
Gating of Na Channels in the Rat Cortical 

Collecting Tubule: Effects of Voltage and 

Membrane Stretch 

LAWRENCE G. PALMER a n d  GUSTAVO FRINDT 

From the Department of Physiology and Biophysics, Cornell University Medical College, 1300 York Ave., New 
York, NY 10021 

A B STRA CT The gating kinetics of apical membrane Na channels in the rat cortical collect- 
ing tubule were assessed in cell-attached and inside-out excised patches from split-open tu- 
bules using the patch-clamp technique. In patches containing a single channel the open 
probability (Po) was variable, ranging from 0.05 to 0.9. The average Po was 0.5. However, the 
individual values were not distributed normally, but were mainly ~<0.25 or/>0.75. Mean open 
times and mean closed times were correlated directly and inversely, respectively, with Po. In 
patches where a sufficient number of events could be recorded, two time constants were re- 
quired to describe the open-time and closed-time distributions. In most patches in which 
basal Po was < 0.3 the channels could be activated by hyperpolarization of the apical mem- 
brane. In five such patches containing a single channel hyperpolarization by 40 mV increased 
Po by 10-fold, from 0.055 + 0.023 to 0.58 --- 0.07. This change reflected an increase in the 
mean open time of the channels from 52 -+ 17 to 494 _ 175 ms and a decrease in the mean 
closed time from 1,940 -+ 350 to 336 -+ 100 ms. These responses, however, could not be de- 
scribed by a simple voltage dependence of the opening and closing rates. In many cases sig- 
nificant delays in both the activation by hyperpolarization and deactivation by depolarization 
were observed. These delays ranged from several seconds to several tens of seconds. Similar 
effects of voltage were seen in cell-attached and excised patches, arguing against a voltage- 
dependent chemical modification of the channel, such as a phosphorylation. Rather, the 
channels appeared to switch between gating modes. These switches could be spontaneous but 
were strongly influenced by changes in membrane voltage. Voltage dependence of channel 
gating was also observed under whole-cell clamp conditions. To see if mechanical perturba- 
tions could also influence channel kinetics or gating mode, negative pressures of 10-60 mm 
Hg were applied to the patch pipette. In most cases (15 out of 22), this maneuver had no sig- 
nificant effect on channel behavior. In 6 out of 22 patches, however, there was a rapid and re- 
versible increase in/90 when the pressure was applied. In one patch, there was a reversible de- 
crease. While no consistent effects of pressure could be documented, membrane deforma- 
tion could contribute to the variation in P,, under some conditions. 

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

Epithelial Na channels in such tissues as the rat cortical 
collecting tubule (CCT), toad urinary bladder and in 
amphibian cells (A6) in culture are characterized by a 
high selectivity for Na over K, single-channel conduc- 
tance of  4-5 pS at room temperature (8-9 pS at 37~ 
and long mean open and closed times (Eaton and 
Hamilton, 1988; Garty and Benos, 1988; Smith and 
Benos, 1991; Palmer, 1992). The open probability of  
these channels is, however, quite variable. In the rat 
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CCT under  apparently identical physiological condi- 
tions Po can range from very low levels (<0.05) to very 
high values (>0.95) (Palmer and Frindt, 1988; Pficha et 
al., 1993). In some cases, two channels in the same 
patch can apparently have different values of  Po 
(Palmer and Frindt, 1988; Marunaka et al., 1992). Vari- 
ables that have been proposed to affect Po include in- 
tracellular pH (Palmer and Frindt, 1987), intracellular 
Ca (Silver et al., 1993), activation of PKC (Ling and 
Eaton, 1989), activation of  G-proteins (Ohara et al., 
1993), insulin, (Marunaka et al., 1992) and aldosterone 
(Kemendy et al., 1992). 

Another  factor that can influence Po is the mem- 
brane voltage. In contrast to the effects of  voltage on 
Na channels from excitable cells, hyperpolarization of  
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the  cell  m e m b r a n e  activates ep i the l i a l  N a  c h a n n e l s  
while  d e p o l a r i z a t i o n  deac t iva tes  t h e m  (Pa l me r  a n d  
Fr ind t ,  1988; F r i n d t  e t  al., 1993). T h e  r e sponse  to volt- 
age was weak  c o m p a r e d  with classical vo l tage-ga ted  
channe l s ,  with Po inc rea s ing  by ~ 2 %  p e r  mV (Pa lme r  
a n d  Fr ind t ,  1988). T h e  vol tage  d e p e n d e n c e  o f  the  
channe l s  may  be  i m p o r t a n t  in m e d i a t i n g  f e e d b a c k  con-  
t rol  o f  c h a n n e l  activity, especia l ly  d u r i n g  change s  in  the  
ra te  o f  Na  en t ry  in to  the  cells (F r ind t  e t  al., 1993). 
These  effects have n o t  b e e n  s t ud i ed  in  detai l .  

Recent ly  ep i the l i a l  Na  c h a n n e l s  have b e e n  c l o n e d  
f rom the  ra t  co lon  (Canessa  et  al., 1993; L ingueg l i a  e t  
al., 1993; Canessa  et  al., 1994). These  c lones  ca l led  ~x, [3, 
a n d  ~ / rENaC's ,  show n o  s igni f icant  h o m o l o g y  to o t h e r  
k n o w n  ve r t eb ra t e  ion  channe l s .  They  do  share ,  how- 
ever,  h o m o l o g y  o f  b o t h  n u c l e o t i d e  a n d  p r o t e i n  se- 
q u e n c e s  as well as s imilar i ty  o f  a p p a r e n t  m e m b r a n e  to- 
po logy  with several  genes  f rom the  n e m a t o d e  Cae- 
norhabditus elegans which  a re  exp re s sed  in  sensory  
n e u r o n s  a n d  are  t h o u g h t  to be  involved in the  trans- 
d u c t i o n  o f  m e c h a n i c a l  s t imuli  (Driscol l  a n d  Chalf ie ,  
1991; Chalf ie  e t  al., 1993; H u a n g  a n d  Chalf ie ,  1994). 
This  raises the  possibi l i ty  tha t  the  ep i the l i a l  N a  chan-  
ne ls  a re  r e l a t ed  to m e c h a n o s e n s o r y  channe ls .  T h e  sen- 
sitivity o f  the  N a  c h a n n e l s  to m e c h a n i c a l  p e r t u r b a t i o n s  
o f  the  m e m b r a n e ,  e.g.,  m e m b r a n e  s t re tch,  has n o t  ye t  
b e e n  e x a m i n e d .  

In  this p a p e r  we desc r ibe  the  k ine t ic  p r o p e r t i e s  o f  the  
ep i the l i a l  N a  c h a n n e l  f rom the  ra t  r ena l  cor t ica l  col- 
l ec t ing  tubule ,  a n d  the  effects o f  changes  in m e m b r a n e  
vol tage  a n d  t r a n s m e m b r a n e  pressures  on  c h a n n e l  
gat ing.  

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

Biological Preparations 

Sprague-Dawley rats of either sex (100-150 g) raised free of viral 
infections (Charles River Laboratories, Kingston, NY) were fed a 
low Na diet for at least one week to enhance Na channel activity. 
Animals were killed by cervical dislocation, the kidneys removed, 
and the CCT dissected free and opened manually to expose the 
luminal surface. The split tubules were attached to a small plastic 
rectangle coated with Cell-Tak (Collaborative Research, Bedford, 
MA) and placed in a perfusion chamber mounted on an inverted 
microscope. The chamber was continuously perfused with solu- 
tion which was prewarmed to 37~ by a miniature waterzjacketed 
glass coil (Radnotti Glass Technology, Monrovia, CA). Principal 
cells of the tubule were identified visually as described previously 
(Pficha et al., 1991). To apply pressure across the patch, suction 
was applied to the back of the pipette through the pipette holder 
using a micrometer syringe. The pressure was monitored using a 
pressure transducer (model DPM1-B; Bio-Tek). 

Solutions 

Tubules were superfused with a solution consisting of (millimo- 
lar): 140 NaC1, 5 KC1, 2 CaC12, 1 MgCI2, 2 glucose, and 10 N-2- 

hydroxyethylpiperazine-N'-2-ethanesulfonic acid (Hepes) ad- 
justed to pH 7.4 with NaOH. Modifications of the solution are de- 
scribed in the text. The patch-clamp pipettes were filled with so- 
lutions containing (millimolar): 140 LiCI, 3 MgCI2, and 10 Hepes, 
adjusted to pH 7.5 with LiOH. Li was used as the primary cation in 
the pipette because the single-channel conductance is higher to Li 
than to Na, giving a better signal-to-noise ratio (Silver et al., 1993). 

For whole-cell recordings the tubules were bathed with a solu- 
tion in which NaC1 was replaced by Na methane sulfonate to re- 
duce membrane CI- conductance. The pipette solution con- 
tained (millimolar): 7 KC1, 123 aspartic acid, 20 CsOH, 20 
TEAOH, 5 EGTA, 10 Hepes, 3 MgATP, and 0.3 NaGTP with the 
pH adjusted to 7.4 with KOH. 

Electrical 

Basic patch-clamp methods were as described previously (Frindt 
et al., 1993; Silver et al., 1993). Recording of currents and analy- 
sis of data were carried out with an Atari 1040 ST computer 
equipped with interface and data acquisition software (In- 
strutech, Mineola, NY). Current records were stored on video 
tape using a pulse-code modulator (Instrutech). Computation of 
the mean number of open channels (NPo), open probability (P,,) 
and mean open and closed times was carried out using the TAC 
program (Instrutech). In patches containing a single channel the 
open- and closed-time distributions were plotted and analyzed ac- 
cording to the method of Sigworth and Sine (Sigworth and Sine, 
1987). Fitting of the distributions was carried out using the maxi- 
mum likelihood method with the TAC program. 

R E S U L T S  

Kinetics of Na Channels in Single-Channel Patches 

It  is ra re  to f ind  single Na  channe l s  in pa t ches  f rom the  
ra t  CCT. W h e n  the  ra t  is on  a low-Na diet ,  mos t  pa t ches  
c on t a in  m a n y  channe l s ,  with the  average  a r o u n d  five 
(Pficha et  al., 1993). W h e n  the  an ima l  is on  a n o r m a l  
diet ,  t h e r e  is a lmos t  no  N a  c h a n n e l  activity at  all. In ter -  
m e d i a t e  c ond i t i ons  have b e e n  diff icul t  to establish.  
Never the less  over  a p e r i o d  o f  a b o u t  fou r  years  a reason-  
able  n u m b e r  o f  pa t ches  which  d i d  c on t a in  j u s t  one  ac- 
tive c h a n n e l  were  observed .  In  such  pa tches ,  only  two 
c u r r e n t  levels, c o r r e s p o n d i n g  to the  o p e n  a n d  c losed  
state o f  the  channe l s ,  were  obse rved  over  a p e r i o d  o f  3 
ra in  o r  more .  T h e s e  channe l s  h a d  c o n d u c t a n c e s  (12 -  
13 pS) s imi lar  to those  r e p o r t e d  previous ly  for  the  same 
c ond i t i ons  (F r ind t  e t  al., 1993). This  value is h i g h e r  
t han  the  5 pS value assoc ia ted  with this c h a n n e l  
(Pa lmer ,  1992) because  Li r a t h e r  than  Na  was the  ma- 

j o r  p e r m e a n t  i on  a n d  the  m e a s u r e m e n t s  were  m a d e  at  
37~ r a t h e r  t han  r o o m  t e m p e r a t u r e .  T h e  kinet ics  o f  
these  channe l s  are  d e s c r i b e d  in Figs. 1-3.  A s t r ik ing  
f i nd ing  was the  var iabi l i ty  in the  m e a n  o p e n  a n d  c losed  
t imes  a n d  the o p e n  p robab i l i t y  wi th in  this g roup .  

Fig. 1 A shows an  e x a m p l e  o f  a c h a n n e l  with a low P,,. 
T h e  activity o f  the  c h a n n e l  was r e c o r d e d  for  11.5 min .  
T h e  Po, which  ave raged  0.093, va r i ed  s o m e w h a t  over  
this t ime  p e r i o d  bu t  t h e r e  was no  systematic  c h a n g e  
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FIGURE 1. Kinetics of a channel with low Po (0.093). (A) Portion of the original recording which was 695 s long. The pipette potential was 
+ 20 inV. (B) Plot of Po as a function of time. (C) Open-time histogram. The kinetics are plotted according to the method of Sigworth and 
Sine (1987). The solid line represents a fit to two exponentials with time constants 123 ms (51% of total events) and 24 ms (49%). (D) 
Closed-time histogram. The solid line represents a fit to two exponentials with time constants 1,580 (27%) and 454 ms (73%). 

(Fig. 1 B). It was necessary to establish that  the Po was 
cons tan t  to use the ent ire  r eco rd  for  assessing the ki- 
netic proper t ies  o f  the channel .  The  t ime interval was 
selected arbitrarily. T he  m e a n  o p e n  t ime was 77 ms, 
and  the m e a n  closed time was 760 ms. O p e n  and  
closed-time distr ibutions are shown in Fig. 1, C and  D. 
T h e  open- t ime  h is togram could  be fitted by two expo-  
nentials,  as descr ibed  in the f igure legend.  T he  closed- 
t ime h is togram could  be descr ibed  fairly well with a sin- 
gle exponent ia l ,  a l though  a bet ter  fit was ob ta ined  with 
two exponent ia ls .  Five ou t  o f  six o f  the channels  within 
this g r o u p  with Po < 0.22 requi red  two exponent ia ls  to 
fit the open- t ime distr ibution.  In  all o f  these cases the 
closed times could  be reasonably well descr ibed  with a 
single exponent ia l .  

Fig. 2 A shows a record  f r o m  a pa tch  with a channe l  
o f  in te rmedia te  Po. T he  total r e co rd ing  t ime was 7 min  
and  Po was stable with an average value o f  0.55 (Fig. 2 
B). T h e  m e a n  o p e n  t ime was 350 ms. As in the case 
above, the open- t ime dis tr ibut ion indicated  two time 
constants  (Fig. 2 C). T h e  m e a n  closed t ime was 286 ms 
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and  was fairly well descr ibed by a single exponent ia l  
(Fig. 2 D). The re  were only three channe ls  in the g r o u p  
with in te rmedia te  Po values between 0.25 and  0.75. All 
indica ted  two o p e n  times. O n e  o f  the three  also re- 
qui red  two time constants  to fit the  closed-t ime distri- 
butions.  In this patch  the pipet te  potent ia l  was zero, 
c o m p a r e d  with + 2 0  mV for  Figs. 1 and  3. N o  compara -  
ble r ecord  at +20  mV was available for  this group.  

Fig. 3 A shows a record  f rom a pa tch  with a single 
channe l  with a h igh Po. This r eco rd ing  lasted for  10 
min. The  average Po was 0.87 and  again was relatively 
cons tant  over the r eco rd ing  pe r iod  (Fig. 3 B). Th e  
m e a n  o p e n  time was 1.62 s. The  o p e n  times were best  
descr ibed  by two exponent ia ls ,  a l t hough  mos t  (88%) o f  
the events were within the distr ibution o f  longer  open-  
ings (mean  o p e n  t ime 1.81 s). The  m e a n  closed t ime 
was 237 ms. In  this case the closed t ime h is togram indi- 
cated the presence  o f  two closed time constants  o f  340 
and  41 ms. 

The  relat ionship between Po and  o p e n  and  closed 
times is shown in Fig. 4. In this and  subsequen t  f igures 
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FIGURE 2. Kinetics of a channel with intermediate Po (0.55). (A) Portion of the original recording that was 399 s long. The pipette poten- 
tial was 0 mV. (B) Plot of Po as a function of time. (C) Open-time histogram. The kinetics are plotted according to the method of Sigworth 
and Sine (1987). The solid line represents a fit to two exponentials with time constants 761 (37% of total events) and 95 ms (63%). (D) 
Closed-time histogram. The solid line represents a fit to two exponentials with time constants 761 ms (37%) and 171 ins (63%). 

only the m e a n  o p e n  and  closed times are shown. Re- 
cordings  o f  < 5 min  u n d e r  the same condi t ions  were 
no t  long  e n o u g h  to accurately resolve mult iple  t ime 
constants  as shown in Figs. 1-3. T he  m e a n  o p e n  and  
closed times are weighted averages o f  two or  m o r e  pop-  
ulations o f  o p e n  or  closed events. The re  is a clear in- 
crease in m e a n  o p e n  times and  a decrease in m e a n  
closed times as Po increases. Th ree  patches appea red  to 
fall somewhat  outside this relat ionship.  These  are 
shown as circled symbols in the figure, and  had  m o r e  
rapid, flickery kinetics. Both  the m e a n  o p e n  times (25-  
60 ms) and  mean  closed times (120-190 ms) were 
short.  All three o f  these patches were ob ta ined  within a 
three day per iod  on  the same batch  o f  rats. The  chan-  
nels had  a normal  i -V relat ionship characterist ic o f  the 
Na channels ,  with a slope c o n d u c t a n c e  for  inward cur- 
r en t  o f  12 pS. We do  no t  know why they behaved differ- 
ently. 

In previous studies using mainly mul t i channe l  
patches the m e a n  values o f  Po were given as 0.4-0.5 
(Palmer  and  Frindt,  1988; Pficha et al., 1993). Curi- 

ously, there  were very few single channels  which had a 
Po in this range.  It is possible that  the cr i ter ion o f  hav- 
ing a single channe l  selects for  condi t ions  with ex t reme 
values o f  Po. A n o t h e r  possibility is that  mul t i channe l  
patches conta in  two popula t ions  o f  channels  with high 
and  low Po which tend to average. I n d e e d  the average 
Po o f  the 19 s ingle-channel  patches  was 0.50 --- 0.08. 
This suggests the presence  o f  at least two gat ing 
"modes" for  the channels ,  one  with h igh Po and  one  
with low Po. Mul t ichannel  patches  may then  have a mix 
o f  these modes.  

Effects of Voltage on Channel Gating 

Fur ther  evidence for  gat ing modes,  and  for  inter  con- 
version between them,  was ob ta ined  f rom observations 
o f  the effects o f  voltage on  channe l  gating. We have 
previously r epor t ed  that  hyperpolar iza t ion can activate 
the epithelial Na channe l  (Palmer,  1988; Frindt,  1993). 
In the presen t  study we examined  this effect in m o r e  
detail us ing patches in which the initial P,, was low, such 
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FIGURE 3. Kinetics of a channel with high Po (0.87). (A) Portion of the original recording which was 578 s long. The pipette potential was 
+20 mV. (B) Plot of Po as a function of time. (C) Open-time histogram. The kinetics are plotted according to the method of Sigworth and 
Sine (1987). The solid line represents a fit to two exponentials with time constants 1810 ms (88% of total events) and 82 ms (12%). (D) 
Closed-time histogram. The solid line represents a fit to two exponentials with time constants 340 (64%) and 41 ms (36%). 

as that  shown in Fig. 1. Most ( > 8 0 % )  channels  in this 
g r o u p  could  be activated by voltage, a l though  the ex- 
tent  o f  the hyperpolar iza t ion  requi red  for  activation 
was variable. The  t ime course  o f  the effect o f  voltage 
for  five such patches  is shown in Fig. 5. Th ree  o f  these 
had  channe ls  with a low Po at the rest ing potent ia l  o f  
the cell (Vpipeue = 0) and  activated after a hyperpolar -  
ization o f  40 mV. T he  o the r  two ha d  channels  which 
main ta ined  a low Po for  m o r e  than 1 rain at Vpip~u~ = 40 
mV, bu t  activated with a fu r the r  40 mV hyperpolar iza-  
tion. The re  were no  consis tent  differences in the two 
data sets which are therefore  combined .  NP o increased 
within 30 s and  c o n t i n u e d  to rise, on  the average, for  3 
rain. We did no t  study m o r e  p r o l o n g e d  hyperpolar iza-  
tions. U p o n  re tu rn ing  the patches  to the initial level 
NPo decreased  but  r ema ined  above the original  level 
for  1-2 rain. 

The  kinetics o f  the channels  before  and  after  voltage 
activation are shown in Fig. 6. This summarizes  experi- 
ments  similar to those shown in Fig. 5, but  where  there  
was a single active c ha nne l  in the patch.  The  initial volt- 
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age was 0 to 40 mV, and  the patch  was hyperpolar ized  
by 40 to 80 inV. The  increase in Po is shown in A. B and  
C show the increase in m e a n  o p e n  times and  the de- 
crease in m e a n  closed times, respectively. In  these cases 
the r eco rd ing  t ime at any one  voltage was no t  sufficient 
to resolve mult iple  o p e n  or  closed states. Clearly, how- 
ever, changes  in bo th  o p e n i n g  and  closing rates con- 
tr ibute to the increased Po. 

As indicated in Fig. 5, the effects o f  voltage on  chan- 
nel behavior  of ten involved substantial delays. An  ex- 
ample  o f  an individual record  illustrating delayed acti- 
vation is shown in Fig. 7. Here  the pipet te  voltage was 
initially 0 mV and  NPo was quite  low. Hyperpolar iza t ion  
o f  the pa tch  by 80 mV (chang ing  Vpipette to + 8 0  mV) 
had  little immedia te  effect on  Po bu t  after ~o16 s the 
channe l  suddenly  activated. The  increased NPo was sus- 
tained for at least 20 s but  was reversed by returning Vpipe,t ~ 
to 0. A time course  o f  NPo for  this pa tch  is shown in Fig. 
8. In this case the channe l  was activated three  times in 
succession. In each case there  was a significant delay 
between the hyperpolar iza t ion  and  the activation. 
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In  o t h e r  cases l ong  delays in the  deac t iva t ion  o f  the  
c h a n n e l s  by d e p o l a r i z a t i o n  were  observed .  O n e  s t r ik ing  
e x a m p l e  is shown in Fig. 9. H e r e  aga in  the  c h a n n e l  ac- 
tivity was low b u t  was i nc r ea sed  by hype rpo l a r i z a t i on .  In  
this case t he  act ivat ion was sus t a ined  for  at  least  two 
m i n u t e s  desp i t e  the  r e t u r n  o f  the  vol tage  to its o r ig ina l  
value.  Po eventua l ly  r e t u r n e d  to low levels a f te r  a fur- 
t he r  d e p o l a r i z a t i o n  o f  the  m e m b r a n e .  

T h e  delays in ac t iva t ion  a n d  deac t iva t ion  a re  summa-  
r ized  in Fig. 10 fo r  a series o f  pa t ches  in which  the  orig-  
inal  Po was < 0.25. This  r e q u i r e d  a s o m e w h a t  a rb i t r a ry  
de f in i t i on  o f  act ivat ion.  We c o n s i d e r e d  the channe l s  to 
be  ac t iva ted  i f  the  relat ive value NPo i n c r e a s e d  by a fac- 
to r  o f  two a n d  i f  the  abso lu t e  value o f  NP o i nc r ea sed  by 
at  least  0.01. T h e  s e c o n d  c o n d i t i o n  was necessary  for  
c h a n n e l s  with very low Po values w h e r e  relat ively small  
inc reases  in  activity c o u l d  d o u b l e  t he  NPo. T h e  d is t r ibu-  
t ions  show tha t  '--~1/3 o f  the  pa t ches  ac t iva ted  quickly,  
i.e., wi th in  5 s. A b e t t e r  r e so lu t i on  was n o t  poss ib le  be-  
cause  m e a s u r e m e n t  o f  NPo t ook  a f in i te  a m o u n t  o f  
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FIGURE 5. Activation of channels by hyperpolarization. Channel 
activity was measured for 1 min at Vpipett~ = 0 (three patches) or 
+40 mV (two patches), during which time NPo remained low. The 
voltage was then increased by 40 mV for 3 rain and decreased to 
the initial level for an additional 3 rain. NP o was monitored contin- 
uously. Values were averaged over 15 (initial period) or 30 s (final 
two periods) intervals, and are reported as means + SEM for the 
five patches. 

t ime. In  the  o t h e r  pa tches  act ivat ion a n d  deac t iva t ion  in- 
volved delays o f  up  to 30 s. 

T h e  possibi l i ty  tha t  the  de l ayed  act ivat ion o f  the  
channe l s  by h y p e r p o l a r i z a t i o n  m i g h t  be  d u e  to a volt- 
a g e - d e p e n d e n t  b i o c h e m i c a l  r eac t i on  was tes ted  us ing  
excised,  ins ide -ou t  pa tches .  A n  e x a m p l e  is shown in 
Fig. 11. T h e  Po was ini t ial ly s table  at  a low value.  Hyper -  
po la r i za t ion  o f  the  exc i sed  p a t c h  i nc r ea sed  Po af te r  a 
de lay  tha t  was s imi lar  to tha t  obse rved  in ce l l - a t t ached  
pa tches .  S imi la r  resul ts  were  seen  in two o t h e r  ins ide-  
o u t  pa tches .  This  does  n o t  ru le  ou t  a vo l t age -depen-  
d e n t  c h e m i c a l  reac t ion ,  b u t  does  imply  tha t  the  factors  
involved in such  an  effect  mus t  be  r e t a i n e d  with the  
p a t c h  af te r  excis ion.  

T h e  c ompl i c a t e d ,  h i s t o r y - d e p e n d e n t  effects o f  volt- 
age on  the  kinet ics  o f  the  c h a n n e l  m a k e  it diff icul t  to 
de f ine  a p rec i se  r e l a t i onsh ip  be tween  o p e n  p robab i l i t y  
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FIGURE 6. Effect of voltage acti- 
vation on P,, (/eft), mean open 
time (center), and mean closed 
time (right). All the data were 

closed times from cell-attached patches se- 
lected to have a single channel 
and an initial P,, of <0.3. Straight 
lines connect measurements 
from the same patch before and 
after hyperpolarization. The ini- 
tial Vpip~tt e ranged from 0 to + 100 
inV. The increase in Vpipett e 

I r I 
initial hyper ranged from 40 to 100 mV. 
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FIGURE 9. Time course of Po for a patch containing a single chan- 
nel in which deactivation by depolarization was delayed. Vpipeue was 
originally +40 mV, and  Po was low. Hyperpolarization t o  Vpipett e = 

+ 100 mV activated the channel  after a delay of " '20  s. Po remained 
high for ~ 1  min after re turning the potential to its original level. 
Further  depolarization t o  Vpipett e = 0 mV resulted in the eventual 
deactivation of the channel.  

+12 sec 

2 p A l  500msec 

FIGURE 7. Delayed activation by hyperpolarization. The patch 
was initially held at Vpip~tt ~ = 0, and  NP o was low. After hyperpolar- 
ization by 80 mV the channel  activity remained low for several sec- 
onds before activation occurred. Times on the left represent  the 
time after the voltage jump.  The channels responsible for the 
smaller transitions observed after hyperpolarizafion have not  been 
identified. 
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FIGURE 8. Time course of NPo for the patch shown in Fig. 7. 
Vpipett ~ was switched between 0 and +80 mV three successive times. 

and voltage at the single-channel level. Therefore ,  the 
effects of  voltage on Na channels were fur ther  assessed 
using the whole-cell c lamp configuration of  the patch- 
clamp technique. Previous studies showed that princi- 
pal cells in the rat CCT are not  electrically coupled,  so 
that individual cells within an intact epi thel ium can be 
c lamped (Frindt et  al., 1990). Cells were held at 0 mV 
and hyperpolarized to various voltages up to 100 mV 
for 10 s. The  protocols were then repeated  in the pres- 
ence of 10 IxM amiloride. A typical response is shown in 
Fig. 12 A. "Instantaneous" currents were measured af- 
ter the decay of  the capacitative transient, within a few 
milliseconds of  the voltage change. The  inward current  
then increased rapidly, over the course of  several hun- 
dred  milliseconds, and then more  slowly dur ing the 
next  5-10 s. Nei ther  the rapid nor  the slow rise were 
seen in the presence of amiloride. The  average initial 
and steady state levels of  amiloride-sensitive cur rent  are 
plotted vs voltage in Fig. 12 B. The difference in the 
two currents presumably represents the voltage-depen- 
den t  activation of  the channels. The re  was an 80% in- 
crease in current  at - 1 0 0  inV. Substantial, a l though 
somewhat  smaller increases were seen in the physiolog- 
ical voltage range ~ - 6 0  to - 8 0  inV. 

Effects of Stretch on Channel Gating 

It has been  suggested that the epithelial Na channel  is 
related through evolution to mechanosensit ive chan- 
nels found  in nematodes.  We therefore  examined  
whether  mechanical  per turbat ion could alter the gat- 
ing kinetics or gating mode  of the channels in the CCT. 
To test this possibility we used the protocol  of  applying 
suction to the patch-clamp pipette dur ing recording 
f rom a cell-attached patch (Sachs, 1992). To optimize 
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the chances of  seeing an effect of  mechanical  perturba- 
tion, patches with a low basal Po were selected. In most  
cases negative pressures of  up to 80 m m  Hg had no ob- 
vious effect o n  the channe l s  (Fig. 13 A). However,  in  six 

cases there  was a substantial ,  reversible activation of  the 
channe l s  (Fig. 13 B). O n e  of  these positive results is il- 

lustrated in  Fig. 14. In  this case the negative pressure 
was increased  in  three  steps up  to 24 m m  Hg. The  first 
step to 8 m m  Hg  had  no  signif icant  effect on  c h a n n e l  
gating.  The  second  step to 16 m m  Hg elici ted only a 

br ie f  burs t  of  c h a n n e l  openings .  Inc reas ing  the pres- 
sure to 24 m m  Hg b r o u g h t  abou t  a p rompt ,  sus ta ined  
activation of the channels .  The  increase  in  Po was re- 
versed after re leas ing the pressure.  This  deact ivat ion 

was n o t  immedia te ,  be ing  comple te  20 s after the pres- 

sure changed .  In  the six responsive patches  Po was in- 
creased by appl ica t ion  of  be tween  10 a n d  30 m m  Hg. 

The  m e a n  value of NP o in these patches  increased  f rom 
0.048 _+ 0.04 to 0.22 _+ 0.09. In one  o the r  patch (no t  
shown),  Po was r educed  by negative pressure  a n d  in- 
creased again w h e n  the pressure  was released. 
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FIGURE 11. Delayed activation in an excised, inside-out patch. 
The patch was originally held at Vp~p~,e = +100 inV. Po increased 
upon hy-perpolarization to Vpipet,~ = +140 mV after a delay of 
~30 s. 
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FIGURE 10. Histograms of the 
delay times for activation by hy- 
perpolafization (A) and deactiva- 
tion by depolarization (B). 

D I S C U S S I O N  

Gating Modes 

The main purpose  of this study was to examine the vari- 
ations in open  probability of  the epithelial Na channel  
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FIGURE 12. Effect of voltage under whole-cell clamp conditions. 
Cell voltages were initially held at 0 mV and then switched to nega- 
tive values between -10 and -100 inV. (A) The response of an in- 
dividual cell to a hyperpolarizafion to -100 inV. Traces from the 
same cell in the absence (top) and presence (bottom) of 10 IxM 
amiloride are shown. Negative values represent inward current. 
(B) The amiloride-sensitive current as a function of voltage. Cur- 
rents were measured just after the decay of the capacitative tran- 
sient (initial values) and at the end of the voltage pulse (steady 
state values). All currents were normalized to the value at 0 mV, 
and are presented as means • SEM of four cells. 

42 Modal Gating of Epithelial Na Channels 



A 
Po 

1.0 

0.8 

0.6 

0.4 

0.2 

0.0 

non-responsive 

D , 

.,.j 
s 

control suction release 

B 
Po 

0.50 

0.40 

0.30 

0.20 

0.10 

0.00 

responsive 

control suction release 

FIOu~E 13. Effects of negative pressure on channel  gating. (A) 
15 patches in which there was no  obvious effect of negative pres- 
sure. The applied suction ranged from 20 to 50 mm Hg. (B) Six 
patches in which suction of 10-30 mm Hg appeared to activate the 
channels reversibly. 

and to identify some of  the mechanisms underlying this 
variability. The  extent  o f  the variation is illustrated in 
Fig. 4. Basal values of  Po in single-channel patches 
ranged f rom < 0.05 to greater  than 0.9. This variability 
confirms previous studies showing similar ranges of  ap- 
paren t  Po in mul t ichannel  patches f rom the rat CCT 
(Palmer and Frindt, 1988; P~icha et al., 1993). A large 
variability of  Po has also been  repor ted  for Na channels 
in A6 cells, a culture model  derived f rom the amphib-  
ian distal tubule (Ling and Eaton, 1989; Ohara  et al., 
1993). What  was somewhat  surprising was the cluster- 
ing of these Po values toward the low and high end of 
the spectrum. 

The  records with high and low Po appear  to represent  
the same basic channel  type. All o f  the channels re- 
por ted  in this study had similar single-channel conduc- 
tances of  12-13 pS, and strongly positive reversal poten- 
tials. More importantly, at least some of the channels 

with low Po could be converted to a high Po by mem-  
brane  hyperpolarization or stretch. This suggests that 
the kinetic variations represent  different gating modes,  
ra ther  than different channel  molecules. However, the 
data do not  rule out a contr ibution of  structural hetero- 
geneity of  channels to the variation in kinetic properties. 

A gating mode  is def ined here  as a set of  kinetic 
states (open and  closed states) governing channel  gat- 
ing which can undergo  a shift to a second set of  kinetic 
states, or a second set of  rate constants for transitions 
between states. This shift occurs on a t ime scale which 
is slow relative to the lifetimes of  open  and closed states 
within a mode.  Other  ion channels have been shown to 
undergo  such changes in gating mode.  Voltage-depen- 
dent  Ca channels, for example,  can undergo  changes 
in gating patterns which are influenced by dihydropyr- 
idines (Hess et al., 1984). Voltage-dependent  Na chan- 
nels can exhibit  spontaneous shifts in their  Po-V rela- 
tionship even after reconstitution in planar  lipid bilay- 
ers (O'Connel l ,  1992). 

Previous studies had indicated that the basic Na 
channel  kinetics in the absence of amiloride could be 
described in terms of  a single open state and a single 
closed state (Palmer and Frindt, 1986; Eaton and 
Marunaka,  1990) In the case of  the CCT, this conclu- 
sion was inferred primarily f rom recordings f rom multi- 
channel  patches. The  relatively long single-channel re- 
cordings shown here  reveal a more  complex kinetic 
pattern.  The  presence of two time constants in the 
open-t ime and closed-time histograms suggest the exist- 
ence of  at least two open  and two closed states. It is not  
yet clear, however, if the channel  has access to all of  
these states at the same time. It is possible, for instance, 
that the different open  and closed time constants arise 
f rom relatively short, reversible shifts in gating mode.  
This would predict  that the distribution of  open  and 
closed times of  sufficiently short  records should be de- 
scribable with single exponentials.  Unfortunately,  re- 
cordings of  < 5 rain do not  contain enough events to 
rigorously test this prediction. 

Voltage Activation 

The gating of  the channels is influenced by the mem-  
brane  voltage. Hyperpolarizat ion increased Po as de- 
scribed previously (Palmer and  Frindt, 1988; Frindt et 
al., 1993). A more  complete  examinat ion of  the effect 
of  voltage revealed that the effect on Po involved con- 
siderable delays. These delays are not  accounted for by 
a simple two-state model  of  channel  gating in which the 
rates of  opening  and closing involve movemen t  of  
charge through the electric field of  the m e m b r a n e  and 
are therefore  directly influenced by voltage. In this case 
the effect of  changing the t r ansmembrane  voltage on 
the rates of  channel  opening  and closure would be in- 
stantaneous, and the rate of  change in Po would be de- 
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FIGURE 14. Original tracings 
from a patch which responded to 
negative pressure. Vpipett e w a s  

held constant at +20 mV. Activity 
c in the absence of suction is 

shown above on the left. Applica- 
tion of 8 mm Hg did not activate 
the channel (above right). Increas- 
ing the negative pressure to 16 

e mm Hg elicited a brief burst of 
channel openings (second line). 
Increasing the negative pressure 
to 24 mm Hg resulted in a sus- 
tained increase in P,, (third line). 

r After release of the suction P,, re- 
mained high for "-~10 s and then 
decreased (bottom line). Times re- 
fer to duration of the applied 
suction at the beginning of the 
individual trace. 

termined by the sum of the new opening and closing 
rates. The observations are consistent with the idea that 
the channels have two or more gating modes, with hy- 
perpolarization favoring the high Po mode and depo- 
larization favoring the low Po mode. This mechanism 
can account for the long delays and the hysteresis ef- 
fects seen when the voltage was changed. 

The observation of shifts in channel kinetics in ex- 
cised patches suggests that the channels themselves, or 
a closely associated membrane component ,  is respond- 
ing to the transmembrane voltage. This does not  rule 
out the possibility that other events, such as biochemi- 
cal modification of  the channel, might also influence 
the gating mode. In A6 cells, for example, aldosterone 
was shown to shift channels from a low Po to a high Po 
state (Kemendy et al., 1992). In contrast, the Po of  
channels in the rat CCT was not  influenced by mineral- 
ocorticoid status (P~icha et al., 1993). Increases in cyto- 
plasmic Ca z+ (Silver et al., 1993) and activators of  pro- 
tein kinase C (Ling and Eaton, 1989) reduce channel 
activity, possibly by favoring the low Po state. Insulin, on 
the other hand, increased Po of Na channels 
(Marunaka et al., 1992). Activation of G-proteins can 
also have a strong effect on channel gating. Both Po 
and mean open time of  Na channels in A6 cells were in- 
creased by GDP and decreased by GTP in excised 
patches (Ohara et al., 1993). 

The voltage dependence of the channels could also 
be observed under  whole-cell conditions. This indicates 
that the sensitivity of the channels to voltage is not an 
artifact of the mechanical isolation of  the channels 
within the patch. These data showed that switching the 

voltage from 0 to - 1 0 0  mV could activate the channels 
by 80%. Assuming that this activation involved only an 
increase in open probability, without a concomitant  in- 
sertion of  new channels into the membrane,  it can be 
concluded that the average Po with a holding potential 
of  zero was at most 0.56. Since the voltage activation 
showed no signs of  saturation as the voltage was in- 
creased to - 1 0 0  mV, the actual initial Po was probably 
considerably lower. 

Mechanical Activation 

Recent cloning of the epithelial Na channel from the 
rat colon (Canessa et al., 1993; Lingueglia et al., 1993; 
Canessa et al., 1994) indicated homology between the 
subunits of  this channel and certain genes identified in 
the nematode C. elegans involved in touch-avoidance re- 
sponses (Driscoll and Chalfie, 1991; Chalfie et al., 1993; 
Huang and Chalfle, 1994). The homology, together 
with the similarity of  the predicted membrane  topology 
of  the two families, suggests that the C. elegans genes 
may encode a mechanosensitive ion channel. This 
raises the question of  whether the epithelial Na chan- 
nels may also be influenced by mechanical perturba- 
tions of  the membrane.  We were unable to elicit a con- 
sistent response of the channels in the CCT to changes 
in transmembrane pressure, al though in a minority of  
cases channel activation was observed. The variability in 
the response could reflect differences in the mechani- 
cal deformations of the apical membrane within the tip 
of  the pipette. Mternatively, the Na channels may not 
respond to pressure in the same way as do the well 
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characterized stretch-sensitive channels (Sachs, 1992; 
Sackin, 1994). It  is possible that the protocol  used to 
test for mechanosensitivity was not  the most  appropri-  
ate one for these channels. It has been  shown, for ex- 
ample,  that cell swelling can activate Na channels in A6 
cells (Wills et al., 1991). Whether  this reflects a direct 

effect on  the channels  is not  yet clear. Substantial de- 
lays have been  observed between the change  in cell vol- 
u m e  and the increase in channel  activity. As shown 
here, however, this does  not  necessarily preclude a di- 
rect inf luence on  the gating mode .  
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