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The all or nothing behaviour of Ca2+-dependent K + channels has been analyzed in one-step inside-out 
vesicles. There is a threshold for Ca 2 + below which the K + channels remain silent, and which ranges between 
the I0-6  and 10-s  M for different vesicles under the experimental conditions tested, in the absence of 
Mg 2+. The increase of Ca z+ concentration within this range recruits a larger fraction of the vesicles to the 
active (permeable to S6Rb+) state. The apparent rate of s6 Rb + transport through each individual channel was 
found to increase, however, with Ca 2 + concentration This finding is not an artefact due to size heterogeneity 
of the vesicle population, and it is consistent with the variations of the mean open time of the channels with 
Ca 2+ concentration reported previously in patch-clamp experiments. The electron donor system ascorbate + 
phenazine-methosulphate increases the rate of S6Rb+ transport through the channels whereas oxidized 
cytochrome c has the opposite effect. 

Introduction 

It  has been reported before that C a  2+ accel- 
erates the uptake of 86Rb+ by one-step reside-out 
vesicles derived from the human erythrocyte mem- 
brane by actwatlon of the Ca2+-dependent K ÷ 
channel [1,2] The rate of 86Rb+ uptake remains 
increased dunng the first few rmnutes after Ca 2+ 
addition, returning afterwards to about the same 
value observed without Ca 2÷ [2] The amount of 
86Rb÷ taken up during the rapid uptake phase, 
henceforth called 86Rb+ level at the 'steady-state ' ,  
increases with the Ca 2+ concentratmn within the 
10 -8  to  10 -6  M range This has been interpreted 
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ascorbate + 0 01 mM phenazane methosulphate 

to reflect an all or nothing behavlour of the indi- 
vidual vesicles vesicles with activated channels 
eqmhbrate with 86Rb dunng the first few rmnutes 
of incubation, after that, the rate of uptake de- 
pends on the influx of 86Rb into vesicles whose 
channels were not actwated at all, dechnmg for 
this reason to about the same value observed m 
the CaZ+-free situation The value of the Ca2+-de - 
pendent 86Rb + uptake reached at the steady-state 
reflects then the fractmn of vesxcles whose chan- 
nels were actavated by a pamcular  Ca 2+ con- 
centratxon 

Since the mean number of channels per vesicle 
is close to one [1], the all or nothang behavtour of 
the vesMes has been proposed to reflect the be- 
havlour of the mdwxdual channels [1,2] Thas view 
assumes that only two states of the channel, either 
actwe or mactwe, are possible and that the shaft 
from one to the other reqmres a change of Ca 2. 
concentratmn Models assuming the exastence of 
at least two Ca2+-bmdlng sites, one of which can 
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be occluded on occupation of the other, have been 
propossed to explain this behavlour [1,3] A pure 
all or nothing response seems, however, difficult 
to reconcile with observations from patch-clamp 
experiments, where a progressive increase of the 
mean open time of the K + channels with the 
increase of the Ca 2+ concentration has been re- 
ported [4,5] 

If intermediate acUvation states of the K + 
channels do exist, a decrease of the relative rate of 
86Rb+ transport on going from maximally- to 
submaxlmally-actlvatmg Ca 2 + concentrations 
should be expected The rime-course of Ca2+-de - 
pendent 86Rb+ transport by inside-out vesicles 
does not follow single exponentials, suggesting 
size heterogeneity of the vesicles [2] Since the rate 
of equilibration of the vesicles with the external 
86Rb+ depends on its volume/surface ratio, dif- 
ferences among reside-out vesicles subpopulaUons, 
winch may differ in vesicular size, should be taken 
into account on interpreting the results 

In this work we have investigated the effects of 
Ca z+ on the rate of 86Rb+ uptake by reside-out 
vesicles The possible contnbutmn of vesicular size 
heterogeneity has been evaluated Finally, the ef- 
fects of redox agents, which have been shown 
before to modify the sensitivity (threshold) to 
Ca z+ of the K + channels [6], have also been 
studied 

Materials and Methods 

Methods for preparation of one-step reside-out 
vesicles from human erythrocyte membranes and 
for measurements of 86Rb+ transport were as 
described before [2,6] 86Rb+ behaves similarly to 
K ÷ for transport through the CaZ+-dependent 
channels in red cells [7] The composition of the 
final incubation medium used for the flux mea- 
surements was (in mM) KC1, 18, K-Hepes (pH 
7 5), 16 5, TrIs-EGTA, 0 4, and CaCI z to give the 
Ca 2+ concentrations shown in the figures, winch 
were calculated using a value of 6 5 10 -8 for the 
apparent dlssocmtlon constant of EGTA The 
concentrations of K ÷, C1- and Hepes inside the 
vesicles were the same as in the medium This 
simphfies the interpretation of the results, espe- 
cially in view of the 'single-file diffusion' be- 
havmur proposed recently for the Ca2+-dependent 
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K + channels of human red cells [8] Experimental 
details for the use of redox agents were as de- 
scribed previously [6] 

86Rb+ chloride was purchased from Amersham 
Internauonal, p 1 c Chemicals were obtained either 
from Sigma London, Chem Co Ltd ,  Boehrmger 
Mannhelm or E Merck, Darmstadt 

Results and Discussion 

Ftg 1 shows the kmeUcs of Ca2+-dependent 
86Rb+ uptake by Inside-out vesicles at different 
Ca 2+ concentrations The effects of redox agents, 
shown also in Fig 1 (central and right-hand side 
panels), will be discussed later The 86Rb+ uptake 
at the steady state (20 ram) is also shown in the 
figure The time-course of the uptake of 86Rb + 
during the first 5 roan could not be described by 
single exponentials For this reason the tame 
needed to take up one half of the amount of 
86 Rb + taken up at the steady state (7"1/2) was used 
as an operational parameter to compare the rate 
of uptake at different Ca z + concentrations 

Fig 2 shows the relation of T~/z to the fraction 
of activated vesicles reached at the steady state, 
expressed as per cent of maximal activation TI/2 
decreased about 5 times m passing from 40% 
activation to 100% acuvation The changes of T~/2 
with vanaUons of the fraction of activated vesicles 
seem inconsistent with a pure all or nothing re- 
sponse of the channels The simplest interpreta- 
tion is that, even though a threshold for Ca :+ 
below which the K + channel is permanently closed 
seems to exist, submaximal C a  2+ concentrations 
are not associated with an 'always-open' state of 
the active channels, but intermediate states exist 
Ttus view is consistent, on the other hand, with 
the changes of the mean open time of the channels 
observed with variations of the Ca 2+ concentra- 
tion in patch-clamp experiments [4,5] 

The correct interpretation of our results must 
include, however, an evaluation of the possible 
effects of the heterogeneity of vesicles' size on the 
estimates of the 7"1/2 values In fact, even if pure 
all or nothing behavlour were applicable, size het- 
erogeneity would tend to displace the results to- 
wards the &recUon observed On purely statistical 
considerations the larger vesxcles would be more 
hkely to be acnvated at the lower Ca 2+ concentra- 
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Fig 1 T~me-course of Ca2%dependent 86Rb uptake by one-step ms,de-out  vesicles The uptake of 86Rb m the absence of Ca 2÷ (0 4 
m M  EGTA) was not modified by the addmon  of either asc-PMS or cytochrome c, and it has been substracted from all the values 
Asc-PMS 1 mM potassmm ascorba te+0  01 mM  phenazme methosulphate,  catalase (800 U / m l )  was also added to the medtum to 
avoid oxldatwe damage of the vesicles [6] Cyt c 0 03 mM  ox]dlzed cytochrome c The experiments were performed at 2 0 ° C  The 
values of pCa are indicated at the right-hand side for each curve Note that the values of pCa for each symbol differ from panel to 
panel 

tlons, since they should contain a larger number 
of channels per vesicle Owing to the larger 
volume/surface ratio m these vesicles and also to 
the fact that only one or a few among many 
channels would be active in each vesicle, the 7"]/2 
would be longer than m the smaller vesicles 

The prewous observation that fractions of 
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Fig 2 Half-eqmhbratlon umes  for Ca2+-dependent 86Rb up- 
take by one-step inside-out vesicles at different fractions of 
activated vesicles Values were calculated from expenments  
slmdar to those shown m Fig 1 The fraction of activated 
vesicles was esumated  by extrapolauon of the slow rate phase 
of 86Rb uptake (20-50 mln of incubation) to zero-time [2] 

activated vesicles as low as 5-10% can be obtained 
at the lower Ca 2+ concentrations [2] argues agamst 
the presence of a large fraction of the 86Rb+ space 
contained wlttun a few large vesicles with many 
channels per vesicle It seems critical, however, to 
obtam a more d~rect mdlcauon of the s~ze d]strt- 
butlon within our population of ms,de-out vesicles 
m order to interpret correctly the results Morpho- 
logtc measurements are meaningless smce only the 
everted vesicles, which mclude only 20-40% of the 
total membrane surface, are relevant to our ex- 
periments 

The approach chosen to test the effects of s~ze 
heterogenetty of the measured I"1/2 values was as 
follows reside-out vesicles were incubated during 
30 mm with 86Rb+ at a submaxlmal Ca 2+ con- 
centrauon, which actwated only about 50% of the 
vesicles The fraction of vesicles eqmhbrated with 
86Rb+ by the end of this incubation period should 
include the larger ones according to the above 
reasoning Then the vesicles were transfered to 
Ca z +-free medium Under ttus condxUons no mea- 
surable loss of 86Rb+ from the vestcles took place 
The vesicles' suspension was then dtwded into two 
ahquots whach were transferred e~ther to medium 
contalmng 86Rb+ at the same specific acttwty as 
that used during the first incubation or to medmm 
containing no rad~oactlwty Finally, the Ca 2+ con- 
centrauon was increased to 1/xM, a concentraUon 
which gwes maxamal actlvaUon of the K + chan- 
nels, and the changes of the 86Rb+ contents of the 



vesicles with time were followed The results of 
one of such experiments are shown in Fig 3 In 
the vesicles incubated with 86Rb+ the lntravesicu- 
lar radloactiwty increased to reach about the same 
level as in the maximally activated vesicles On the 
contrary, the vesicles incubated in medium con- 
tainmg no radioactivity lost 86Rb+ to attain about 
the same level as m the vesicles incubated with 
86Rb+ in Ca2+-free medium In the first case we 
are observing the influx of 86Rb+ in the fraction 
of vesicles which were not activated during the 
first 30-rmn incubation with a submaxlmal Ca 2+ 
concentration In the second case we are observing 
the efflux of 86Rb+ from the fraction of vesicles 
winch were acUvated during the first 30-rmn in- 
cubation w~th a submaximal Ca 2+ concentration 
We can then compare directly the lonetlcs of 
86Rb + transport by both subpopulations of inside- 
out vesicles The TI/: values estimated from Fig 3 
for the mflux and the efflux of 86Rb + were, 0 37 
and 0 25 man, respectively Contrary to our expec- 
tations the uptake (supposedly by the smaller 
vesicles) was somewhat slower than the loss (sup- 
posedly from the larger vesicles) In any case the 
differences were small indicating that size hetero- 
geneity does not have a large influence in de- 
termining differences in kinetics of 86Rb+ trans- 
port by fractions of vesicles winch have a different 
threshold for Ca 2 + 

It we now reexamine Fig 2, we must conclude 
that a pure all or nothing behawour is incompati- 
ble with our results Even though each channel has 
a threshold for Ca ~ +, below which no measurable 
a c t i v a t i o n  o c c u r s ,  a t  s u b m a x i m a l  Ca 2+ concentra- 
tions a gradual actwatlon of the individual chan- 
nels can take place, w~th an increase of the ap- 
parent permeabdity on increasing Ca 2+ concentra- 
tions This conclusion ~s. on the other hand, con- 
Slstent with the observations performed with ~so- 
lated membrane patches, where changes of the 
mean open time with changes of the Ca 2+ con- 
centrat~on have been reported [4,5] 

A second aspect winch deserves d~scuss~on is 
the effect of redox agents on the kmeucs of 86Rb+ 
transport through the Ca2+-dependent K + chan- 
nel The electron donor agent asc-PMS increased 
the fraction of activated vesicles at a given C a  2+ 

concentration (compare the 20-rmn 8°Rb+ uptake 
in left-hand side and central panels of Fig 1), and 
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Fig 3 Time-course of 86Rb transport by vesicle subpopula- 
tlons w~th different Ca 2+ thresholds One-step reside-out 
vesicles were first incubated during 30 mm with S6Rb at three 
different pCa values ~ 9 (0 4 mM EGTA, v), 7 2 (11) and 6 
(A) The S6Rb uptake by the end of this period is shown at 
t = - 1 0  mm m the figure The vesicles were then se&mented 
by cenmfugatmn (5 mm at 12000x g) and resuspended at 
about 100% equivalent haematocnt [1] m Ca2+-free (0 4 mM 
EGTA) medium Only the data obtained with the vesicles first 
loaded at pCa 7 2 are shown m the figure for clarity After 10 
mm incubation in Ca2+-free medium (t = 0 m the figure) the 
vesicles' supenslon was dlwded m three ahquots which were 
diluted with 10 volumes of medium containing EGTA and Ca 
as required to give a pCa of other  ~< 9 (©) or 6 (A and v) In 
one case (v) the ddutlng medium contained no radioactivity 
whereas m the other two ((3) and (zx) S6Rb was added to give 
the same speofic actlwty as m the first loading mcubaUon The 
T1/2 value for the loss of 86Rb from vesicles first loaded at 
pCa 6 (A) on ddutlon with 86Rb-free medium at pCa 6 did not 
differ slgmficantly from the 7'i/2 for the uptake of S6Rb at 
pCa 6 by vesicles first loaded m Ca2+-free medium (v) These 
results have not been represented m the figure for clarity 

cytochrome c had the reverse effect (right-hand 
side panel of Fig 1) Tins result confirms previous 
observaUons [6] The rate of equdlbratton with 
86Rb was also affected by the redox agents (Fig 
2) Asc-PMS decreased TI/2 to 1 / 2 - 1 / 3  of the 
control values at all the Ca 2 + concentrations tested, 
including the one which activates 10070 of the 
vesicles On the contrary, cytochrome c increased 
7"1/2 to about twice the control value at the Inghest 
Ca 2+ concentration (Fig 2) The accelerating ef- 
fect of asc-PMS on the uptake of 86Rb+ could be 
thought to arise from the reactivation of channels 
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otherwise lnsensl twe to Ca 2 + This effect has been 

reported in ghosts with reactivated K ~ channels  
[9] If that were the case, asc-PMS would increase 
the vesicular space which equlhbrates  with S6Rb + 

at the steady-state under  condl t tons  of maximal  
s t imulat ion by Ca 2÷ However, this has not  been 

observed (Ref 6, see also Fig 1} On the other 

hand  the opposite effect should be expected of 
cytochrome c, that is a decrease of the vesicular 
space which equlhbrates  with S6Rb + under  condi-  

t ions of maxamal st~mulatxon by Ca 2+, and th~s 

was not  observed either [6] 
An al ternatwe exp lanauon  would be to pos- 

tulate two different states of the K + channel,  one 

oxidized and  the other reduced, the last one hav- 
ing a 3-4- t tmes  larger conductance  The control  
s~tuat~on m our experaments would be an mter-  
medmte one with some channels  m the reduced 

state and some m the oxidized one The hypothe-  
s~s is consistent  with the observat ion of low-con- 
ductance  states of this channel  m patch clamp 

experiments  [4] In  this way the redox state would 
modula te  not  only the Ca 2+ affinity (threshold) of 

the K ÷ channel,  as reported before [6], bu t  also 
the conductance  of the channels  The ~mportance 

of ttUs double modula t ion  ~s u n k n o w n  at the 
momen t  
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