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Fluctuations of the Ca2+-activated K + current were measured in identified Aplysia neurones under voltage 
clamp conditions. The amplitude of I ~ c  ~ was manipulated by ionophoretic injections of Ca 2+. At small 
amplitudes of Ca2+-activated outward currents the variance of the Ca2+-activated current fluctuations 
increases linearly with the mean outward current. The single-channel conductance estimated from the 
variance of the fluctuations and the mean outward current is 11 4- 3 pS at - 3 0  mV. Power spectra of the 
Ca 2 +-activated K + current can be fitted by the sum of two Lorentzian components with corner frequencies 
of about 10 Hz  and 120 Hz.  

In molluscan neurones of several species in- 
tracellular Ca 2÷ activates ion channels selective 
for K ÷ ions which are distinct from other K + 
conductances in the same cell [1,2]. In Helix neu- 
rones it could be shown by using patch-clamp 
techniques and fluctuation analysis that the con- 
ductance of the Ca2+-activated K + channel (IK,c~ 
channel) is between 12 and 20 pS [3-5]. Thus the 
conductance of the IK,Ca channel in Helix neuro- 
nes is about one order of magnitude lower than 
that of a K+-selective Ca2+-dependent channel 
described in a variety of vertebrate cells [6]. The 
power spectra of IK,Ca fluctuations in Helix neu- 
rones showed that the minimal kinetic scheme to 
describe the current fluctuations is a three-state 
model [4]. Although a large body of information 
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on the macroscopic IK,ca in molluscan neurones 
was obtained from Aplysia nerve cells, no data on 
the microscopic properties (conductance and 
kinetics) of IK,ca channels are available. In par- 
ticular it appeared interesting whether the conduc- 
tance of IK,c~ channels in Aplysia neurones is of 
the high- or low-conductance type [6]. 

Experiments were performed on identified nerve 
cells in the abdominal ganglion of the marine 
mollusc Aplysia californica (Marine Specimens, 
Pacific Palisades CA, U.S.A.). The experimental 
procedures (dissection, identification of neurones, 
voltage-clamp, ionophoretic injection of Ca 2÷ etc.) 
were described before [7,8]. Artificial seawater 
contained (in mM): 478 NaCI, 10 KC1, 10 CaC12, 
55 MgC12, 10 Tris-HC1. The pH was adjusted to 
7.6. In some experiments Co 2+ was substituted for 
Ca 2÷ on an equimolar basis (0 Ca 10 Co saline) to 
prevent Ca 2+ influx across the cell membrane. 
Stationary IK,c~ was activated by adjusting the 
ionophoretic injection of Ca 2+ into the cell (Ref. 
4, inset Fig. 2). Membrane potential and current 
were recorded on a chart-recorder. The d.c. cur- 
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rent  signal and  the ampl i f i ed  a.c. componen t s  
(100 × ,  0.03 Hz  to 1 kHz)  were s tored on mag-  
net ic  tape  (Raca l  Store 4). Power  spec t ra  of  the 
f luc tuat ions  of  m e m b r a n e  currents  before  and  dur-  

ing the s t a t ionary  phase  of  IK,C~ were ob t a ined  
f rom a spec t rum ana lyzer  ( F F T  ana lyzer  CG-910,  
O n o  Sokki Ltd. ,  Japan) .  16 to 32 spec t ra  were 
averaged• 

Fig.  1A shows power  spec t ra  of  m e m b r a n e  
cur ren t  f luc tuat ions  before  ( spec t rum 1) and  dur -  
ing the ionophore t i c  in jec t ion  of  Ca  2÷ to act ivate  
IK,C~ (spec t rum 2). Spec t rum 2 was genera ted  
when the ou tward  cur ren t  was at  a s ta t ionary  level 
(see inset  Fig.  2). The  d i f ference  be tween  the two 
spec t ra  can be asc r ibed  to f luc tuat ions  of  IK,Ca [4]. 
The  di f ference spec t rum,  shown in Fig. 1 B can be  
descr ibed  b y  the sum of  two Loren tz ian  funct ions:  

S(f) = S(1)/(1 + (lift)2) + S(2)/(1 + (f/f2)2) 

i nd ica t ed  by  the con t inuous  l ine in Fig. lB.  S(1) 
and  S(2) are  the l imi t ing spectra l  densi t ies  at 0 Hz  
and  f l ,  f2 are  the c o m e r  frequencies  of  the two 
componen t s .  In  d i f ferent  exper imen t s  corner  
f requency f l  ranged  f rom 4 to 14 Hz and  corner  
f requency f2 covered range f rom 70 to 140 hz. The  
c o m e r  f requency f2 is less accura te  because  the 
s ignal- to  noise  ra t io  decreases  at  f requencies  higher  
than  300 Hz. The  c o m e r  frequencies  were rela-  
t ively cons tan t  wi th in  an exper iment .  The  c o m e r  
f requencies  d id  no t  d e p e n d  on  the mean  Ca 2÷- 
ac t iva ted  ou tward  current  as long as the mean  
ou t wa rd  current  was l inear ly  re la ted  to the vari-  
ance of  the IK,Ca f luctuat ions.  In  the exper iment  
shown in Fig.  2 the c o m e r  frequencies  d id  not  
change  measu rab ly  a l though the mean  IK,Ca in- 
c reased  f rom 11 to 72 nA.  A t  higher  ou tward  
currents  the c o m e r  f requency was shif ted to lower 
frequencies.  

The  power  spec t ra  of  the Ca2+-ac t iva ted  
f luc tua t ions  can be  f i t ted by  a m i n i m u m  of  two 
Loren tz i an  funct ions.  One  poss ib i l i ty  is that  there  
are  two types  of  IK,Ca channels  with di f ferent  
k ine t ic  proper t ies .  Evidence  for two dif ferent  
popu la t i ons  of IK,Ca channels  has  been  p rov ided  
on  the basis  of  the di f ferent ia l  sensi t ivi ty  of  IK,C~ 
tai l  currents  for t e t r a e t h y l a m m o n i u m  [9]. In  these 
exper iments  a ma jo r  f rac t ion of  the tai l  currents  
was very sensit ive to t e t r a e t h y l a m m o n i u m  in 
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Fig. 1. Fluctuations of membrane currents. (A) Power spectra 
of membrane current fluctuations before (spectrum 1) and 
during the plateau of the Ca2+-activated K + current (see inset 
Fig. 2) elicited by an ionophoretic injection of Ca 2 ÷ (spectrum 
2). The spectral density S(f) is plotted vs. the frequency f on a 
double-logarithmic scale. 16 spectra were averaged. (B) Dif- 
ference between the spectra shown in Fig. 1A. The difference 
spectrum is fitted by the sum of two Lorentzian components 
(continuous line) with corner frequencies of 10 and 150 Hz and 
zero frequency amplitudes of 4.5-10- 22 and 2.10- 23 A2/Hz. 
The individual Lorentzian components are indicated by the 
broken lines. The mean Ca 2+ activated current was 122 nA. 
Cell R-4. Holding potential -40  mV. 

accordance  with exper iments  on IK,Ca ac t iva ted  
b y  ionophore t i c  in jec t ion  of  Ca  2+ [8,10] in con- 
t ras t  to a smal ler  f rac t ion of  tai l  currents  which 
was ra ther  insensi t ive to t e t r ae thy lammonium.  In  
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Fig. 2. Plot of the variance (02) of the Ca2+-activated current 
fluctuations vs. the mean Ca2+-activated K ÷ current (I) in 
artificial sea water (ASW) (O) and 0 Ca 10 Co saline (o). The 
straight line was fitted by eye. Holding potential - 30 mV. The 
inset shows the activation of IK, Ca by an ionophoretic injec- 
tion of Ca 2+. The duration of the Ca a÷ injection is indicated 
by the arrows. Power spectra were recorded at the time indi- 
cated by the bars above the current trace. Cell R-15. 15.5°C. 

our  experiments the componen t  insensitive for 
t e t rae thy lammonium is probably  not  more  than 
2% of  the total IK,C~ [10]. Al though we can not  
fully exclude the possibility that  a minor  compo-  
nent  of  the power spectra is generated by  tetraeth- 
ylammonium-insensi t ive  channels we do not  con- 
sider this a very likely explanation because this 
componen t  is to small to be resolved in these 
experiments. The other  possibility is that  the chan- 
nel may  adopt  more  than two states. For  such a 
homogeneous  popula t ion  of  channels a three-state 
model  is the min imum to be compat ible  with the 
observed power spectra [11]. This may  be a model  
with two closed and one open state as it was 
suggested for the IK,C~ fluctuations in H e l i x  neu- 
rones [4]. Alternatively it could be a model  with 
two open  states and one closed state. At  present it 
is not  possible to distinguish between these possi- 
bilities. The power spectra of  IK,C~ fluctuations 
are very similar to those recorded before in H e l i x  

neurones which were described by a sum of  two 
Lorentz ian functions with corner  frequencies of  4 
to 6 and 120 to 190 Hz  [4]. 

Under  certain condit ions the single channel  
conductance  (y )  may  be estimated f rom the vari- 
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ance of  the current  fluctuations (o  2) and the mean  
Ca2+act ivated current  (Refs. 11, 12, see below) 

y = o2/IK,ca(1 -- p ) A E  (1) 

with P:  the probabil i ty of  the channel  to be open 
and AE:  the difference between the membrane  
potential  and the reversal potential  of  IK,ca" The 
variance was estimated by the integration Of the 
Lorentz ian spectra fitted to the difference spec- 
trum. The reversal potent ia l  of  IK,Ca was 
determined by the measurement  of  IK,Ca relaxa- 
tions [4] in the same cells immediately before 
a n d / o r  after recording the power spectra. It should 
be noted that  the relaxation of  IK,C~ is obtained 
f rom the difference of relaxation currents before 
and  during the activation of  IK,ca to eliminate 
current  components  not  activated by the injection 
of  Ca 2÷. The reversal potential  of  IK,C~ determined 
this way was 56 + 4 mV ( E +  S.D., n = 4, range 
- 5 0  to - 6 0  mV). This is about  14 mV less 
negative than the reversal potential  of  1K,Ca ob- 
tained before by the injection of  Ca 2+ at differing 
holding potentials [13]. It  seems not  very probable  
that  the difference of  the reversal potential  is due 
to the different methods  to obtain the reversal 
potential,  because it has been shown in H e l i x  

neurones that  bo th  methods yield identical rever- 
sal potentials [4]. I t  seems also not  very likely that 
the low value of the reversal potential  is caused by 
a Ca2÷-activated unspecific cat ion conductance  
because there is experimental evidence that iono- 
phoret ic  injections of  Ca 2 ÷ activate primarily (98% 
or more) a K+-specific te t raethylammonium-sensi-  
tive current [10,13-15]. On  the other  hand  it seems 
more  likely that the positive value of  the reversal 
potential  is due to a reduct ion of  the K ÷ con-  
centrat ion gradient caused by the long lasting 
depolarizat ion of  the membrane  and the activa- 
t ion of  IK,C~, i.e. the depletion of  intracellular K ÷ 
and the accumulat ion of  K ÷ in the extracellular 
space. Changes  of  the extracellular K ÷ concentra-  
tion which may  shift the K ÷ equilibrium potential  
by  up to 16 mV have been observed during the 
oscillatory activity of  neurone R-15 [16]. 

Fig. 2 shows that  f rom small Ca2+-activated 
outward  currents the relation between the vari- 
ance of  IK,Ca and the mean IK,Ca is linear, equiv- 
alent to p << 1. The  variance is also not  signifi- 
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cantly altered if external Ca 2+ is replaced by 10 
m M  Co 2÷ (Fig. 2). At higher outward currents the 
variance no longer increases linearly with the mean 
IK,Ca as expected if the probabili ty of the channel 
to be open increases (data not shown). The 
single-channel conductance calculated from Eqn. 
1 was 11 + 3 pS (~  + S.D. n = 4) in artificial sea 
water. 

The single-channel conductance estimated from 
equation 1 is about 11 pS at - 3 0  mV. In excised 
membrane  patches from Aplysia neurones the 
conductance of single IK,C~ channels determined 
by the patch-clamp technique was about 20 pS at 
- 4 0  mV in asymmetric K ÷ solution (Herrmann 
and Erxleben, submitted). 

There are several factors which may cause this 
discrepancy. It  has been pointed out that Eqn. 1 
may  underestimate the single-channel conduc- 
tance if the channel has more than one closed 
state [11,12]. For  a three-state model with two 
closed states appropriate corrections may be intro- 
duced [11]. However, Eqn. 1 may be a good ap- 
proximation even for a three-state model if the 
binding reaction is fast and if the Ca 2÷ concentra- 
tion is lower than the dissociation constant [12]. 
Another  factor which may lead to different esti- 
mates of the single-channel conductance is the 
non-linear current-voltage relation of IK,Ca chan- 
nels in asymmetric K ÷ solutions demonstrated in 
intact cells [4] and in excised membrane patches 
(Herrmann and Erxleben, submitted). The effect 
of different K ÷ concentrations on the single-chan- 
nel conductance will be demonstrated by some 
examples. In Aplysia neurones the single-channel 
current-voltage relation of the IK,Ca channel can 
be described by the Goldman equation [17,18] 
with a single-channel permeability rr = 8 -10  -14 
cm 3- s -1 (Hermann and Erxleben, submitted). In 
the patch-clamp experiments the inside and out- 
side concentrations of K ÷ were 345 and 10 m M  
( E  K = - 9 0  mV). The single-channel conductance 
at - 30 mV estimated from the Goldman equation 
and ~r = 8 - 1 0  -14 cm 3- s -1 is 20 pS. The single- 
channel conductance is reduced to 15 pS if the 
internal K ÷ concentration is 200 mM ( E  K = - 7 5  
mV) as it is found in Aplysia neurones [19]. A 
further reduction to 150 mM ( E K = - - 6 8  mV) 
yields a single-channel conductance of 12 pS. In 
the experiments reported here the reversal poten- 

tial of IK,Ca was less negative than reported before 
[13] indicating a reduced K + concentration gradi- 
ent (see above). A single-channel conductance of 
12 to 14 pS calculated from the single-channel 
permeability is close to the single-channel conduc- 
tance obtained from the noise data and Eqn. 1. It 
is suggested therefore that the major source for the 
discrepancy between the noise and patch clamp 
data are the non-linear current-voltage relation 
and the different K + concentration. 

The agreement between both techniques to de- 
termine the single-channel conductance not only 
indicates that the measurement of current fluctua- 
tions yields a reliable estimate of the conductance 
of IK,Ca channels in Aplysia neurones, but also 
demonstrates that the single-channel conductance 
is not modified by the excision of the membrane 
and the replacement of the intraceUular medium 
by an artificial ionic environment. 

For  Helix neurones single-channel conduc- 
tances between 12 to 20 pS were measured by 
noise analysis [4] and patch-clamp techniques [3,5]. 
In Aplysia neurones IK,Ca is highly selective for 
K + with a selectivity sequence similar to that of 
the delayed rectifier [15] and in Helix neurones it 
was shown that the IK,Ca channel is selective for 
K ÷ over Na  ÷ [5]. Thus in both molluscan species 
IK, Ca channels are selective for K ÷ and therefore 
belong to the class of IK,C~ channels of low con- 
ductance. In addition the power spectra show that 
the kinetics of IK,C~ channels of Aplysia cells is 
very similar to those of Helix neurones [4]. IK,C~ 
channels of low conductance therefore may be a 
more general property in molluscan neurones. It  
remains to be seen if IK,Ca channels of other 
invertebrate cells belong to the low- or high-con- 
ductance type of IK,Ca channels. 

This work was supported by a Heisenberg grant 
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