  30 ° C  are:  %1 = 6.8 ms,  &: = 40.0  
ms,  PcJ = 88%, P~2 = 12% a n d  a t  0 o C %1 = 2.5 ms,  %2 = 76.9 ms,  P~1 = 98%, Pc2 = 2%. F o r  o p e n - t i m e  d i s t r i b u t i o n  fit p a r a m e t e r s  a t  

30 ° C  are :  %1 = 1.6 ms,  %2 = 14.3 ms,  Pol = 99%, Po2 = 1% a n d  a t  0 ° C  %1 = 3.7 ms,  %2 = 29.4 ms,  Po~ = 84%, Po2 = 16%. 
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Fig. 6. Dependence of the probability of the channel being 
open (Po) on temperature at different internal Ca ~+ activity: 
(A): 0.2 (v), 0.5 (rq) and 1.0 # m o l / l  (O);  B: 5 (O)  and 10 
/zmol / l  (El). The estimates of Po were made from records of 
single-channel currents measured at membanre potential of 
- 100 mV. Symbols represent mean values ( 4- S.D.) from two 
to four experiments. Symbols without bars are from single 

experiments. 

/xmol/1 Ca 2+, and in Fig. 6B at 5 and 10/~mol/1 
Ca2+). The values of Po represent a ' to ta l '  prob- 
ability of the channel being open, i.e., they were 
calculated without distinguishing between differ- 
ent open states of the K + channel whose existence 
was demonstrated in the open and closed-time 
distributions (Fig. 5). The phenomenon of increas- 
ing Po with decresing temperature is clearly seen 
for 0.5 and 1.0 # m o l / l  Ca 2+ while for lower 
calcium concentrations (0.2 # m o l / l  and less) Po 
remains low also at reduced temperatures. For 
higher calcium concentrations (5 and 10/xmol / l )  a 
drop of Po could be only seen above 30 ° C  while 
at lower temperatures Po remains at the saturating 
level. Fig. 7 shows the dependence of probabili ty 
of a channel being open, Po, on calcium con- 
centration at three different temperatures: 35, 20 
and 0 o C. It  demonstrates that at 0 ° C  the steep- 
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Fig. 7. Dependence of the probability of the channel being 
open, Po, on internal Ca 2 + activity at 0 ° C (rq), 20 ° C (O) and 
35 °C (v). Symbols represent mean values (4- S.D.) The curve 
measured at 20 °C includes in part data published previously 
(Grygorczyk et aE [10], (Fig. 4). The point in the brackets (v) 
(see curve measured at 35°C) was obtained with 10 #mol/l 

free Ca 2+. 

ness of the dependence is much higher than at 20 
and 35 °C  while the threshold concentration for 
activation by calcium (approx. 0 .2 /~mol / l )  seems 
not to be changed. At 35°C, in addition, the 
saturating level of Po is significantly reduced. The 
estimated calcium concentrations corresponding 
to half-maximum channel activation, K1/2, are 
0.3, 2.1 and 1.2/xmol/1 at 0, 20 and 35 ° C, respec- 
tively. While the dependence of Po on Ca z+ con- 
centration is not very steep at 35 ° C, the K1/2 is 
lower than at 20 °C  due to the reduced saturating 
level of Po. 

Discussion 

The data presented give further evidence that 
Ca2+-activated K + channel in human red cells has 
several characteristics of K + channels in other cell 
membranes.  The single-channel conductance de- 
pends on temperature as could be expected for ion 
diffusion in a water filled pore. Channel gating 
properties reveals several states of the channel, 
similarily to other Ca2+-activated K ÷ channels 
[16,17]. These Ca2+-activated K + channels, which 
possibly form the major pathway of the residual 
(ouabain- and loop diuretics-insensitive) K ÷ flux 
in the erythrocyte membrane,  are also responsible 
for the anomalous increase in K ÷ permeability 
observed in red cells of guinea pig at temperatures 
below 15°C [2]. This transport system possibly 
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accounts for a similar effect in red cells of other 
non-hibernating species (rat, dog) observed when 
Ca 2+ was present in the media. Human red cells 
seem to be an exception, since minimum K + per- 
meability at 12°C was even observed in the ab- 
sence of Ca 2+ in the bathing medium [5]. The 
results from the patch-clamp experiments show 
that the temperature dependence of the K ÷ flux 
mediated by the Ca2+-activated K + channel is 
complex; it reflects the superimposed effects of 
temperature on single-channel conductance, on 
channel gating and on the activation by Ca 2+. 
With decreasing temperature a continuous de- 
crease of channel conductance is observed, but 
simultaneously, altered gating kinetics results in 
an increase of channel opening probability at re- 
duced temperatures. These effects could be rele- 
vant for the interpretation of data obtained in flux 
experiments. 

Single-channel conductance decreases with decreas- 
ing temperature 

Decrease of the channel conductance with de- 
creasing temperature has already been described 
for several channels in different preparations, e.g. 
acetylcholine-activated channel in cultured skeletal 
muscle of chicken [18,19], glutamate-activated 
channel in locust muscle [20] and for Ca 2+- 
activated K ÷ channel in cultured rat muscle [21]. 
In the later case the single-channel conductance 
increase from about 100 pS at I ° C  to about 300 
pS at 37 °C  i.e. by a factor of about 3 which is 
comparable to the value of about 4.3 as observed 
in my experiments on human red cells for the 
same temperature range. Decreasing single-chan- 
nel conductance with decreasing temperature could 
be understood as a simple consequence of reduced 
thermal agitation of ions diffusing in a water filled 
pore [22]. The activation energies E~ for diffusion 
of ions in such pores usually lie in the range from 
12 to 25 k J /mo l  (for reference see Ref. 23) which 
is of the same order of magnitude as E~ for K ÷ 
ions diffusion in a bulk solution (17 k J /mo l  [24]). 
A similar value of E ,  was found in the present 
study for activation energy of channel conduc- 
tance (29.6 kJ /mol )  in the temperature range 
0 -47° C .  This is also similar to the value (28.7 
kJ /mol )  obtained by Hall et al. [1] from flux 
measurements of the passive ouabain- plus 

bumetanide-insensitive K + permeability in human 
red cells in the temperature range of 18 to 37 ° C, 
i.e. above the observed minimum of K + flux at 
12°C (see also Ref. 6). On the other hand, Ste- 
ward and Ellory [31 reported for E,  values of 50 
and 36 kJ /mo l  in normal red cells and in red cells 
from patients with familial xerocitosis, respec- 
tively. The former value is similar to the activation 
energy of about 60 kJ /mo l  which could be esti- 
mated from the temperature dependence of Ca 2 +- 
stimulated K + effiux from human red cell ghosts 
given by Simons (see Fig. 4 in Ref. 25). One 
possible explanation for the higher activation en- 
ergies observed sometimes in K + flux experiments 
compared to my observations is that the number 
of active channels may alter with decreasing tem- 
perature. In some of my experiments with mem- 
brane patches containing several K + channels I 
got the impression that at lower temperatures the 
number of active channels is reduced but the 
effect was not studied in detail. In any case, one 
could suspect that the temperature dependence of 
single-channel conductance could account, at least 
in part, for the observed decrease of the K + flux 
observed with decreasing temperature in the tem- 
perature range above the minimum at about 12 ° C. 
Since channel conductance decreases continuously 
in the whole temperature range from 47 to 0 °C 
this effect can not be responsible for the paradoxi- 
cal increase of K + permeability below 12°C seen 
in flux measurements [51. 

Channel gating is affected by temperature 
The analysis of gating of the Ca2+-activated 

K + channel in human red cells at different tem- 
peratures (Fig. 5) indicates that any plausible 
model for this channel has to be composed of at 
least two open and three closed states including a 
component with very short closures (see Ref. 10) 
not resolved at the sampling rate used to construct 
the histograms shown in Fig. 5. Thus the kinetics 
of the Ca2+-activated K + channel in human red 
cells is as complex as for other CaZ+-activated K + 
channels (see, for example, Refs. 16 and 17). De- 
creasing temperature slows down transition rates 
between channel states which leads to alterations 
of the dwell times of the corresponding channel 
states. The dwell times could increase or decrease 
depending on the relative temperature sensitivity 



of transition rates between the different channel 
states. For the Ca2+-activated K + channel studied 
here, an increase of channel dwell time in the open 
state with long-lasting openings is observed and 
simultaneously a decrease of channel dwell time in 
the closed state with long-lasting closures. This 
results in a significant overall increase of the prob- 
ability of the channel being open, Po, at reduced 
temperatures since Po = %/(% + ~'c) (see Figs. 6 
and 7). The above effect reflects directly changes 
of the transition rates between channel states with 
decreasing temperature and cannot be accounted 
by e.g. increased free Ca z+ level due to the tem- 
perature dependent buffering of Ca z+ by EGTA. 
The temperature dependence of the stability con- 
stant of the Ca-EGTA complex is rather small and 
tends in opposite direction, i.e., to reduce free 
Ca 2 + level with decreasing temperature. 

An increase of mean channel open time with 
decreasing temperature has also been demon- 
strated for acetylcholine-activated channels in 
chick skeletal muscle by noise analysis (see for 
example, Ref. 20) as well as in patch-clamp ex- 
periments [19]. 

Ca e + sensitivity is increased at lower temperatures 
The higher steepness of the dependence of Po 

on Ca 2+ concentration at 0 °C as compared to the 
dependence at 20 and at 35 °C (Fig. 7) indicates 
that transitions to the long-lasting open state 
(which dominate at reduced temperature) requires 
the binding of more Ca ions than transition to the 
short-lasting open state (dominating at higher 
temperature). Similar observations were made for 
Ca2+-activated K ÷ channel in cultured rat muscle 
[16,17]. Note however that the plot shown in Fig. 
7 represents Po of compound open states since 
transitions to different open states were lumped 
together. More detailed study would require anal- 
ysis of channel activity separated into individual 
channel states like that done by Magleby and 
Pallota [16,17]. 

The K ÷ flux mediated by Ca2+-activated K ÷ 
channel is proportional to the product of channel 
conductance ~,, probability of the channel being 
open Po, and number of K + channels. The oppos- 
ing effects of decreasing temperature on Po and "/ 
could result in a minimum in K + flux if only 
intracellular Ca 2+ concentration exceeds about 0.2 
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t~mol/1. The effect could be then seen even with 
fixed intracellular Ca 2+ concentration i.e. without 
participation of other low temperature effects on 
e.g. intracellular free Ca 2+ control. The physio- 
logical, free Ca 2+ level in human red cells is 
reported to be of the order of 10 to 30 nmol/1 
[26]. Some other estimates of the upper limit are in 
the range from 0.25 to 1.0/~mol/1; however, it is 
believed that the later are rather overestimates 
[27,28]. Thus one can not definitely exclude that, 
in addition, temperature-dependent control of in- 
tracellular free Ca 2+ is involved in the observed 
increase of K + flux at temperatures below 12°C 
as suggested in Ref. 29. 
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