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Summary. Internal perfusion of Helix neurons with a solution 
containing potassium aspartate, MgC12, ATP, and HEPES 
causes the calcium-activated potassium current (1K~Ca~) evoked 
by depolarizing voltage steps to decrease with time. When inter- 
nal free Ca ++ is strongly buffered to 10 7 M by including 0.5 mM 
EGTA and 0.225 mM CaCI2 in the internal solution, IK~c,~ remains 
constant for up to 3 hours of perfusion. In cells where IK~c~, is 
small at the start of perfusion, perfusion with the strongly buf- 
fered 10 .7 M free Ca ++ solution produces increases in 1K~ca> which 
ultimately saturate. In cells perfused with solutions buffered to 
10 6 M free Ca ++, IK~ca~ is low and does not change with perfu- 
sion. These results lead us to conclude that IK~ca> is stable in 
perfused Helix neurons and that the apparent loss of/KICal s e e n  

initially with perfusion is due to accumulation of cytoplasmic 
calcium. Since the calcium current (/ca) provides the Ca ~+ which 
activates IKr during a depolarizing pulse, Ic~ is also stable in 
perfused cells when free intracellular Ca ,+ is buffered. 

Perfusion with 1 /.r calmodulin (CAM) produces no effect 
on 1Kic.) with either 10 .7 or 10 .6 M free internal calcium. Inhibit- 
ing endogenous CaM by including 50/*M trifluoperazine (TFP) in 
both the bath and the internal perfusion solution also produces 
no effect on IK(c.1 with 10 -7 M free internal calcium. It is con- 
cluded that CaM plays no role in IK~c~ activation. 

Key Words calcium-activated potassium current �9 calmodu- 
lin �9 internal perfusion . calcium buffering . calcium current �9 
wash out 

Introduction 

In ternal  pef fus ion  is a technique  with which one can 
revers ib ly  change  the cy top lasmic  conten ts  of  a cell 
(Krishtal  & Pidopl ichko,  1975). It has been  used to 
s tudy ion select ivi ty o f  channels  (Reuter  & Stevens,  
1980), the rote o f  nucleot ides  in single pho to recep-  
to t  cells (Stern & Lisman ,  1982), and modula t ion  o f  
channe l  act ivi ty  by cycl ic  nucleot ides  (Doroshenko ,  
K o s t y u k  & M a r t y n y u k ,  1982) and phosphory la t ing  
e n z y m e s  (Depeyer ,  Cachel in ,  Levi tan ,  & Reuter ,  
1982; D o r o s h e n k o  et al., 1984). A similar technique,  
whole-cel l  pa tch  clamping,  has a l lowed internal per- 
fus ion of  ver tebra te  cells (Fenwick,  M a r t y &  Ne- 
her,  1982). 

The  nature  o f  the site conferr ing calcium sensi- 
t ivity to the ca lc ium act ivated  potass ium current  
(IK(ca)) is not  known.  We wished to use intracellular 
perfus ion to test  the hypothes is  that  cy top lasmic  
calmodul in ,  a prote in  which mediates  the calc ium 
sensit ivity o f  a large number  o f  e n z y m e s  (Cohen,  
1982; Klee,  C r o u c h  & Richman,  1980), is required 
for  ac t iva t ion  o f  ca lc ium-act iva ted  potass ium cur- 
rent. Here  we repor t  that  IK(Ca) elicited by  depolariz-  
ing vol tage pulses decreases  with perfus ion in Hel ix  

neurons .  This result  is not  surprising given that 
o ther  g roups  have  shown that  ca lc ium current  (Ica) 
is " w a s h e d  o u t "  with perfus ion of  mol luscan neu- 
rons (Byer ly  & Hagiwara ,  1982; D o r o s h e n k o  et al., 
1982). Since ac t ive / ca  is required to elicit IK(c,) with 
depolar iz ing vol tage pulses,  one would  expect  that  
IK(ca) should also appear  to decrease  with perfusion.  
H o w e v e r ,  we  show here that with p roper  calc ium 
buffering o f  the internal perfus ion solution, IKICa~ 
remains  stable for  hours .  Loss  of  IK(c~/with perfu- 
sion is shown  not  be be due to the loss o f  cytoplas-  
mic fac tors  but ra ther  is corre la ted  with accumula-  
tion o f  cy top lasmic  calcium. 

A role for  ca lmodul in  (CAM) in act ivat ion o f  
IK(ca) was  tes ted  by  including 1/xm CaM in the inter- 
nal per fus ion  solut ion with 10 v or  10 -6 M free cal- 
cium. N o  effect on  IK(ca) was  seen in ei ther  case.  
Fu r the rmore ,  exposure  o f  both  the cy top lasmic  and 
extracel lular  sides o f  the p lasma m e m b r a n e  to tri- 
f luoperazine,  a calmodul in  inhibitor, in the presence  
o f  10 -7 M free ca lc ium p r o d u c e d  no effect  on IK(ca). 
It is conc luded  that  the act ivat ion o f  IK(Ca) by de- 
polar izing vol tage pulses  does not  require ca lmodu-  
lin. 

Materials and Methods 

All experiments were performed at room temperature on neu- 
rons in the right parietal ganglion of Helix aspersa. By analogy 
with Helix pomatia (Lux & Hofmeier, 1982), it is thought that a 
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Fig. 1. Internal perfusion without 
calcium buffering produces appar- 
ent loss of/K~Car (A) Superim- 
posed traces of current responses 
to depolarizing voltage steps 
measured after 5 (top) and 21 
(bottom) min of internal perfusion. 
Numbers at right indicate voltages 
at which several of the current 
traces were obtained. (B) Current 
v e r s u s  voltage data taken at indi- 
cated times of internal perfusion 

large proportion of the outward current in these cells is 1K~C,~. 
Cells were made accessible by removing the surrounding con- 
nective tissue in the presence of 0.25% trypsin in extracellular 
saline (80 mM NaCI, 4 mM KCI, 10 mM CaCI2, 1 mM MgCI2, 5 mM 
glucose, 10 mM NaHCO3, I0 mM NaHEPES at pH 7.4). The 
preparation was then washed extensively to remove the trypsin. 

Intracellular perfusion was performed similarly to Lee, 
Akaike and Brown (1978) and Stern and Lisman (1982). Briefly a 
fire-polished glass pipette (100/,m o.d., 16/,m i.d.) was brought 
up to a 50 to 80/,m cell body and with a small amount of suction 
a 20 to 90 Mfl seal was established. The membrane occluding the 
pipette tip was permeabilized with a voltage oscillation followed 
by two pulses of suction. After this molecules in the cell and in 
the pipette were free to exchange. Suction generated by a gravity 
trap served both to hold the cell in place and to draw in fresh 
intracellutar buffer (112.5 mM potassium aspartate, 2 mM MgCI2, 
0.5 mM Na2ATP, 5 mM Na2ATP, 5 mM K+HEPES at pH 7.1 with 
amounts of CaCI2 and EGTA as indicated for individual experi- 
ments) from a capillary 150 ~m from the cell. The volume of 
solution in the pipette between the cell and the capillary inport 
could be exchanged quickly at a flow rate of 0.2/*1 per minute. 
Using this configuration intracellular potassium could be re- 
placed with cesium within 7 rain as measured by the decrease in 
outward current in response to depolarizing voltage steps. Cells 
were used only if peak action potential amplitude was at least 90 
mV and if series resistance was less than 600 k~. 

All current and voltage measurements were made with a 
single electrode-switching voltage clamp (Almost Perfect Elec- 
tronics) via a Ag/AgC1 wire in a trap connected to the perfusion 
pipette with tubing filled with 200 mM KCI. The use of a switch- 
ing voltage clamp eliminates the need for series resistance com- 
pensation. Measurements were made relative to a grounded Ag/ 
AgCI wire in the bath. 

A holding potential of -40  mV was used when not collect- 
ing data. Presentation of pulses and collection and analysis of 
data were via a PDP 11/23 computer system (Indec Systems). 
Currents were evoked by a series of 200-msec pulses in 10 mV 
steps starting from -120 mV and typically reaching + 160 inV. 
Pulses were separated by 5.8-sec intervals at -40 inV. Voltage 
and current data were collected at a rate of 1 kHz, although only 
every third point is shown in the figures. The current during the 
last 5 msec of each pulse was averaged to give "steady state" 
current. The currents measured between - 120 and -90 mV were 
used to extrapolate leak conductance. Typical leak conductance 
was 1 to 2% of the peak conductance measured at positive volt- 
ages. The current v e r s u s  voltage plots shown are all "steady 
state" and are leak subtracted. Current v e r s u s  voltage plots were 
taken at 8 to 12 rain intervals usually after an initial 10 min of 
perfusion. Free calcium concentrations were calculated with a 

computer program which took into account chelation of Ca" + 
and Mg ++ by both ATP and EGTA at a specified pH. The pro- 
gram did not take into account either ionic strength or activity 
coefficients. Thus free calcium concentrations, although consis- 
tent from experiment to experiment, are approximate and are 
only given by order of magnitude. NazATP, trifluoperazine 
(TFP), potassium aspartate, EGTA, and CaCI2 were obtained 
from Sigma. Bovine calmodulin was obtained from Biorad. 

Results 

Depolarization elicits two outward noninactivating 
potassium currents in Helix neurons. One of these 
is due to delayed rectifier channels which open at 
depolarized potentials. The other current is depen- 
dent on both calcium influx and voltage and thus is 
known as the calcium-activated potassium current 
(IK(ca)) (Meech & Standen, 1975; Lux & Hofmeier, 
1982). This current first appears under voltage 
clamp at about 0 mV and then rises to a peak value 
at about 70 mV with 200-msec depolarizing pulses. 
However, at more depolarizing voltages IK~c~) de- 
creases. This occurs because, as the calcium equi- 
librium potential is approached, calcium influx de- 
creases and begins to limit calcium-dependent 
potassium channel activation (Meech & Standen, 
1975). The summation of the delayed rectifier and 
calcium-activated potassium currents produces a 
characteristic N-shaped current versus voltage 
curve (e.g. Fig. 1B, 5 min). The current making up 
the hump of the N shape is IKICa) while the monoton- 
ically increasing current interpolated from 0 mV to 
beyond the negative slope region of the curve is due 
to delayed rectifier and nonlinear leak currents. We 
have chosen to use the current underlying the N 
shape of the current versus voltage curve as a mea- 
sure of IK(ca. It should be pointed out that, to our 
knowledge, there is no blocker of the delayed recti- 
fier current in Helix which does not also block IK(ca) 
to a significant extent. 

The initial characterization of IK(ca) was done 
using the two-electrode voltage clamp technique 
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(Meech & Standen, 1975). We chose to investigate 
the possible role of calmodulin in IK(cal activation by 
internally perfusing cells. Among the many advan- 
tages this technique offers is excellent control of the 
concentration of agents perfused into cell's cyto- 
plasm. Furthermore, internal perfusion of an agent 
is reversible. The perfusion electrode also provides 
an excellent current-passing electrode. Finally, one 
can study interactions between components of the 
cytoplasm and the membrane, an option not avail- 
able with the detached patch recording technique 
(Hamill et al., 1981). 

Internal perfusion of H e l i x  neurons with K + as- 
partate, MgCI2, Na2ATP, and HEPES causes the 
IK(Ca) component of the current ve r sus  voltage curve 
to decrease. Figure 1A shows the current records 
elicited by voltage pulses for one such cell. Early in 
the experiment, after only 5 min of perfusion, the 
cell has robust IK(Ca) (Fig. 1A, top). The current re- 
cords later in the experiment are shown in Fig. 1A, 
bottom. There we see that after an additional 16 min 
of perfusion the currents have become smaller. The 
outward current flowing at +80 mV has halved. 
Further depolarization to + 120 mV is not accompa- 
nied by a large decrease in current as is seen in Fig. 
1A, top. The current does, however, begin to in- 
crease above + 120 mV. These points are clearly 
seen when current is plotted ver sus  voltage after 
different times of perfusion (Fig. 1B). Early in the 
experiment the current v e r s u s  voltage (I-V) curve 
has a distinct N shape while after 21 min of perfu- 
sion the negative slope region has decreased 
greatly. This change is indicative of a decrease in 
the magnitude of IK(Ca~ relative to the delayed recti- 
fying potassium current. Note that the current at 
+ 140 mV, which is largely delayed rectifying cur- 
rent, also appears to decrease with perfusion in this 
cell. Some of this decrease may be due to loss of 
contaminating IK~Ca), and it should also be pointed 
out that small errors in voltage and fluctuations in 
leak current would produce dramatic effects on cur- 
rent flow at +140 mV. Furthermore, such a de- 
crease in outward current was not seen consistently 
at the most depolarized voltages, whereas the cur- 
rent at +70 mV and the N shape of the current 
ve r sus  voltage curve always decreased with perfu- 
sion time. Thus we conclude that only IK(C,) appears 
to decrease with perfusion. This loss of IK(Ca) could 
be due to a decrease in either calcium channel or 
calcium-activated potassium channel activity. 

In fact, a loss of /ca  seems to be more likely. 
H e l i x  calcium-activated potassium channels have 
been shown to be stable in detached patches 
(Ewald, Williams & Levitan, 1985). Thus one would 
not expect internal perfusion to remove some factor 
required for IK(Ca) activity. On the other hand, mol- 

luscan calcium current has been shown to be labile 
in perfused cells (Byerly & Hagiwara, 1982; 
Doroshenko et al., 1982). The loss of/Ca has been 
interpreted to be due to "wash out" of a cytoplas- 
mic factor required for calcium channel activity. An 
alternative explanation is that the internal perfusion 
solution supplies some factor which leads to a de- 
crease in IK(Ca) (possibly by decreasing Ica). One 
possible factor is calcium. Elevated concentrations 
of calcium have been shown to cause inactivation of 
molluscan calcium current (Eckert & Chad, 1984) 
and block of T-tubule calcium activated potassium 
channels (Moczydlowski & Latorre, 1983). Either 
phenomenon would produce a decrease in IK(Ca) 
elicited by depolarizing voltage pulses. 

Although no calcium was added in these initial 
experiments, the normal intracellular perfusion 
buffer was contaminated with about 25 /xM Ca ++, 
measured by atomic absorption, arising mostly from 
the potassium aspartate. The intracellular free cal- 
cium concentration in H e l i x  neurons, on the other 
hand, has been found to be about 10 -7 M (Alvarez- 
Leefmans, Rink & Tsien, 1981). In order to more 
closely approximate the cytoplasmic milieu, 50/xM 
EGTA was added to weakly buffer free calcium to 
10 -7 M. Under these conditions IK(C~I still decreases 
with perfusion, albeit at a slower rate. However, 
increasing the buffering capacity for calcium ten- 
fold, by changing the EGTA concentration to 0.5 
mM without increasing free calcium concentration, 
eliminates the decrease in IK(c~) associated with per- 
fusion for up to 3 hr. The data shown in Fig. 2A 
were obtained from a cell pet-fused with this 
strongly buffered calcium solution. The current ver- 

sus  voltage data shows that, although some random 
shifting occurs, no systematic change in the shape 
or the magnitude of the I~:(ca/component is seen for 
76 min. Thus under these conditions prolonged per- 
fusion produces no change in the outward currents. 
It should also be noted that examination of the cur- 
rent v e r s u s  time records shows no discernible dif- 
ference in the kinetics of currents measured in cells 
perfused with the appropriate buffer for over an 
hour (data not shown) and currents measured with 
two-electrode voltage clamp in unperfused cells 
(Lux & Hofmeier, 1982). 

It might be expected that no calcium-activated 
currents would be evident in the presence of 0.25 
mM free EGTA. However, at least 10 mM EGTA is 
required to completely block IK(c~ elicited by depo- 
larization (Akaike et al., 1983). Thus the 0.25-mM 
free EGTA used in the internal solution in the 
present experiments must saturate near the mem- 
brane during depolarizations, but nonetheless is suf- 
ficient to maintain a steady-state level of free cal- 
cium. 
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Fig. 2. The effect of  buffering free calcium in the internal perfu- 
sion solution on main tenance  of IK~c~. (A) Inclusion of 0.5 mM 
EGTA and 0.225 mM CaC12 in the internal medium to buffer free 
Ca ++ concentrat ion to about  10 .7 M. Current  v e r s u s  voltage data 
obtained after 16, 36, 56, and 76 rain of internal peffusion. (B) 
Current  v e r s u s  voltage data taken at indicated t imes of internal 
peffusion with same buffer  as in A. (C) Current  v e r s u s  voltage 
data  after 24, 33, 44, 52 and 61 rain of internal perfusion with 
10 -6 M free Ca ++ (1.0 mM EGTA,  0.95 mM CaCI2). Each set of  
traces ( A - C )  was taken from a different cell 

The stability of IK(Ca) during perfusion with 
strongly buffered solution is common in cells with 
initially robust IK(C~) (e.g., Fig. 2A). However, in 
cells in which IK(C~) is initially low, intracellular per- 
fusion with solution strongly buffered to 10 .7 M free 
Ca + + produces increases  in/K(Ca) without systemati- 
cally affecting the delayed rectifier current. The 
data in Fig. 2B were taken from a cell perfused with 
the same buffer as in Fig. 2A. The I - V  plot after 3 
rain of perfusion is only weakly N shaped and thus 
indicative of a small amount of IK(Ca). After 57 min 
of perfusion the current at +80 mV increases to 
170% of its initial value. Between 80 and 130 mV 
there is a large decrease in outward current. Further 
depolarization produces an increase in current simi- 
lar to that seen at the outset of the experiment (Fig. 
2B, 3 rain). Thus in this cell where IK(Ca) initially 

appeared to be present in only a small amount, per- 
fusion with a strongly calcium-buffered solution 
produced a dramatic increase in IK(c~/ without af- 
fecting the delayed rectifying potassium current. 
Typically the increase in IK(r with perfusion, seen 
in cells with initially low IK(ca), saturates with time, 
leaving cells with robust N shaped current versus 
voltage curves, and further perfusion produces no 
change. 

In order to determine whether the inability of 
weakly buffered solutions to maintain IK~c,~ is due to 
their inability to hold the free calcium concentration 
at 10 -7  M, cells were perfused with solutions buf- 
fered to 10 -6 M free calcium with a high concentra- 
tion of EGTA. The current versus voltage plots for 
these cells are weakly N shaped after only a short 
time of perfusion, indicating that they possess little 
IK(c~) (Fig. 2C). Further perfusion with the 10 -6 M 
calcium buffer does not increase IK(C~ in marked 
contrast to such cells perfused with a solution 
strongly buffered to 10 _7 M free calcium (e.g. Fig. 
2B). These results further indicate that the ampli- 
tude of IK(c,) in response to a depolarizing voltage 
pulse is regulated by the steady-state level of free 
cytoplasmic Ca ++ . 

We then investigated whether IKICa) is activated 
in a calmodulin-dependent manner. Calmodulin 
(CAM) is a soluble 16-kD protein which binds four 
calcium ions with dissociation constants in the mi- 
cromolar range (Klee et al., 1980) and thus can act 
as a calcium buffer. It has also been shown to medi- 
ate the calcium sensitivity of a number of enzymes 
including protein kinases, phosphatases, a phos- 
phodiesterase, and a pump (Cohen, 1982). Perfu- 
sion with 1 p~M CaM produces no changes in IK(C,/in 
the presence of strongly buffered 10 -7 M free cal- 
cium (Fig. 3A,B).  Since buffering calcium to such 
submicromolar levels would inhibit steady-state 
CaM-dependent processes, the experiment was re- 
peated at a calcium concentration at which CaM is 
active. However, even with 10 -6  M free internal cal- 
cium, inclusion of CaM produces no effect on out- 
ward currents (Fig. 3C,D).  It could be argued that 
tightly bound endogenous CaM remains present in 
the cell in sufficient concentration to activate or 
modulate the IK(Ca/ channel. Thus perfusion would 
not remove CaM and perfusion with CaM would not 
further activate IK(Ca). To test this possibility cells 
were exposed to high concentrations of the CaM 
inhibitor trifluoperazine (TFP). Inclusion of 50 ~M 
TFP in the bath as well as in the perfusion solution 
for long periods of time produces no effect on IK(C,/. 
Shown in Fig. 4 are data from a cell perfused with 
10 -7 M free calcium where exposure to TFP for 50 
min did not diminish the I~:(ca) component of the 
current versus voltage curve. Both the current 
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Fig. 3. Addition of 1 /xM calmodulin to 
calcium-buffered internal solutions does not 
affect IK(ca~. (A) Current v e r s u s  voltage data 
taken after 15, 25 and 33 min of internal 
perfusion with solution buffered to 10 -7 M 
free Ca ++. Calmodulin was added to the 
internal solution after 41 min of peffusion. 
(B) Current v e r s u s  voltage data taken after 
43, 51, 59, 69, and 82 rain of perfusion 
(same cell as in A). (C) Current v e r s u s  

voltage data taken after 1 I, 22 and 30 min of 
internal perfusion with solution buffered to 
10 6 g free Ca ++. Calmodulin was added to 
the internal solution after 38 rain of perfu- 
sion. (D) Current v e r s u s  voltage data taken 
after 40, 51, 61, and 70 min of perfusion 
(same cell as in C) 

records and the I - V  plot appear normal. Thus nor- 
mal activation of IKfCa) under voltage clamp does not 
appear to be a CaM-dependent process in perfused 
cells. It is also interesting to note that the decreased 
IK(Ca) seen in cells perfused with 10 -6 M free calcium 
is not altered by calmodulin inhibitor (data not 
shown)+ Thus depression of IK(C,) by high cytosolic 
calcium also does not require CaM. 

Discussion 

Intracellular perfusion allows exchange of diffusible 
molecules in the cytoplasm with the contents of the 
solution in the perfusion pipette (Krishtal & Pido- 
plichko, 1975; Lee et al., 1978). In contrast to other 
methods of introducing molecules into cells such as 
pressure injection and iontophoresis, compounds 
perfused into cells can later be perfused out. The 
perfusion pipette also furnishes one with an excel- 
lent current-passing electrode for voltage clamping. 
These advantages have been utilized to study a 
wide variety of interactions between the contents of 
the cytoplasm and membrane ion channels ranging 
from ion selectivity of membrane currents (Reuter 
& Stevens, 1980) to modulation of ion channels by a 
protein kinase (Depeyer, et al., 1982; Doroshenko 
et al., 1984). This last application demonstrates that 
even large proteins can be perfused into neurons. 
One would thus expect that any small metabolites 
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Fig. 4. Inclusion of 50 txM TFP in bathing and internal solutions 
does not affect IK(ca>. (A) Current elicited by voltage pulses after 
50 min of exposure to internal and external TFP. (B) Current 
v e r s u s  voltage data after 50 min of exposure to internal and 
external TFP. Approximate free Ca + + concentration was 10 -7 M. 
The results are the same as in the absence of TFP (e.g. Fig. 2A) 

and even regulatory enzymes would be "washed 
out" of a cell during the course of a long perfusion 
experiment. 
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A decrease in calcium current has been re- 
ported with internal perfusion in several different 
cells (Byerty & Hagiwara, 1982; Doroshenko et al., 
1982; Fenwick et al., 1982). Such a loss would be 
reflected in the amplitude of IK(c~) elicited by depo- 
larization, since IK(C~/ activation is dependent on 
calcium entry. The fact that Helix calcium-activated 
potassium channels have been found to be stable in 
detached patches (Ewald et al., 1985) suggests that 
the loss of IK(C~) with perfusion (e.g. Fig. 1) may be 
due to loss of lc~. However, the decrease of 1K~c~o 
can be prevented if intracellular free calcium is 
strongly buffered to 10 _7 M, and in fact perfusion 
under these conditions causes Ik(c~l to increase in 
cells where it is initially depressed. Apparent loss of 
IK(Ca) is seen in cells where free calcium is either 
unbuffered, buffered only weakly to 10 -7 M, or buf- 
fered to 10 .6 M. These results lead us to conclude 
that loss of 1K(Ca) with perfusion is not due directly 
to the loss of a necessary cytoplasmic factor, but 
rather is due to accumulation of cytoplasmic cal- 
cium which in some way causes depression of IK(C,). 

Clearly one could not maintain IK(C~) activity, 
elicited by depolarization, for hours in the absence 
of lca. Thus Ic~ apparently is not "washing out" 
under our experimental conditions. This contrasts 
with previous work on peffused Helix neurons. 
Doroshenko et al. (1982, 1984) have demonstrated 
that calcium current in Helix neurons decreases 
with perfusion, but that this decrease can be pre- 
vented by inclusion of either cAMP or catalytic sub- 
unit of cAMP-dependent protein kinase in the per- 
fusion solution. They have therefore concluded that 
loss of calcium current with perfusion is due to 
washout of a metabolite required for channel actiw 
ity, namely cAMP. In contrast to our conditions, 
these workers did not strongly buffer calcium. Thus 
it is possible that cAMP acts to modulate the cell's 
calcium buffering system. If calcium buffering is in- 
volved in this phenomenon, perfusion with a buffer 
similar to ours may prevent "wash out" of calcium 
current. 

It is interesting that work in another molluscan 
system seems to support this explanation. Byerly 
and Hagiwara (1982) have reported that perfusion 
produces loss of calcium current in Lymnaea neu- 
rons. Their buffer contained less than 10 -8 M free 
calcium, but unlike ours did not include magnesium 
or ATP. Byerly and Moody (1984) later reported 
that inclusion of ATP in the perfusion solution is 
very important for controlling free calcium in these 
cells. Byerly and Yazejian (1985) have now found 
that inclusion of magnesium and ATP along with a 
strong calcium EGTA buffer is sufficient to prevent 
loss of calcium current with perfusion, without the 
addition of cAMP or a protein kinase. Thus this 
group has found that perfusion conditions, similar 
to those we have found eliminate loss of IK(ca) in 

Helix neurons, also prevent loss of Ic~ in Lymnaea 
neurons. 

There is an apparent paradox in the conclusion 
that a calcium-dependent ion current is actually de- 
pressed by high steady-state concentrations of free 
intracellular calcium, and thus it is of interest to 
consider how calcium accumulation might depress 
IK(Ca)- The similarity in sensitivity of calcium cur- 
rent and calcium-activated potassium current to 
perfusion conditions which allow cytoplasmic cal- 
cium to become elevated suggests a mechanism that 
could account for the apparent "wash out" of these 
currents with perfusion. It has been shown in a 
large number of systems that elevated calcium 
causes inactivation of calcium channels (Eckert & 
Chad, 1984), and Byerly and Moody (1984) have 
determined that this occurs in Lymnaea neurons 
when cytoplasmic free calcium reaches 10 -6 U. 
Thus under conditions where cytoplasmic calcium 
is elevated, depolarization results in fewer open cal- 
cium channels. Less calcium enters the cell, and in 
turn fewer calcium activated-potassium channels 
can be opened. Eckert and Ewald (1982) have 
shown that this phenomenon occurs in molluscan 
neurons when cytoplasmic calcium is raised by 
opening calcium channels with a voltage-clamp pre- 
pulse. 

Other possible mechanisms also exist. It has 
been shown that reconstituted calcium-activated 
potassium channels from skeletal muscle T-tubules 
are blocked by calcium concentrations in the 50/~g 
range (Moczydlowski & Latorre, 1983). Although it 
is unlikely that cytoplasmic calcium ever reaches so 
high a concentration in our experiments, such a 
phenomenon might occur at lower concentrations in 
Helix neurons. Single-channel studies may help to 
distinguish between these two possible mecha- 
nisms. Finally, more indirect mechanisms are also 
possible. For example, it has been shown that 
phosphorylation increases calcium-activated potas- 
sium channel activity (Depeyer et al., 1982; Ewald 
et al., 1985). Thus elevated cytosolic calcium might 
decrease I~(ca/by activating a phosphoprotein phos- 
phatase. Clearly, given the plethora of calcium-de- 
pendent enzymes, many alternative mechanisms 
are possible. 

Once conditions were found where IK(Ca) was 
stable in perfused neurons, we investigated whether 
calmodulin plays any role in I~(cal activation. 
Calmodulin has been shown to mediate the calcium 
sensitivity of a number of enzymes including ki- 
nases, phosphatases, phosphodiesterase, and the 
Ca++-ATPase ion pump (Cohen, 1982). It thus 
seems reasonable that calmodulin might confer cal- 
cium sensitivity to the IK(Ca) channel. It was found, 
however, that calcium-activated potassium current 
can be maintained without inclusion of calmodulin 
in the perfusion solution, suggesting that freely dif- 
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fusible calmodulin is not required for IK(Ca) activity. 
However, it is conceivable that calmodulin tightly 
bound to the membrane channel might be necessary 
for activity. In fact, calmodulin is tightly bound to 
the enzyme phosphorylase kinase (Cohen, 1982), 
and such tightly bound calmodulin would not be 
expected to be washed out with perfusion. In order 
to address this possibility we simultaneously ex- 
posed both the cytoplasmic and the extracellular 
sides of the plasma membrane to 50 /zM TFP, a 
calmodulin inhibitor. No effect on IK(c,) activity was 
observed, although this concentration of TFP com- 
pletely blocks CaM-dependent enzymes in mollus- 
can ganglia (DeRiemer et al., 1984) as well as in 
many other systems. Thus calmodulin does not ap- 
pear to mediate the calcium sensitivity of calcium- 
activated potassium current in Helix neurons. The 
fact that the calcium sensitivity of IK(Ca) can  be 
maintained in perfused cells and in detached mem- 
brane patches (Ewald et al., 1985) suggests that a 
different factor closely associated with the channel 
must confer normal calcium sensitivity. This, how- 
ever, does not rule out the possibility of calmo- 
dulin-dependent modulation of IK(Ca) under other 
physiological conditions such as exposure to 
neurotransmitters. It is also of interest that inhibi- 
tion of CaM produces no effect when internal cal- 
cium is in the micromolar range. Under these condi- 
tions IK~ca) is depressed, possibly because Ica is 
inactivated by elevated cytosolic calcium. This sug- 
gests, albeit indirectly, that calcium channel inacti- 
vation by cytoplasmic calcium may not require 
CaM. Finally, it should also be kept in mind that 
calmodulin may exert effects on calcium-dependent 
currents indirectly merely by virtue of its calcium- 
buffering properties. As shown here, such calcium- 
buffering effects are large when one examines the 
calcium-activated potassium current. 
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