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ABSTRACT Currents through single potassium channels were studied in cell- 
attached or  inside-out patches from collagenase-dispersed smooth muscle cells o f  
the guinea pig taenia coli. Under  conditions mimicking the physiological state with 
[K+]i = 135 raM: [K+]o = 5.4 mM, three distinct types o f  K + channel were identi- 
fied with conductances around 0 mV of  147, 94, and 63 pS. The activities of  the 
94- and 63-pS channel were observed infrequently. The 147-pS channel was most 
abundant. It has a reversal potential o f  ~ - 7 5  mV. It  is sensitive to [Ca2+] i and to 
membrane potential. At - 3 0  mV, the probability of  a channel being open is at a 
minimum. At more positive voltages, the probability follows Boltzman distribution. 
A 10-fold change in [Ca~+]i causes a 25-mV negative shift of  the voltage where half 
o f  the channels are open; an 11.3-mV change in membrane potential produces an 
e-fold increase in the probability o f  the channel being open when P is low. At volt- 
ages between - 3 0  and - 5 0  mV, the open probability increases in an anomalous 
manner  because o f  a large decrease o f  the channel closed time without much 
change in the channel open time. This anomalous activity may play a regulatory 
role in maintaining the resting potential. The histograms of  channel open and 
closed time fit well, respectively, with single and double exponential distributions. 
Upon step depolarizations by 100-ms pulses, the 147-pS channel opens with a 
brief delay. The delay shortens and both the number  of  open channels and the 
open time increase with increasing positivity o f  the potential. The averaged cur- 
rents during the step depolarizations closely resemble the delayed rectifying out- 
ward K + currents in whole-cell recordings. 

I N T R O D U C T I O N  

Until the in t roduct ion  o f  the tight-seal patch-clamp technique (see Hamill et al., 
1981), little was known about  single K + channels in smooth  muscle membranes .  
A m o n g  the several types o f  K + channel  now known (Bolton et al., 1985; Inoue  et al., 
1985, 1986), a large conduc tance  Ca~+-activated K + channel  has been  studied in 
some detail on  amphibian (Berger et al., 1984; Wong,  1985; Singer and Walsh, 
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1987) and  mammal i an  smoo th  muscle  cells (Benham et al., 1985, 1986; I n o u e  et  al., 
1985, 1986; Wolf f  et  al., 1985; McCann  a n d  Welsh,  1986). Most  o f  these investiga- 
t ions were  c o n d u c t e d  on  m e m b r a n e  p r e p a r a t i o n s  e xpose d  to symmetr ical  high K + 
concen t ra t ions  on  bo th  sides o f  the  membrane .  A l though  channel  open ings  were 
faci l i ta ted by such p rocedures ,  the  env i ronmen t  was unphysiological ,  and  the obser -  
vat ions canno t  be readi ly  re la ted  direct ly  to famil iar  physiological  p h e n o m e n a .  A 
systematic invest igat ion o f  K + channels  with respec t  to channe l  types, kinetics,  per -  
mea t ion  and  b lockade  u n d e r  condi t ions  mimicking  the physiological  state with an 
asymmetr ica l  K + concen t r a t i on  should  facil i tate an u n d e r s t a n d i n g  o f  the physiolog-  
ical roles o f  the  single K § channels  in cel lular  funct ion .  

In  this p a p e r  we r e p o r t  o u r  observat ions  o f  the  coexis tence  o f  th ree  types o f  K + 
channel  in the  myocytes  o f  the  gu inea  p ig  taenia  coll. Par t icu la r  a t t en t ion  is focused  
on  one  o f  the channels  with large conduc tance ,  and  high sensitivity to vol tage and  
in ternal  Ca 2+ concen t ra t ion ,  its re la t ion  to the macroscop ic  de layed-rec t i f ie r  cur-  
rent ,  and  its possible  r egu la to ry  role  in ma in ta in ing  the res t ing  potent ia l .  

Some  pre l iminary  results  have been  publ i shed  e lsewhere  (Hu et  al., 1987a,  b). 

M A T E R I A L  AND M E T H O D S  

Material and Solutions 

Using the patch-clamp technique (Hamill et al., 1981), single-channel currents were recorded 
from myocytes of  the guinea pig taenia coil (see Yamamoto et al., 1989a), in cell-attached or 
excised inside-out membrane patches. The pipette solution had the following composition (in 
millimolar): 136 Na +, 5.4 K +, 2 Ca ~+, 1 Mg ~+, t46 CI-, 1 H~PO~, 5 glucose, 10 HEPES. The 
pH was adjusted to 7.30 with NaOH. The solution bathing the inside of  the membrane con- 
tained (in millimolar): 135 KCI, 10 HEPES, 0.6 EGTA, and varying amounts of  added CaCl~ 
to attain desired levels of [Ca~+]i. The pH was adjusted to 7.28 with KOH. This solution was 
used for both cell-attached and detached patches. Because the K + fully depolarized the cell 
membrane, the cell potential and pipette potential were the same. In the presence of  0.6 mM 
EGTA, the internal free Ca ~+ concentration adjusted by the Ca-EGTA buffering system was 
10 -s M for 0.1 mM added CaCI~, 10 -7 M for 0.4 mM, and 10 -6 M for 0.57 mM (Imai and 
Takeda, 1967). Our  calculated free Ca ~+ concentrations are in complete agreement with 
those of  Barrett et al. (1982), and ~20% lower than those by Benham et al. (1986). Most 
experiments on inside-out patches were done with [Ca~+]i of  10 -s M. All experiments were 
performed at room temperature (22-24~ 

Experimental Procedure 

Details of  the experimental chamber and perfusion arrangement have been described (Yama- 
moto et al., 1989a). As a standard procedure, offset potential in the recording system was 
nulled before forming a giga-seal. The excision of  a patch was usually followed by the forma- 
tion of  a closed vesicle at the tip of  the pipette. Inside-out patches were made when such 
vesicles were disrupted upon passing them briefly through the air-fluid interface (Hamill and 
Sakmann, 1981). 

Recording System and Data Analysis 

Patch electrodes had diameters of 1.2-1.5 #m and resistances of ~3-4  MfL The recording 
system includes a List EPC-7 amplifier, a low-pass 8-pole Bessel filter (902; Frequency 
Devices Inc., Haverhill, MA) and a pulse-code modulation (PCM) data recorder with a fre- 
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quency response of 0-20 kHz + 0.5 dB (DASS system, Unitrade, Dagan Corp., Minneapolis, 
MN). Single-channel events were first recorded on video tape with a 10-kHz filter of the 
amplifier, then played back after each experiment, filtered at 2 kHz ( - 3  dB), except where 
otherwise noted. The sampling rate ranged between 2.5 and 10 kHz (12-bit resolution). A 
window discriminator (AI 2020; Axon Instruments Inc., Burlingame, CA) was employed to 
detect the opening events that fell between the upper and lower thresholds of the window. 
An increase in current >75% of the unitary current was considered a channel opening, and a 
decrease in the current to <50% of the unitary current was considered a channel closing. 
Openings shorter than 0.1 ms were ignored. Data acquisition and analyses were all carried 
out with the p-Clamp software (Axon Instruments Inc.). 

The analyses of single-channel recordings comprised creating idealized records, calculating 
the channel mean open and mean closed times, forming the histograms for open time, closed 
time, and amplitude, and performing the exponential fittings for these distributions (see e.g., 
Colquhoun and Sigworth, 1983). The probability of a channel being in the open state (p) was 
calculated as the total open time divided by the total observation time (e.g., Barrett et al, 
1982; Singer and Walsh, 1987). For patches with multiple channels, the total open time 
obtained by summing the time at each level weighted by the number of channels open at each 
level was used to calculate p. The probability-voltage relationship (p-V), in most cases, follows 
Boltzmann distribution: 

p = [1 + exp ( - K ) ( V  - Vh )]- '  (1) 

where K is the logarithmic potential sensitivity and Vh the voltage at which p = 0.5. From plots 
of In[p/(1 - p)] vs. V, K can be obtained from the slopes of the curves, and Vh from the 
x-intercept where In [p/(1 - p ) ]  = 0 (i.e., equal probability of a channel being open or 
closed). 

Unit conductances of the channel reported throughout this paper denote the conductance 
at 0 inV. They were obtained as the slopes of linear regressions, fitting only those points 
around 0 mV (usually - 2 0  to + 20 mV) on single-channel current-voltage (i-V) plots, to avoid 
the nonlinearity over a wider range of potentials. 

In determining the reversal potential, even when the entire i-V plot is available, only those 
points at potentials more negative than - 2 0  mV were fitted with a linear regression line, the 
x-intercept of which was taken as the reversal potential. Because of some outward rectifica- 
tion in this voltage region, the value so determined may be slightly less negative than the 
actual reversal potential. In most cell-attached and excised patches, a direct experimental 
measurement of the reversal potential is difficult, because channel openings at hyperpolar- 
ized potentials were rare. 

In experiments where single-channel events during depolarizing steps were studied, the 
capacitive and the leakage currents were compensated for by digitally adding the current, 
averaged from 10-20 current records at hyperpolarizing steps to those at depolarizing steps 
of the same amplitude. Summation, subtraction, and averaging were done with p-Clamp and 
Lotus 1-2-3 (Lotus Development Corp., Cambridge, MA) software. Data are given as the 
mean +_ SEM, wherever it applies. 

RESULTS 

Coexistence of Three Types of K + Channels 

In  excised inside-out  m e m b r a n e  patches of  taenia myocytes, three distinct levels of  
ou tward  cur ren ts  were observed u n d e r  condi t ions  mimicking the physiological state 
in which [K+]o (K + concen t ra t ion  in the pipette) was 5.4 raM, a nd  [K+]i (K + concen-  
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t rat ion in the bathing solution) was 135 mM (Fig. 1). The levels were different in the 
magni tude  o f  their unitary currents  and their sensitivity to membrane  potential. 
F rom the direction o f  the currents  and their sizes as related to patch potential and 
the reversal potential,  K + is identified as the charge carrier  o f  these currents.  

The  activity with the large unitary cur ren t  p redomina ted  in virtually every patch 
observed, and it was strongly enhanced  by increasing depolarization. The openings  
with the smaller currents  appeared  infrequently, and did not  show any evident volt- 
age dependence .  The latter probably represented  two additional types o f  channels 
ra ther  than two sublevels o f  the large channel  because o f  the following observations. 
(a) In  most  cases, the unitary currents  o f  smaller sizes arose f rom and re tu rned  to 
zero level (see Fig. 1, middle and right panels). They s tood by themselves and were 

3 0  m V  

L - -  
M - -  
8 
C - -  - - / / -  - # - - ~  

2 0  m V  ~ 

I 
lO 

PA I 50 ms 

FIGURE 1. Presence of  three distinct types of K + channel in inside-out membrane patch of 
smooth muscle cell of guinea pig taenia coli. [K*]i/[K+]o = 135/5.4. Single-channel currents 
(upward deflection denotes outward current) in top or bottom row are segments chosen from 
extended recordings at clamped patch potential of 30 or 20 mV. Currents of large, medium, 
and small sizes are presented in left, middle, and right panels, respectively, indicated by the 
single arrow on top of the traces. Short bars on left side mark the level of zero current (C), 
and current levels for small (S), medium (M), and large (L) channels. Double arrows in lower 
row indicate simultaneous opening of medium and large channel (middle), of small and large 
channel (right). [Ca2+]i = 10 -8 M. 

independen t  o f  the large openings.  Direct transitions between the large and the 
medium, or  between the medium and the small levels were not  seen in our  experi- 
ments. (b) In  some records,  the unitary currents  o f  the large and the medium or  the 
large and the small appeared  additively (Fig. 1), indicating that two types o f  channels 
opened  simultaneously, ra ther  than two large channels, one  to its full size and the 
o ther  to a sublevel size. 

The unit conductances  o f  the channels a round  0 mV are 146.9 _+ 3.3 pS (n = 72), 
93.5 +_ 6.1 pS (n = 5), and 63.3 _+ 2.8 pS (n = 14). The  presence o f  all three types o f  
channel  in the same patch, as in the example shown in Fig. 1, was rare. Accom- 
panying the activity o f  the large channel,  which occur red  in every patch, the activity 
o f  the 63-pS channel  occur red  in ~25% o f  the patches observed, and that o f  the 
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94-pS channel  in <10%. In  cell-attached patches,  the 94-pS channel  was never 
detec ted  even at very depolar ized potentials. For  these reasons, we shall focus ou r  
a t tent ion on  the voltage-gated K + channel  with a conduc tance  o f  ~ 150 pS. 

Voltage Dependence and Calcium Dependence of Channel Activity 

General features. Fig. 2 A presents  cur ren t  records  o f  a 150-pS K + channel  
f rom an inside-out patch  at various voltages. In  this patch,  the potential  at which 
substantial open ing  first became evident was - - 6 0  inV. In  25 excised patches 
where  [Ca~+]i = 10 -8 M, the average potential  at which substantial openings  were 
first observed was - 3 6  +_ 4 mV. In  cell-attached patches f rom healthy cells, no  
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- 4 0  0 
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FIGURE 2. Current of  K + 
channel with large conduc- 
tance. (A) Single-channel cur- 
rents at various membrane 
potentials. Inside-out patch. 
Short bars on left side of  traces 
indicate channel closed level. 
Note longer open dwell time at 
- 4 0 ,  - 5 0 ,  or - 6 0  mV than at 
- 2 0  or - 3 0  mV. (B) i-V rela- 
tionship for data recorded in 
A. Points (It) represent ob- 
served data, continuous line is 
theoretical curve calculated 
with Goldman-Hodgkin-Katz 
constant-field equation under 
asymmetrical K + condition of  
135/5.4. Unit conductance 
( -0  mV), 132 pS; reversal 
potential, - 7 8  mV (see Meth- 
ods for measuring these val- 
ues). 

open ing  was observed at cell m e m b r a n e  potentials negative to 0 mV, suggesting that 
the [Ca~+]~ in an intact cell was lower than 10 -s M (see Fig. 4 A). In  the condi t ion o f  
[K+]i 135:[K+]o 5.4, no  inward channel  openings  with measurable  dwell times and 
unitary currents  were seen even at very negative potentials (to - 1 2 0  mV), except  
some br ief  inward flickerings. 

Fig. 2 B gives the single-channel i-V relationship. The  cont inuous  line is drawn 
according  to the Goldman-Hodgkin-Katz  constant  field equat ion  (Goldman, 1043; 
Hodgk in  and  Katz, 1040) for  a K + cur ren t  with [K+]i 135:[K+]o 5.4. The i -Vcurve  is 
nonlinear ,  displaying ou tward  rectification. The  slope conduc tance  is 67 pS between 
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- 6 0  and - 3 0  mV, 132 pS between - 2 0  and 10 mV, and 186 pS between 10 and 
40 mV. The mean observed EK, - -75 mV, is probably less negative than the real EK 
(see Methods). However ,  it is in general agreement  with that predicted by the 
Nernst  equat ion for  a K§ channel  at [K+]i 135:[K+]o 5.4. Thus, contr ibu-  
tions to channel  cur ren t  by ions o ther  than K + are small. 

OPEN PROBABILITY AND ANOM ALOUS ACTIVITY. T h e  dependence  o f  the overall chan- 
nel activity on membrane  potential is illustrated in Fig. :3. With the i-V and p-V 
curves shown together  (Fig. 3 A), it is evident that p is min imum at - 3 0  mV, and is 
larger at both  more  and less negative voltages. At the same voltages f rom - 6 0  to 
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FIGURE 3. Voltage sensitivity 
of overall channel activity. 
Results measured from same 
sin#e-channel recording as 
shown in Fig. 2. (A) Sin#e- 
channel i-V (O) and p-V (It) 
relationship. Ordinate on left 
side for current, on right side 
for probability, i-V curve is the 
same as in Fig. 2; note its 
monotonic nature from - 6 0  
to +30 inV. P-V curve has 
minimum at - 3 0  mV, and fol- 
lows Boltzman relation from 
- 3 0  to +30 inV. From - 3 0  
to - 50 mV, p- V relation shows 
unexpected increased open 
probability (anomalous activity 
re#on). (B) Mean open time 
(O) and mean closed time (It) as 
functions of membrane volt- 
age. Ordinate on left side for 
open time, on right side for 
closed time. All lines drawn by 
connecting adjacent points. 
Note precipitous shortening of 
mean closed time from - 3 0  to 
- 4 0  inV. 

+ 30 mV, the unitary cur ren t  increases monotonical ly  with increasing depolariza- 
tion. The p-V curve between - 3 0  and + 3 0  mV obeys Bol tzmann relationship, as is 
suppor ted  by the excellent linearity o f  ln[p/(1 - p)] vs. V curves (not shown), with 
an inverse slope, K -~, o f  11.6 mV. The pat tern  o f  activity on depolarization is char- 
acterized by increased f requency o f  open ing  (shortened closed time) and pro longed  
open  time (Fig. 3 B). 

The probability o f  channel  openings  between - 3 0  and - 6 0  mV deviates surpris- 
ingly f rom what is expected. We refer  to this region as the anomalous  activity 
region, in which the pat tern o f  activity is characterized by a high f requency o f  open-  
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ing (short closed time) and a relatively constant and short open time (as contrasted 
to that at depolarized voltage levels, Fig. 3 B). Most isolated patches were quiescent 
at very negative potentials, possibly because the anomalous activity was lost through 
patch excision. Although anomalous activity was observed in only a fraction of  the 
excised patches, its occurrence demonstrates that the channel is capable of  being 
active at ~ - 5 0  mV, the usual resting potential o f  taenia myocytes (Inomata and 
Kao, 1985; Yamamoto et al., 1989a). 

OPEN TIME AND CLOSED TIME. T h e  channel mean open time and mean closed time 
as functions of  potential are presented in Fig. 3 B. The mean closed time reaches its 
maximum at ~ - 3 0  mV, and falls sharply at more negative potentials. The mean 
open time changes relatively little at negative membrane  potentials. Thus, the higher 
open probability at ~ - 5 0  mV than at - 3 0  mV results f rom a large decrease in long 
closed time rather  than a small increase in mean open time. These observations may 
imply an involvement of  this channel in maintaining the natural resting potential at 
~ - 5 0  mV. 

Sensitivity to voltage. Because the 150-pS channel is sensitive to both membrane  
voltage and to [Ca2+] i, the influence of  membrane  voltage on the channel activity 
needs to be specified at fixed [Ca~+]i. Fig. 4 A shows p-V  curves of  the same cell at 
[Ca~+]i of  10 -6, 10 -7, and 10 -s M. For each individual curve at a c o n s t a n t  [Ca2+]i , p 
is obviously voltage dependent.  The channel openings were first detected at - - 3 0  
mV with [Ca~+] i o f  10 -s o r  10 -7 M and ~ - 7 0  mV at  10 -6 M. In 10 -6 M, p tends to 
saturate or  decline at potentials more  positive than 30 mV (see also Benham et al., 
1986), a phenomenon  which might be attributed to a Ca 2+ blockade of  K § channel 
(Vergara and Latorre,  1983). All p - v  curves in the potential range f rom - 3 0  to 
+40  mV follow the Boltzmann relationship (Eq. 1), and are also plotted in the ln[p /  
(1 - p)] vs. V format  (Fig. 4 B), f rom which K and Vh are obtained (see Methods). 

The results show that an e-fold increase o f p  takes place with changes of  11.2, 8.6, 
and 13.7 mV in membrane  potential at [Ca~+]i o f  10 -8, 10 -7, and 10 -6 M, respec- 
tively. An average value of  11.3 mV for  K -l  is obtained with [Ca~+] i up to  10 -6 M, 
which is well within the range of  the voltage sensitivity of  the Ca~+-activated K + 
channel in a number  of  tissues (Marty, 1983; Singer and Walsh, 1987). 

To determine the source of  the voltage dependence o f p  at low p values, we stud- 
ied the voltage sensitivity of  the channel mean open time (To) and mean closed time 
(To) at [Ca~+]i of  10 -s M (Fig. 5). From the plot o f  the natural logarithm of  mean 
open time and mean closed time against membrane  potential, inverse slope of  
- 1 4 . 4  mV for Tc and 57.2 mV for To are obtained (see also Fig. 10 of  Benham et 
al., 1986; Fig. 10 of  Singer and Walsh, 1987). By comparing these values with K -~ 
of  11.2 mV (at 10 -8 M [Ca2+]i ) for p, we conclude that at low values of  p the 
influence of  membrane  voltage on channel gating is predominantly on the rate con- 
stants determining the mean closed time. However, as p increases, the predomi- 
nance of  one factor becomes less as both open time and closed time begin to exert 
an influence. Thus, with [Ca~+]~ of  10 -7 M when p is higher, an inverse slope for Tc 
is - 2 2 . 6  mV, and one for  To 47 mV, neither being close to the K -l  o f  8.4 mV. 

Sensitivity to [Ca2§ When the membrane  potential was held constant, the 
probability of  the channel being open rose steeply with increasing [Ca~+]~. The 
results in Fig. 4 A give p at 0 mV of  0.02, 0.08, and 0.52 for [Ca~+]i o f  10 -8, 10 -7, 
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FIGURE 4. Dependence of 
probability of  channel opening 
(p) on membrane potential 
and [Ca~+]i. One inside-out 
patch under different condi- 
tions. (A) p -v  plot. Points 
denote observed data in solu- 
tion with [Ca2+]i of  10 -e (m), 
10 -7 (A), and 10 -6 M (e). (B) 
Data from A are plotted with 
In[p/(1 - p)] as ordinate. 
Symbols have same meaning as 
in A. Continuous lines are 
least-square linear regression 
fittings. 
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and 10 -6, respectively. Thus, the [Ca2+]i needed to produce half-activation of  the 
channe l  at  0 mV is ~10  -6 M, which is in close a g r e e m e n t  with the  resul ts  f o u n d  in 
o t h e r  smoo th  muscle  cells: 9 x 10 -7 M for  r abb i t  por ta l  vein cell (es t imated f rom 
Fig. 2 B, I n o u e  et  al., 1985), 5 x 10 -7 M for  r abb i t  j e j una l  cell (Benham et al., 
1986), and  2 x 10-6 M for  toad  s tomach  cell (es t imated f rom Fig. 6, A and  B, S inger  

E 

0 

- 3 0  0 
Membrane potential (mV) 

3 0  

FIGURE 5. Voltage dependence of  
mean open time and mean closed 
time. Same inside-out patch as shown 
in Fig. 3. Mean open time (To, e) and 
mean closed time (To II) in a natural 
logarithmic scale are plotted against 
membrane potential. Straight lines 
are least-square linear regressions fit- 
tings. 
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and Walsh, 1987). The average values of  Vh (n ffi 3), obtained f rom data plotted in 
Fig. 4B,  are 44.1 _+ 7.6, 19.2 --- 5.9, and - 4 . 8  _+ 3.9 mV for [Ca~+] i of  10 -s, 10 -7, 
and 10 -s M, respectively. Hence,  a 10-fold increase o f  [Ca2+]i produces an ~25 mV 
negative shift o f  the potential where p is 0.5. 

The change in probability with different [Ca2+]i results mainly f rom changes in 
the mean closed time. By increasing [Ca2+] i f rom 10 -s to 10 -7 M, the mean closed 
time at 0 mV shortened sixfold, whereas the mean open time only doubled. At the 
same time, the maximum number  of  channels opened simultaneously rose f rom one 
to four. 

The unit conductance was practically unaffected by changes in intracellular cal- 
cium concentration. The average change in unit conductance f rom a total o f  six 
inside-out patches was <3% as [Ca2+]i increased 100-fold, f rom 10 -8 to 10 -6 M (see 
also Barrett  et al., 1982; Wong et al., 1982). 

Insensitivity to [Ca2+]o. We also examined the relationship between extracellular 
calcium concentration and the channel activity in inside-out patches. Ideally, such 
experiments should be done with different pipette solutions on the same patch. 
However,  as we were unable to change pipette solutions without compromising the 
giga-seal, these experiments were done by making comparisons between a pair of  
patches f rom one cell, or  f rom adjacent cells in the same experimental dish. 
Detailed studies were not carried out because of  the lack of  a real control. In three 
pairs of  inside-out membrane  patches, no significant change in conductance or 
channel activity occurred with a 10-fold increase of  [Ca2+]o, but there was a positive 
shift of  the i-V relations. For instance, for  one pair the i-V curves in 2 mM and 20 
mM of  [Ca~+] o were parallel. The unit conductance was 134 pS in 2 mM and 129 pS 
in 20 raM. There  was also a positive voltage shift o f  ~ 15 mV. The latter is consistent 
with our  observation in whole-cell recordings (Yamamoto et al., 1988b), where a 
10-20 mV positive shift o f  i-V curve occurred for a 10-fold increase of  [Ca2+] o. This 
shift may be explained by the effect o f  Ca ~+ on the density of  surface negative 
charges (Frankenhaeuser and Hodgkin, 1957). 

Channel Kinetics 

From seven patches, the open and closed times of  all observed openings in extended 
recordings were measured and plotted as histograms. The distributions of  open time 
and closed time, and their exponential fittings f rom an inside-out patch held at 0 
mV, are shown in Fig. 6. The open-t ime distribution (Fig. 6 A) is adequately fitted 
by a single exponential,  but the closed-time distribution (Fig. 6 B) can be described 
only as the sum of  two exponentials. The time constants o f  these exponentials varied 
f rom patch to patch. For the data shown in Fig. 6, the time constant is 8.30 ms for 
open-t ime distribution, and 2.6 and 47.0 ms for closed-time distribution. The chan- 
nel mean open time (To) and mean closed time (To) are calculated to be 11.6 and 
38.4 ms, respectively. These results suggest the occurrence of  a minimum of  one 
open-channel state and two closed-channel states for this channel. 

A Physiological Role Deduced from Averaged Currents 

Among the physiological functions o f  K + channel, an important  one is repolarizing 
the membrane  after it has been depolarized. Such a role has been postulated for 
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Ca~+-activated K + channels in smooth  muscle cell (e.g., Bolton et al., 1985; Benham 
et al., 1986; Singer and Walsh, 1987), but  direct suppor t ing  evidence has been lack- 
ing. To  substantiate such a role, it is essential to have some idea o f  how rapidly 
currents  th rough  the Ca2+-activated K + channel  develop. In  place o f  observing 
channel  functions at steady holding potentials, patches were subjected to step depo-  
larizations o f  100 ms dura t ion f rom a fixed holding potential (Fig. 7 A). The unit  
conduc tance  o f  the channel  illustrated in the figure was 151 pS. In  response to 
depolar izing steps, the Ca~+-activated K + channel  characteristically opened  with 
some initial delay. As the membrane  potential became more  positive, the delay 
shor tened  markedly. At the same time, the channel  open  time lengthened,  and the 
n u m b e r  o f  open  channels increased. 
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Frequency distribution of channel open and closed time at 0 inV. Inside-out FIGURE 6. 
patch containing one Ca~+-activated K + channel. [Ca2+]i = 10 -8 M. Total number of events, 
566. (A) Open-time histogram and its single exponential fitting shown as smooth line: 148.0 
exp (- t /8 .3)  + 1.65. Bin width, 2 ms. Mean open time (To), 11.6 ms. (B) Closed-time histo- 
gram and its double exponential fitting, 1,366.6 exp ( - t l /2 .6)  + 58.7 exp (-t2/47.0) + 2.1. 
Bin width, 10 ms. Mean closed time (To), 38.4 ms. 

For  each depolarizing step, repetitive pulses at intervals o f  3 s were imposed on  
the patches. Summing  and averaging 8 0 - 1 0 0  consecutive single sweeps at each step 
depolarizat ion p roduced  currents  shown in Fig. 7 B. These traces exhibit the typical 
features o f  the macroscopic  K + currents  seen in whole-cell recordings: a gradual 
onset, a maintained magni tude  as well as an acceleration o f  the activation kinetics, 
and an outward rectification with increasing positivity o f  the potential  (compare 
with records in Yamamoto  et al., 1989b). The  averaged currents  can be approxi-  
mately fitted with n 2 curves, with time constants o f  16.5, 15.8, 15.3, 14.6, 12.8, and 
10.7 ms for  depolar izing steps to 20, 30, 40, 50, 60, and 70 mV, respectively. I f  
more  single sweeps had been used for  the averaged current ,  the traces would 
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undoubted ly  be smoother ,  and the kinetic fit better.  However ,  the time frame 
observed is compatible  with the whole-cell ou tward  currents  recorded  at 33~ 
(Yamamoto et al., 1989b), and with the dura t ion  o f  the action potential  o f  taenia 
myocyte at r o o m  tempera tu re  (Yamamoto et al., 1989a). I n  seven experiments  o f  
this type, the activities o f  the 150-pS channel  were consistently observed. Up  to five 
channels  open  simultaneously within the 100-ms depolar izing steps. The openings  
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FIGURE 7. Activity of  Ca2+-activated K + channel evoked by 100-ms steps depolarizing to 20, 
30, 40, 50, 60, and 70 mV. Holding potential, - 4 0  mV. Inside-out patch. [Ca2+]i = 10 -s M. 
(A) Selected sweeps showing single-channel openings at depolarizing pulse to potentials 
marked in upper-left comer of  each panel. Voltage step occurs between 40 and 140 ms, 
recognizable in these current traces by small residual artifacts at beginning and end of  steps. 
Note: (a) clear opening of  potassium outward tail at the end of  pulses to 30 and 40 mV; (b) 
some delay in channel openings except at 60 and 70 mV where delay is very brief. Calibra- 
tions for record of  50 mV applies to all others. (B) Family of  averaged currents from single 
sweeps at corresponding potentials (as indicated in A ) show gradual onset, maintained ampli- 
tude as well as accelerating ON kinetics, and increasing outward rectification with increasing 
positivity. Capacitive and leakage current were compensated digitally. 
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of  the other  two types of  channel were extremely rare during such step depolariza- 
tions, though they did appear  infrequently in patches at constant holding potential. 
This observation tends to exclude the possibility of  these two channels being compo- 
nents o f  the peak outward K + current. 

D I S C U S S I O N  

Our  experiments have shown the coexistence of  three types of  K + channel in the 
guinea pig taenia myocyte. In an asymmetrical condition of  [K+]i 135: [K+]o 5.4, they 
have conductances of  147, 94, and 63 pS. Direct p roof  for any physiological func- 
tions of  the channels with intermediate and small conductances remains to be 
obtained. The large K + channel is by far the predominant  channel in this prepara-  
tion. The combination of  a large conductance, a strong Ca z+ dependence,  a voltage 
dependence,  and a high selectivity to K + is typical of  the Ca2+-activated K + channel 
identified in a variety of  cell types. 

Channel Density 

The density of  the large Ca2§ K + channel can be estimated by using the 
method proposed by Singer and Walsh (1987). The patch pipettes used in our  
experiments have resistances ranging between 3 and 4 M~2, which would produce 
patches of  - 4  #m ~ (Sakmann and Neher, 1983). In those patches an average of 
three channels were observed when [Ca~+]i = 10 -8 M. The mean surface area of  the 
isolated taenia myocyte is 4,359 -+ 211 #m ~ (Yamamoto et al., 1989a). These data 
yield a total of  -3 .3  • 10 ~ channels per  cell, and a density of  0.75 channel per  #m s. 
Such a density is in agreement  with that in smooth muscle cell f rom the toad stom- 
ach (Singer and Walsh, 1987). However, we believe that this density is an underesti- 
mate. When [Ca~+]i is as low as 10 _8 M, there is a low probability for multiple chan- 
nels to open simultaneously, thus easily causing an underestimation of  the total 
number  of  channels in one patch. We did not a t tempt  to calculate the channel den- 
sity by dividing the macroscopic peak outward current  by the appropriate  unitary 
current,  because the macroscopic currents we obtained from whole-cell recording 
were of  relatively small sizes, owing to an even lower [Ca2+]i (~10 -~~ M in 1 mM 
EGTA with no added Ca 2+, Yamamoto et al., 1989b). 

Physiological Roles of the Channel 

Delayed rectification and repolarization. The activity of  the large Ca~+-activated 
K + channel is a preeminent  feature in the taenia myocyte membrane,  suggesting 
some significant contribution to cell function. The results in Fig. 7 show that the 
averaged currents through the Ca~+-activated K + channel develop exponentially 
with voltage-dependent time constants that are compatible with the time course of  
the repolarization phase of  an action potential at room temperature  (22-24"C). In 
our  whole-cell recording of  the taenia myocyte, the peak K + currents, which have 
activation time constants ranging f rom 1.7 to 10.6 ms at positive potentials up to 70 
mV (32-34~ are considered important for repolarization (Yamamoto et al., 
1989b). The qualitative resemblance between the averaged single-channel currents 
and the macroscopic delayed-rectifier currents strongly suggest that the 150-pS 
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Ca2+-activated K + channel in smooth muscle cell is the single-channel basis o f  the 
high K + permeability that governs the repolarization phase of  an action potential. 

Anomalous activity and resting potential. T h e  results illustrated in Fig. 3 A reveal 
an unexpected feature of  the Ca2+-activated K + channel. The probability of  a chan- 
nel being open at negative voltages around the resting potential ( - 5 0  mV) deviates 
f rom the Boltzman distribution, which it obeys well at potentials more  positive than 
- 3 0  mV. This phenomenon  may be explained either by the emergence of  a new 
type of  channel, or  by a change in the voltage dependence of  the activity of  the 
large-conductance Ca2+-activated K + channel. The former  possibility is rendered 
unlikely by the monotonic continuity of  the single-channel current-voltage relation- 
ship, which obeys the Goldman-Hodgkin-Katz constant-field relation through the 
entire range of  potentials (Fig. 3 A). The channel activity in the anomalous region is 
apparently associated with the latter possibility. I t  has a high open frequency (short 
mean closed time) and a relatively short mean open time. This pat tern is different 
f rom that at more depolarized potentials where the channel displays a high open 
frequency and a long mean open time (Fig. 3 B). Possibly, the anomalous activity is 
linked to another  physiological role, that of  maintaining the resting potential. How- 
ever, in cell-attached patches, channel openings at these potentials are very rare, in 
part  because of  the very low intracellular Ca 2+ concentration. Another  possibility is 
that there might be some cellular repressor factor which modulates the channel 
activity, and that such modulating influence is removed on patch excision. 

Our  observation may also explain some aspects o f  the penetration-induced hyper- 
polarization repor ted  by Walsh and Singer (1980). They showed that the high K + 
permeability caused by the penetrat ion of  a capillary microelectrode into toad stom- 
ach myocytes with a low resting potential resulted f rom a transient increase of  the 
activity of  a Ca2+-activated K + channel. Even if [Ca2+]i was elevated to 10 -6 M after 
penetration,  without anomalous activity, the probability of  a channel being open 
would be - 4 %  at - 5 0  mV in taenia myocytes (Fig. 4 A). Since the [Ca2+]i sensitivity 
of  the toad stomach myocyte is very similar (see page 840, and Fig. 6 of  Singer and 
Walsh, 1987), such a probability would be virtually nil at - 4 0  mV, the resting 
potential of  the impaled cells. These probabilities cannot  account for any prolonged 
sizable hyperpolarization. Instead, the anomalous activity at negative potentials, as 
described herein, could be a more realistic alternative mechanism. 
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