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ABSTRACT The permeat ion  proper t ies  of  the 147-pS Ca~+-activated K + channel 
o f  the taenia coli myocytes are similar to those o f  the delayed rectifier channel in 
o ther  excitable membranes.  I t  has a selectivity sequence o f  K § 1.0 > Rb § 0.65 > 
NH~ 0.50. Na § Cs +, Li § and TEA + (tetraethylammonium) are impermeant .  In- 
ternal Na + blocks K + channel in a strongly vol tage-dependent  manner  with an 
equivalent valence (zd) of  1.20. Blockade by internal Cs + and TEA + is less voltage 
dependent ,  with d of  0.61 and 0.13, and half-blockage concentrat ions of  88 and 
31 mM, respectively. External TEA + is about  100 times more  effective in blocking 
the K + channel.  All these findings suggest that the 147-pS Ca~+-activated K § chan- 
nel in the taenia myocytes, which functions physiologically like the delayed recti- 
fier, is the single-channel basis o f  the repolar iz ing current  in an action potential.  

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

By its vol tage sensitivity, [Ca 2+ ]i sensitivity, and  some kinetic p r o p e r t i e s  in r e sponse  
to s tep  depolar iza t ions ,  the  150-pS K + channe l  in the  t aen ia  myocyte  has been  
l inked to the  de layed  rect i f ier  in the  whole  cell (Yamamoto  et  al., 1989b). This p a p e r  
p resen t s  f u r t he r  detai ls  on  some p e r m e a t i o n  p r o p e r t i e s  o f  this channel ,  and  com-  
pa res  them with those  o f  wel l -s tudied  de layed  rectif iers.  Some o f  the  results  have 
b e e n  r e p o r t e d  in abs t rac t  f o rm  (Hu et  al., 1987). 

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

Details on the dispersion of myocytes, experimental set-up, and patch-clamping procedures 
have been presented before (Hu et al., 1989; Yamamoto et al., 1989a). 

In experiments studying the relative permeability on inside-out patches, 135 mM KCI in 
the bath was replaced with an equimolar test ion in its chloride salt. In other experiments 
studying channel blockade, the blocking ions were added without changing the composition 
of  the entire solution. 

All experiments were performed at room temperature (22-24~ The unit conductances 
of  the channel reported in this paper denote conductances at 0 mV (see Hu et al., 1989). 
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The relative permeability of  test ion X + to K + (Px/PK) is calculated from the shift of the 
reversal potential upon changing the internal solution from 135 mM KCl to 135 mM XCI 
with constant external K + concentration (Goldman, 1943; Hodgkin and Katz, 1949): 

Ex - EK = RT/FIn  (Px[K+]i/'Px[X+]0 (1) 

where R T / F  = 25.4 mV at 22~ and the other parameters have their usual meanings. The 
procedure of determining reversal potential has been described (Hu et al., 1989). 

In experiments where channel blockade by internally applied ion B + was studied, some 
quantitative information of  the blockade was calculated according to Woodhull's approach 
(1973), by using the relationship: 

go/gB = 1 + [B+]i exp (zdEF/RT)/Ko(O) (2) 

where go/gB is the ratio of  single-channel conductance at 0 mV without or  with blocking ion 
B +, [ B§ ]i is the concentration of  internal blocking ions, KD(0) is the dissociation constant at 0 
rnV, z is the blocking ion valence, and d is the electrical distance, representing the fraction of  
the total electrical potential drop, E, between inside and the blocking site (Blatz and Magleby, 
1984). The value of  d and Ko(0) can be obtained from the slope and y-intercept of  the plot of  
In (go/gB - I) vs. E. 

Data are given as the mean _+ SEM, wherever it applies. 

R E S U L T S  

As shown be fo re  (Hu  et al., 1989), the  p r e d o m i n a n t  K + channel  in the taenia  myo- 
cyte is a voltage-sensit ive,  [Ca ~+ ]i-sensitive channe l  with a high selectivity for  K + and  
the unit  c o n d u c t a n c e  o f -  150 pS. In  r e sponse  to s tep depolar iza t ions ,  the channel  
opens  with a la tency that  shor tens  and  a f r equency  that  increases  as the  m e m b r a n e  
poten t ia l  becomes  increasingly m o r e  positive. Averaged  s ingle-channel  events show 
much  similarity to the famil iar  de layed  rect i f ier  c u r r e n t  in whole  cells (Yamamoto  et  
al., 1989b) as well as in tissues ( Inomata  and Kao, 1976). To conf i rm the suspicion 
that  this 150-pS channel  cou ld  be the  mo lecu l a r  basis o f  de layed rect if icat ion,  it is 
necessary to fu r the r  test its p e r m e a t i o n  p rope r t i e s  to some monova len t  cat ions,  and  
to see how it is b locked  by some wel l -s tudied b locking  agents.  

Ionic Selectivity to Monovalent Cations 

To c o m p a r e  the character is t ics  o f  the  150-pS channel  with those o f  the  de layed  rec- 
t if ier K + channel  in o t h e r  exci table  membranes ,  we d e t e r m i n e d  the selectivity 
sequence  and  examined  some conduc t ance  p rope r t i e s  o f  the  channel .  The  relat ive 
selectivity o f  the  channel  to monova len t  cat ions,  such as Li +, Na  +, Cs +, TEA +, Rb +, 
and  NH~, were  d e t e r m i n e d  by reversal  po ten t ia l  me a su re me n t s  (Chand le r  and  
Meves, 1965; Hille,  1971, 1973; see Methods) .  

Li +, Na +, Cs +, and TEA + are impermeant. O n  ins ide-out  patches ,  when in ternal  
K + was r ep laced  by Li +, no  ou tward  channel  c u r r e n t  was de t ec t ed  at m e m b r a n e  
potent ia l s  as posit ive as 60 inV. Typical  c u r r e n t  r ecords  a re  shown in Fig. 1 A. Sin- 
g le-channel  cu r r en t  vanished within 3 rain u p o n  r ep l acemen t  with Li +. O n  washout  
o f  Li +, c u r r e n t  magn i tude  recovered  as readi ly  as it d iminished.  However ,  the  open  
dwell t ime on  recovery  was significantly sho r t e r  than  that  in the con t ro l  state (Fig. 
1, A and  B). C o m p l e t e  recovery  o f  the  mean  o p e n  t ime was not  obse rved  even 20 
rain a f te r  readmiss ion  o f  K +. Such a residual  effect  was no t  seen with mean  c losed 
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time. The  reversal potential ,  if  there would be some inward current ,  must  be more  
positive than  60 mV, co r r e spond ing  to an  u p p e r  limit o f  P ~ / P K  of  0.004. Thus,  Li + 
is e i ther  a n o n c o n d u c t i n g  ion th rough  the CaZ+-activated K t channel  or  it modifies 
the channel -ga t ing  mechanism in such a m a n n e r  that  the channe l  does no t  open  at 
all. 

Results similar to those with Li + were also observed for rep lacement  of  K t by 
Cs t ,  Na t ,  o r  TEA t .  These ions did no t  carry measurable  c u r r e n t  over  the range  of  
potent ia l  s tudied ( - 5 0  to 50 mV). Hence ,  the relative permeabil i t ies  o f  these ions 
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FIGURE 1. Impermeability of Ca~+-activated K + channel to Li +. (A) Single-channel currents 
at various clamped patch potentials (as indicated). Inside-out patch, internally exposed suc- 
cessively to 135 mM KCI (left), 135 mM LiCI (middle), and again 135 mM KCI (right). Short 
bars on left side indicate current level where channel was closed. Calibrations apply to all 
traces. Note the complete recovery of size of unitary current, but a shorter open time in K + 
after recovery than in control. (B) Mean open time vs. membrane potential for data shown 
above. Control, o; recovery, II. 
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to that of  K § do not  exceed 0.01. The channel  mean  open  time mostly recovered 
after  TEA r t rea tment ,  bu t  it r emained  much  br iefer  after  applications of  Cs + and  
Na § 

Rb + and N H  + are permeant. Rb + has been  repor ted  to carry cu r ren t  th rough 
Ca2+-activated K + channel  (Gorman et al., 1982; Blatz and  Magleby, 1984; Yellen, 
1984; Benham et al., 1986) as well as a variety of  K § channels  (Chandler  and  Meves, 
1965; Bezanilla and  Armst rong,  1972; Hille, 1973; Reuter  and  Stevens, 1980; Plant, 
1986). Single-channel  cur ren ts  in 135 mM [KCl]i or  [RbCl]i at several potentials  are 
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FIGURE 2. Reduced permeability of Rb + through Ca~+-activated K + channel. (A) Single- 
channel currents at various potentials (as indicated). Inside-out patch internally bathed in a 
solution with 135 mM KC1 (left) or 135 mM RbC1 (r/ght). At every potential the current in 
RbC1 is reduced. Calibration bars valid for all current traces. (B) i-Vplot for data recorded in 
A. Points are observed mean unitary currents in K + (e) or in Rb + (A), continuous lines are 
linear regression fittings. (C) Mean open time vs. membrane potential in K + (O) or in Rb + 
(-). 

shown in Fig. 2 A. Outward  cu r ren t  was readily detected, presumably  because of  
Rb + movemen t  th rough  K + channel .  The i - V  relations f rom such observat ions (Fig. 
2 B) give un i t  conductances  of  169 pS for K + and  56 pS for Rb +, and  a positive shift 
of  the reversal potential  (ERb -- EK) of  ~10  mV. In  four  exper iments  of  the same 
type the average g~b/gK is 0.31 _+ 0.04, and  a positive shift of  reversal potent ial  of  
11.1 + 1.8 inV. F rom Eq. 1 (see Methods) a relative permeabil i ty (PRb:PK) of  0.65 is 
obta ined.  

Rb + caused some changes in channel  gating. At voltages f rom - 3 0  to 10 mV, the 
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channel mean open times in Rb + were longer than those in K + (Fig. 2 C), whereas 
the mean closed times were little affected (not shown). The probability of  a channel 
being open at 0 mV in Rb § was about twice that in K + and declined markedly at 
potentials more positive than 20 mV, mainly because of  a decline of  the open time 
(not shown). There was no residual effect of  Rb +, as channel behavior recovered 
well after its removal. 

Experiments similar to those with Rb § were also performed with NH~ (Fig. 3). 
Outward single-channel currents in NH~-were smaller than in K § but larger than in 
Rb + (Fig. 3 A). NH~ induced a higher noise level in both open and closed states (see 
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FIGURE 3. Permeability of Ca~+-activated K + channel to NH~. (A) Single-channel currents 
from inside-out patch in internal 135 mM KCI (/eft) or 135 mM NH4CI (right). Note noisier 
open and closed states and reduced currents in NH~. (B) i-V plot from data shown in A. 
Symbols denote unitary currents in control (O), NH4CI (11), and recovery (A) after NH4CI. 
Lines drawn by eye. Currents during recovery are often slightly larger than in control. (C) 
Mean open time vs. membrane potential in K + (O) and NH~ (11). 

traces in Fig. 3 A). Upon removal of  NH~-, the recovery of  the size of  the unitary 
currents appeared to be biphasic: it readily overshot initially, then slowly returned 
to the prior level. This phenomenon was consistently observed in all experiments of  
this type. However, the traces tended to remain noisier than before, suggesting the 
persistence of  some effect on channel-gating properties. 

From the i -V relations (Fig. 3 B), conductances obtained ~0 mV are 149 for K + 
control, 77 pS for NH~, and 169 pS for K + recovery. The conductance ratio 
(gNn,//gK) averaged from four experiments is 0.50 _+ 0.13. Assuming that the inde- 
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pendence principle could be applied to this channel for movements of  K + and NH~, 
calculations based on relative current  amplitudes give a permeability ratio (PNa,/PK) 
of  0.50, which is equal to the conductance ratio. We discarded the calculation of  
permeability ratio by reversal potential measurements,  because the measured values 
in NH~" were rather  scattered, possibly owing to some uncontrolled p H  variations 
resulting f rom the application of  NH~-. 

The overall channel activities in NH~were  rather  similar to those in K +. Channel 
mean open time at various potentials in NH~ was virtually the same as that in K + 
(Fig. 3 C). 

Blockade of the Channel 

The current  through several types of  K + channel can be blocked by a variety of  
cations. To further  investigate the conductance property of  the 150-pS Ca~+-acti - 
vated K + channel, we examined the effects o f  Cs § Na +, and TEA +. 

Cs § and Na + block the channel from the inside. Cs + applied to the intracellular 
side of  the membrane  reversibly reduced single-channel current  (Fig. 4 A). For 
these experiments, Cs + in concentrations of  10 or 20 mM were added. The effects 
are very similar to those seen when Cs § replaced all K + (such as shortened open 
time), but to a much less extent. The i-V relations f rom these records (Fig. 4 B) yield 
unit conductances of  179 pS before and 176 pS after Cs § and 137 (10 mM) and 
100 (20 raM) in Cs § The blockade may be somewhat voltage dependent,  because a 
weak outward rectification present in the control i-V curve was abolished in Cs +. 

Calculated f rom Eq. 2 (see Methods), the 0 mV dissociation constant KD(0) is 88 
mM with [Cs + ]i = 20 mM. The electrical distance (d) o f  the blocking site f rom the 
inside surface is 0.61. As shown in the p-V relations (Fig. 4 C), Cs + reduced the 
open probability of  the channel, more so at 20 mV than at 40 mV. Unlike the 
reversible reduction o f  the size of  the unitary current,  however, this effect on p is 
irreversible, as it persists even after the removal o f  Cs +. This reduction in p is due 
mainly to an increase of  long closed time and a lesser decrease of  the mean duration 
of  openings (details of  analysis are not shown, but the trend can be seen from cur- 
rent traces in Fig. 4 A). 

Single-channel currents, using intracellular Na § as a blocking ion, are shown in 
Fig. 5 A. Internal Na + induced a marked increase of  open-channel noise. Channel 
openings seem to be interrupted very frequently, resulting in large numbers of  fast 
ON-OFF transitions. The relation between the apparent  unitary current  (filtered at 1 
kHz) and membrane  potential are shown in Fig. 5 B, which gives a clear picture of  
the intensified blockade on increasing depolarization. This property is an important 
piece of  evidence identifying the 150-pS channel with other Ca2+-activated K + chan- 
nels (rat muscle cell, Pallotta et al., 1981; bovine chromaffin cell, Marry, 1983; 
Yellen, 1984; toad stomach myocyte, Singer and Walsh, 1984), and with the delayed 
rectifier (node of  Ranvier, Bergman, 1970; squid giant axon, Bezanilla and Arm- 
strong, 1972; French and Wells, 1977). The effects of  Na +, especially those follow- 
ing large depolarizations are rarely reversed. 

According to Eq. 2, an electrical distance of  1.20 was calculated as the site of  
blockade for the condition of  [Na+]i = 20 raM. Although the value exceeds 1 (see 
Discussion), it does suggest that Na + enters the channel and penetrates deeply into 
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the m e m b r a n e  electr ical  field. Owing  to d a m a g e  o f  the  giga-seals, we cou ld  no t  raise 
the  pa tch  poten t ia l  to  very posi t ive levels to see w he the r  the  b lockade  could  be  
re l ieved with a resu l tan t  increase  in s ingle-channel  c u r r e n t  (see F rench  and  Wells,  
1977). 

In  s tudying  the p robab i l i ty  o f  a channe l  b e i n g  open ,  we r e g a r d e d  a burs t  as a 
single open ing ,  because  it was imposs ib le  to  me a su re  the  d u r a t i o n  o f  each  shor t  
ON-OFV event  in a burst .  This  prac t ice  led  to  an overes t imat ion  o f  p in the  p re sence  
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FIGURE 4. Internal Cs + reversibly decreases size of  single-channel current and irreversibly 
reduces probability for channel being open. (A) Single-channel currents at membrane poten- 
tials of  20, 30, and 40 mV. Inside-out patch in 135 mM KC1 containg 0 (first row), 10 (second 
row), 20 (third row), and again 0 mM Cs + (fourth row). Short bars on left side indicate the 
channel closed level. (B) i-V curve from data shown above. Symbols denote size of unitary 
currents in 0 (O), 10 (B), and 20 mM (A) Cs~. Lines drawn by eye. i-Vcurve for recovery (not 
shown) is superimposed on that of  control. (C) p -v  curve in control (O), 10 mM (B), 20 mM 
internal Cs + (A), and recovery (O). 

o f  in te rna l  Na  + by  a f ac to r  o f  io/ie, the  ra t io  o f  the  un i ta ry  c u r r e n t  in u n b l o c k e d  to  
b locked  cond i t ion  (Marty, 1983). F r o m  the p-V  curves (af ter  cor rec t ion)  in Fig. 5 C, 
it  is ev ident  tha t  N a  + r educes  p in a v o l t a g e - d e p e n d e n t  way, which resul ts  f r om a 
combina t i on  o f  a dec l ine  o f  mean  o p e n  t ime and  a p r o l o n g a t i o n  o f  mean  closed 
t ime (not shown). 

TEA § blocks the channel from either side. T E A  + reduces  the  K + conduc t ance  o f  
de layed  rect i f ier  channe l  in many  types o f  exci table  m e m b r a n e s  (for re~4ew see Stan-  
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field, 1983). In  the p resen t  study, it was app l i ed  to e i ther  side o f  the  m e m b r a n e  to 
see its effect on  the  Ca2+-activated K + channel .  W h e n  app l i ed  to the  in t race l lu lar  
side o f  the  m e m b r a n e ,  the  effect o f  TEA + appea r s  to be  a s imple r educ t ion  o f  uni-  
tary cu r r en t  at all m e m b r a n e  potent ia l s  wi thout  modi fy ing  the ga t ing  kinetics (Fig. 
6 A). The  c u r r e n t  t races f rom four  such expe r imen t s  showed no  de tec tab le  al ter-  
a t ion  o f  the  noise level o f  e i ther  o p e n  o r  c losed state d u r i n g  the in t race l lu lar  appl i -  
ca t ion  o f  TEA + . 

Fig. 6 B shows the i-V re la t ions  in the  p resence  o r  absence  o f  TEAi ~. The  uni t  
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FIGURE 5. Internal Na + blocks Ca~+-activated K + channel in voltage-dependent way. Inside- 
out patch. Records filtered at 1 kHz. (A) Single-channel recordings at 20, 30, and 40 mV 
without or with 10, 20, and 40 mM internal Na § (as indicated). Short bars on left side indi- 
cate zero-current level. Note Na + induces noisy and flickery open state. (B) i-V relationship 
from data shown above. Apparent unitary currents at various membrane potentials are repre- 
sented by symbols: e, control; II, 10; &, 20; and z~, 40 mM Na +. (C) p-V plots. Points are 
observed values after correction (see text) at [Na+]~ of 0, e; 10, It; 20, A; and 40 mM, zx. 

conduc tances  are  145, 117, 93, and  61 pS, respectively,  in 0, 10, 20, and  40 mM o f  
TEAl +. F r o m  the shape  o f  the i-V curves,  the  b lockade  exhibi ts  little vol tage depen -  
dence.  The  electr ical  d is tance  o f  the  b locking  site was ca lcula ted  as 0.13, a value 
which falls be tween  0.26 r e p o r t e d  for  cu l tu red  ra t  muscle (Blatz and  Magleby,  1984) 
and  0.1 for  bovine  chromaff in  cells (Yellen, 1984). 

Fig. 6 C gives the re la t ion  be tween  normal i zed  conduc tances  (0 mV) and  the con- 
cen t ra t ions  o f  TEA +. The  obse rved  da ta  (n = 4) a re  best  f i t ted by a b imolecu la r  
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react ion to its 1.4th power.  F r o m  this dose-response relation, the concent ra t ion  for  
a half-reduct ion o f  the uni t  conduc tance  is 31 mM. This value can be c o m p a r e d  with 
11.8 mM in the guinea pig mesenteric artery myocyte (Benham et al., 1985), 25 mM 
in the canine airway smooth  muscle cell (McCann and Welsh, 1986), 27 mM in the 
bovine chromaff in  cell (Yellen, 1984), and  60 mM in the cul tured rat muscle cell 
(Blatz and Magleby, 1984). 

The  effect o f  external T E A + was studied by incorpora t ing  TEA + in the patch 
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FIGURE 6. Internal TEA + blocks Ca~+-activated K § channel by reducing the magnitude of 
unitary current with little voltage dependence. (A) Single-channel currents from inside-out 
patch internally treated with 0, 10, 20, and 40 mM TEA + at potentials of  0, 10, 20, and 30 
inV. Bars on left side indicate closed level. (B) i -V  curve from data presented above. Points 
denote observed data, [TEA+]i is as follows: @, 0 raM; II, 10 raM; A, 20 raM; n, 40 raM. 
Continuous lines are linear regression fittings. Using Eq. 2, KD(0) is 41.8 mM for 10 mM TEA 
(as blocking ion), 35.8 mM for 20 mM TEA, and 29.0 mM for 40 mM TEA. (C) Concentra- 
tion-effect relation. Abscissa: [TEA + ]t in a logarithmic scale; ordinate: unit conductance with 
TEA + normalized to that without TEAi +. Points are averages from four experiments. Contin- 
uous line is bimolecular reaction curve to 1.4th power. 

pipette. Once  a giga-seal was fo rmed  at the tip o f  a pipette that conta ined more  than 
2 mM T E A +, channel  openings  o f  ordinary size were not  observed over  a wide 
range o f  patch potential.  Only some small flickerings with long closed times in- 
between appeared  at very positive potentials (middle and  right panels o f  Fig. 7). 
Because the same patch  could no t  be used for  bo th  control  and  TEA + , comparisons  
had to be made  on  pairs o f  patches f rom the same cell. The  concent ra t ion  needed  to 
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r educe  uni t  c o n d u c t a n c e  to 50% was es t imated  to be  be tween  0.1 and  0.3 mM 
(n = 5 pairs). A m o r e  prec ise  es t imate  was no t  made  because  o f  variat ions in the 
sensitivity o f  d i f fe ren t  pa tches  and  the lack o f  a real  control .  Thus,  ex te rna l  TEA + 
could  be  100 t imes m o r e  effective than  in ternal  TEA + in b locking  the Ca~+-activated 
K + channel .  This f inding  is in a g r e e m e n t  with those  r e p o r t e d  ear l ie r  ( H e r m a n n  and  
G o r m a n ,  1981; A d a m s  et  al., 1982; L a t o r r e  et  al., 1982; Blatz and  Magleby,  1984; 
YeIlen, 1984; I n o u e  et  al., 1985). The  d i f ferences  in the  b lock ing  pa t t e rn  and  in the  

0 TEA 2 TEA 4 TEA 

6 0  ~ ~ _ _: . . - -  =-~-.,...Jh - -. 
10  pA I 5 0  ms 

4 O  

3 0  

2 0  ~ - - - - - - - - ~  , " 

10  ~ 

o 

-10 

-20 ~ ' ~ " - ~ ' ~  . . . . . . . .  

- 3 0  - . J ' ~ J " ~  ~- ~- ~ - - 

- 4 0  

mV 

FIGURE 7. External TEA + is more potent in blocking the channel. Single-channel currents 
at various potentials from three inside-out patches with pipette solution containing 0, 2, or 4 
mM TEA + (as indicated). Calibration bars valid for all traces. 

po tency  be tween  the act ions  o f  in ternal  and  ex te rna l  TEA + suggest  the  p resence  o f  
separa te  r ecep to r s  for  the i r  actions.  

D I S C U S S I O N  

Selectivity and Blockade Property 

The  ion selectivity o f  the  150-pS Ca2+-activated K + channel  o f  the taenia  myocyte  
resembles  the  selectivity pa t t e rn  o f  the  Ca2+-activated K + channel  (Blatz and  
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Magleby, 1984; Yellen, 1984; Benham et al., 1986) as well as that of  the delayed 
rectifier channel (Chandler and Meves, 1965; Berman, 1970; Bezanilla and Arm- 
strong, 1972; HiUe, 1973) in many other  types of  cells. The channel is very selective 
to K § less permeable to NH~-and Rb § and nearly impermeable to Na § Cs § Li § 
and TEA + . 

The value of  0.65 for Pva,/PK in an asymmetrical Rb + condition is consistent with 
those observed on Ca2+-activated K + channel in other  tissues: 0.67 in the cultured 
rat muscle cell (Blatz and Magleby, 1984) and 0.7 in the rabbit jejunal cell (Benham 
et al., 1986). These values are considerably larger than the conductance ratio, 
g~/gK,  of  0.31. The discrepancy probably reflects some binding of  Rb + to a satura- 
ble site in the channel to reduce the rate of  its passage. Thus, the absolute channel 
conductance defined by currents is depressed by saturation, whereas the relative 
permeability defined by reversal potentials, which depends only on the ratio of  ionic 
concentrations, is unaffected (Hille and Schwarz, 1978; Adams et al., 1981). We 
found some change in channel gating kinetics when Rb + is the charge carrier (Fig. 
2 C), as was also reported by Blatz and Magleby (1984). 

Our  value of  0.50 for PNH,/PK, determined by applying the independence princi- 
ple to current  amplitude, is significantly larger than what has generally been found 
with reversal potential measurements for the delayed rectifier channel (Bezanilla 
and Armstrong, 1972; Hille, 1973) and the Ca2+-activated K + channel (Blatz and 
Magleby, 1984). The difference may indicate a failure caused by equating relative 
permeability with relative conductance, which implies that the independence princi- 
ple does not apply to the Ca~+-activated K + channel when NH~ is the charge carrier. 
On the other  hand, the absolute conductance in NH~-based on the amplitude of  
current  might actually be somewhat exaggerated, if NH~ carried a larger current  
through the K + channel than theoretically predicted, as it did in the node of  Ranvier 
(Hille, 1973) and in the endplate channel of  the frog skeletal muscle (Adams et al., 
1981). 

It is known that internal Na + and Cs + interfere with outward K + current  through 
the delayed rectifier channel, and that they can cause a region of  negative slope 
conductance in the I -V  curve (Chandler and Meves, 1965; Bezanilla and Armstrong, 
1972; French and Shoukimas, 1985). With internal Na +, regions of  negative slope 
conductance in the single-channel i -V  curves were readily seen (Fig. 5 B). 

With internal Cs +, no negative conductance range was observed with [Cs + ]i up to 
40 mM. This observation differs from the results obtained on the delayed rectifier 
of  the squid giant axon. Blockade by internal Cs + in the taenia myocyte channel is of  
low affinity. The KD(0) of  88 mM (at 20 mM of Cs~ +) is close to that of  100 mM for 
chromaffin cells (Yellen, 1984). However, the blocking site in the taenia myocyte has 
an electrical distance of  0.61, which is significantly greater than Yellen's value of  
0.25. Yellen's observation was obtained in a symmetrical K + condition. So this dis- 
crepancy is in line with the general trend that the value of  d is lower with higher 
[ K+ ]o (French and Shoukimas, 1985). 

Is the Channel a Single-Ion or Multi-Ion Pore? 

In our  experiments, all currents were studied in an asymmetrical K + concentration 
([K§ 135/[K + ]o 5.4) within a physiological potential range. The current-voltage 
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re la t ionship  can be  well desc r ibed  by the G o l d m a n - H o d g k i n - K a t z  constant - f ie ld  
re la t ion  (Fig. 2 B o f  H u  et al., 1989), which suggests  that  the  Ca~+-activated K § 
channel  might  obey  the i n d e p e n d e n c e  pr inciple .  Cont rad ic t ions  arise, however ,  
f rom the fol lowing observat ions .  First ,  the relat ive conduc t ance  o f  0.31 for  Rb + 
t h r o u g h  the K § channel  obviously deviates f rom the pe rmeabi l i ty  rat io  o f  0.65 
ob t a ined  f rom the shift o f  the  reversal  potent ia l .  Second,  the  in ternal  Na  § b lock ing  
site is ca lcula ted  to be at an electr ical  d is tance  o f  1.2 at  20 mM Na +. In  a single-ion 
channel  po re  with the  monova len t  b locking  ion Na + and  the monova len t  p e r m e a n t  
ion K +, the  value o f z d  in Eq. 2 canno t  exceed  1.0. (Hille and  Schwarz,  1978; Yellen, 
1984; E isenman et  al., 1986). Thi rd ,  the  dose - re sponse  curve o f  in ternal ly  app l i ed  
TEA + is s t eepe r  (n = 1.4) than can be exp la ined  by a theory  with one  occ lud ing  ion 
p e r  channel  (where n = 1.0). These  d iscrepancies  can be  resolved by assuming  that  
the  Ca2+-activated K + channel  is a mul t i - ion p o r e  with mul t i -occup ied  sites inside 
(Hille and  Schwarz,  1978), like the  de layed rect i f ier  K + channel .  I t  obeys the  inde-  
p e n d e n c e  pr inc ip le  only in a physiological  ionic e n v i r o n m e n t  and  potent ia l  range,  in 
the  absence  o f  less p e r m e a n t  o r  i m p e r m e a n t  fore ign  ions. 

TEA + and the Macroscopic Outward Current 

T h e r e  is a d i sc repancy  be tween  the effect iveness o f  TEA + in b locking  the single 
Ca~+-activated K+-channel  and  its inabil i ty to b lock all ou tward  c u r r e n t  in the  whole 
cell. Thus,  on  the  freshly d i spe rsed  myocyte  o f  the  guinea  p ig  u r ina ry  b l a d d e r  
(K16ckner and  I senberg ,  1985), and  in mul t ice l lu lar  p r epa ra t i ons  o f  the  guinea  p ig  
taenia  coli ( Inomata  and  Kao, 1979, 1985) [TEA+]o o f  150 and  135 mM marked ly  
r e d u c e d  but  d id  no t  e l iminate  the  ou tw a rd  cur ren t .  Two possible  reasons  could  be  
cons idered :  there  a re  d i f ferent  types o f  K + channels  with d i f ferent  responsivenesses  
to TEA + , and  there  a re  o t h e r  ionic channels  c on t r i bu t i ng  to the  macroscop ic  out-  
ward  cu r r en t  in the intact  cell. T h r e e  types o f  K + channels  have been  shown to 
occu r  in the taenia  myocyte  (Hu et  al., 1989), bu t  the evidence indicates  that  the  
macroscop ic  ou tward  c u r r e n t  d u r i n g  a 100-ms s tep depo la r i za t ion  can be  largely 
a c c o u n t e d  for  by the 150-pS Ca2+-activated K + channel .  Moreover ,  the two o t h e r  
types o f  K + channel  do  no t  a p p e a r  to r e s p o n d  fast e n o u g h  to the  100-ms depolar iz -  
ing step. In  view o f  such cons idera t ions ,  the  possibil ty o f  o t h e r  ionic channels  (espe- 
cially ch lor ide  channels)  con t r i bu t i ng  to the  macroscop ic  ou tward  c u r r e n t  assumes 
real significance, especial ly u n d e r  condi t ions  where  the K + channel  is b locked.  
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