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ABSTRACT The behavior of  individual Na channels in the apical membrane o f  
the rat cortical collecting tubule (CCT) was studied at different concentrations of  
the permeant ions Na and Li. Tubules were opened to expose their luminal sur- 
faces and bathed in K-gluconate medium to minimize tubule-to-tubule variation in 
cell membrane potential and intracellular Na concentration. The patch-clamp 
technique was used to resolve currents through individual channels. The patch- 
clamp pipette was filled with solutions containing variable concentrations of  either 
NaC1 or  LiCl. In one series o f  experiments, the concentrations were changed with- 
out substitutions. In another series, the ionic strength and CI concentration were 
maintained constant by partial substitution o f  Li with N-methyl-D-glucamine 
(NMDG). In cell-attached patches, both the single-channel conductance (g) and 
the single-channel current  (i) saturated as functions o f  the Na or  Li activity in the 
pipette. Without NMDG, the saturation of  i was well described by Michaelis- 
Menten kinetics with an apparent K m of  ~20 mM activity for Na and ~50 mM 
activity for Li. Km was independent o f  voltage for both ions. With substitution for 
Li by NMDG, the apparent  K m value for Li transport through the channels 
increased. The values o f  the probability of  a channel's being open (Po) varied from 
patch to patch, but  no effect o f  pipette ion activity on Po could be demonstrated. A 
weak dependence o f  Po on membrane voltage was observed, with hyperpolariza- 
tion increasing Po by an average o f  2.3%/mV. 

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

Na channels in tight epithelia are responsible for  mediat ing the influx o f  Na f rom 
mucosal  fluids into the cell across the apical membrane .  The  activity o f  these chan- 
nels is regulated,  and changes in channel  activity are impor tan t  in the control  o f  
transepithelial t ranspor t  (Palmer, 1986; Garty and Benos, 1988; Eaton and Hamil- 
ton, 1988). 
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One  o f  the major  factors de termining the flux o f  Na th rough  the channels is the 
mucosal  o r  luminal Na concentra t ion.  In  most  tight epithelia, including the f rog 
skin, toad and Necturus urinary bladder,  rabbit  colon, cortical collecting tubule 
(CCT), and urinary bladder,  and A6 cells in culture,  active Na t ranspor t  saturates as 
the mucosal  Na concent ra t ion  is increased (Kirschner, 1955; Frazier et al., 1962; 
Lewis and Diamond,  1976; Turnhe im et al., 1978; Benos et al., 1980; Stokes, 1981; 
Thomas  et al., 1983; Sariban-Sohraby et al., 1983). Since this saturat ion can occur  
without  a large change in the driving force for  Na entry, it implies that the perme-  
ability o f  the apical m e m b r a n e  is r educed  at high mucosal  Na concent ra t ions  (Fuchs 
et al., 1977; Li et al., 1982; Thomas  et al., 1983). 

The mechanism under lying this p h e n o m e n o n  is controversial.  Olans et al. (1984) 
found  that the conduc tance  o f  single Na channels reconst i tuted f rom A6 cells into 
lipid bilayers is a hyperbolic  funct ion o f  the medium Na concentra t ion,  with 18 -44  
mM Na required for  half-maximal conductance .  This suggests that  the saturation o f  
transepithelial t ranspor t  reflects the saturation o f  currents  t h rough  individual Na 
channels. However ,  using noise analysis, Van Driessche and L indemann  (1979) 
found  little saturation o f  single-channel currents  in f rog  skin up  to 60 mM Na activ- 
ity. They emphasized the role o f  a decreased n u m b e r  o f  conduc t ing  channels  in the 
apical m e m b r a n e  in the saturation o f  t ranspor t  by that tissue. 

We have recently identified Na channels in the apical m e m b r a n e  at the rat cortical 
collecting tubule using the patch-clamp technique (Palmer and Frindt, 1986). In  this 
article, we repor t  the behavior  o f  these channels in the presence o f  varying concen-  
trations o f  the permeant  ions Na and Li. 

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

Sprague-Dawley rats of either sex (100-150 g), raised free of  viral infections (Charles River 
Laboratories, Kingston, NY), were maintained on a low-Na diet (ICN, Cleveland, OH) for 1-3 
wk before use. Animals were killed and single CCTs were prepared for patch-clamp experi- 
ments as described previously (Palmer and Frindt, 1986). 

In order to better control the electrical and chemical driving forces for Na across the lumi- 
nal membrane, we used a high-K solution to bathe the tubules. This solution contained (mil- 
limolar): 140 K-gluconate, 2 CaCI2, 1 MgCI 2, 2 glucose, and 10 HEPES, buffered to pH 7.4 
with KOH. Pipette solutions contained 14-280 mM NaCI or LiC1 and 5 mM HEPES, buff- 
ered to pH 7.2 with NaOH. In some experiments, N-methyl-D-glucamine (NMDG) HCI was 
added to the LiCI solutions to match the osmolarity, ionic strength, and CI concentration of  
the 140 mM LiCI solution. 

Cell-attached and inside-out patches were obtained and currents across the patches were 
recorded at room temperature as described previously (Palmer and Frindt, 1986, 1987). The 
sizes of current transitions were measured from digitized records with the aid of a digital 
oscilloscope (Nicolet Corp., Madison, WI) equipped with an electronic cursor. 10-20 transi- 
tions were generally measured for each pipette voltage in each patch and the current sizes 
were averaged. To measure the mean number of  open channels (NPo), current records of 
1-10 min duration from patches containing 1-10 channels were analyzed as described previ- 
ously (Palmer and Frindt, 1987). Briefly, the record was broken into time intervals between 
transitions delineating the opening or closing of  a channel. The probability of  finding i chan- 
nels open (P~) was computed from all the intervals in the record. NPo was then calculated as 
~iiPi for all observed values of  i. 
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To obtain estimates of Po, the probability of  a channel's being open, the number of  con- 
ducting channels (N) in the patch was first assumed to be equal to the number of  observed 
current levels minus one. A first guess for Po was then obtained by dividing NPo by N, and the 
values for each P~ predicted by the binomial distribution were compared with the observed 
values. The value of N was then adjusted to optimize the fit to the binomial distribution by 
least squares. The adjustment of N involved the assumption that the state with all the chan- 
nels open and/or all the channels closed was not observed. In 80% of the records studied in 
this way, the best fit was obtained using the original guess for N. This implies that in most 
experiments, the states in which all channels were open and all channels were closed were 
both observed. 

To fit current vs. ion activity (i-a) relationships with the Michaelis-Menten kinetic scheme, 
the data were linearized using Eadie-Hofstee plots of  i vs. i/a. The best fit to the data assum- 
ing the relationship 

i = imp(1 + Km/a ) (1) 

was then obtained by linear regression. An identical procedure was used to fit conductance- 
activity (g-a) relationships with Michaelis-Menten kinetics. The Na and Li concentrations in 
the pipette-filling solutions were measured using a flame photometer (943, Instrumentation 
Laboratories, Lexington, MA) and the ion activities calculated from standard tables in Robin- 
son and Stokes (1959). 

RE SUL T S 

With high K and no  Na in the bathing medium,  and NaC1 o r  LiC1 in the pipette,  Na 
channel  activity in cell-attached patches could be readily recognized by the inward 
currents  at zero pipette potential  (Vp). These currents  increased in magni tude  when 
Vp was made  positive, and  decreased,  but  did no t  reverse, when Vp was made  nega- 
tive (Fig. 1). The  o ther  channel  whose activity was frequently observed u n d e r  these 
condit ions was one  with an 8-pS unitary conduc tance  that carr ied only ou tward  cur- 
rent  and appeared  to be selective for  K. O t h e r  channel  types seen included high- 
conductance ,  Ca-activated K channels (Frindt and  Palmer,  1987) and nonselective 
cat ion channels with an intermediate  conduc tance  (23 pS). Both  o f  these channel  
types were observed relatively rarely and were easily distinguishable f rom the Na 
channels. 

Na channel  activities in cell-attached patches with high (280 mM) and low (14 
mM) concentra t ions  o f  Li in the pipette are shown in Fig. 1. The currents  are simi- 
lar in their kinetic pa t te rn  to those observed previously in which Na  is the conduc ted  
ion (Palmer and Frindt,  1986). The i -V relationships for  conduc t ion  o f  Li and Na 
are shown in Fig. 2. Because these data  were obta ined  f rom cell-attached patches, 
the abscissa is, strictly speaking, the voltage difference between the interior o f  the 
pipette and the bath, and the t rue potential  across the patch will include the rest ing 
potential  o f  the cell. We assume, however,  that  with high-K solution in the bath, the 
cell m e m b r a n e  is to a large extent  depolarized,  and the m e m b r a n e  potential  contrib-  
utes relatively little to the t rans-patch voltage. Suppor t  for  this assumption was 
obta ined by compar ing  currents  in cell-attached patches with those measured  after 
excising the patches into the Na-free, high-K medium. As shown in Fig. 3, the i -V 
relationships in the cell-attached and excised, inside-out configurat ions are nearly 
identical, which implies that the cell potential  is small, probably <5  mV. Alterna- 
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FIGURE 1. Na channel  cur- 
rents in the presence of high 
and low Li concentrations in the 
pipette. Recordings are from 
two cell-attached patches, one 
with 280 mM LiCI, and the 
other with hypotonic 14 mM 
LiC1. All other conditions were 
identical. With higta Li, single- 
channe l  cu r ren t s  could  be 
resolved with pipette voltages 
(Vp) from - 6 0  to +100 mV. 
With low Li, currents could be 
resolved between 0 and + 100 
inV. The sampling rate was 500 
Hz. The low-pass filter was at 50 
Hz. 

20 ~-~ ~ - ~ - ~ ~ . - ~  

- 2 0  ~ 
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tively, it is poss ib le  tha t  the  add i t i ona l  d r iv ing  force  o w i n g  to a nega t ive  cell po t en t i a l  
in  the  ce i l -a t tached  p a t ch  is offset  by a f ini te  i n t r ace l l u l a r  Na  c o n c e n t r a t i o n .  W e  feel, 
however ,  tha t  the  i n t r ace l lu l a r  Na  c o n c e n t r a t i o n  was p r o b a b l y  qu i t e  low, s ince t he r e  
was n o  Na  in  the  ba th .  I n  mos t  cases, t he  Na  c h a n n e l  activity in  excised,  i n s ide -ou t  
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FIGURE 2. Current-voltage relationships for Na channels as a function of  the activities of  Na 
and Li in the pipette. Values of  i were determined from records like those shown in Fig. 1 by 
averaging the amplitudes of  current transitions from individual patches and then averaging 
these mean values from 5-10 different patches. The solid lines are drawn by eye through the 
points. Standard error  bars are shown only at Vp = 100 mV for clarity. 

pa tches  d imin i shed  too  quickly to pe rmi t  a sa t isfactory m e a s u r e m e n t  o f  the  i-V rela-  
t ionship  o r  o f  the  Po o f  the  channels .  The re fo re ,  most  o f  the  results  we p re sen t  and  
analyze be low were  o b t a i n e d  f rom ce l l -a t tached patches .  

The  i -V  re la t ionships  a re  l inear  over  the  vol tage range  0 - 1 0 0  mV for  low concen-  
t ra t ions  o f  e i ther  Na  o r  Li (Fig. 2). At  high concen t ra t ions ,  they b e c o m e  slightly 
concave  upward .  Given the f indings in a n u m b e r  o f  ep i the l ia  that  the  macroscop ic  
amilor ide-sens i t ive  i -V re la t ionsh ip  can be  desc r ibed  by the cons tan t - f ie ld  equat ion ,  
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0.25 

o Cell at tached 
�9 Ins ide-out  

1 
5o 
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FIGURE 3. Current-voltage relation- 
A ships for Na channels in a single 

patch in two configurations. The i-V 
relationship was first obtained from a 
cell-attached patch with 28 mM NaCl 
in the pipette. The patch was then 
excised, presumably in the inside-out 
configuration, from the cell into K- 
gluconate solution and the i-V rela- 
tionship was measured again. The 
currents are plotted as the means of  
15-25 transitions for each voltage. 
Standard errors were <5% of  the 

IO0 means. 
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it was o f  in teres t  to invest igate how closely the  s ingle-channel  i-V curve fol lowed this 
theore t ica l  fo rmula t ion .  Fig. 4 shows the i-V re la t ionsh ip  in a ce l l -a t tached pa tch  
that  was unusual ly  stable over  a wide range  o f  Vp with a high Li c onc e n t r a t i on  in the  
p ipet te .  As in Fig. 2 for  the  case o f  high salt, the  curve was concave upward ,  as 
p r e d i c t e d  f rom the cons tant - f ie ld  equat ion .  W e  were  no t  ab le  to fit the  da ta  exact ly 
over  the  en t i re  vol tage range  with this equa t ion ,  a l though  res t r i c t ed  ranges  cou ld  be  
desc r ibed  well. The  fits were  made  assuming  that  the  in t race l lu la r  Na  c onc e n t r a t i on  
was zero.  I n t r o d u c i n g  a finite in t race l lu la r  Na  concen t r a t i on  m a d e  the  fits worse.  At  
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FIGURE 4. Comparison of the 
current-voltage relationship of 
Na channels with the constant- 
field equation. The i-V relation- 
ship was measured in a single 
cell-attached patch with 280 
mM LiCt in the pipette. The 
patch was unusually stable, 
enabling a wider-than-normal 
voltage range to be studied. 
Each point  represents  the 
mean of  at least 20 current 
transitions. Standard errors  
were <5% of the means. The 
solid lines represent the pre- 
diction of the constant-field 
equation. These were obtained 
by assuming that the intracel- 
iular Na concentration was 
zero and that the channels 
were perfectly selective for Na. 
In the upper curve, the perme- 
ability coefficient (PN~) was 
adjusted so that the line would 
pass through the data point at 
Vp = 0. In the lower curve, the 
value of PNa was chosen so that 
the line would pass through 
the data point at Vp = 160 
mV. 

lower  salt concen t ra t ions ,  the  m e a s u r e d  i-V curves were  m o r e  l inear  and  were  less 
well desc r ibed  by the constant - f ie ld  equat ion .  

The  Na  o r  Li concen t r a t i on  d e p e n d e n c e  o f  c o n d u c t i o n  was assessed in two ways. 
First ,  g was m e a s u r e d  in each individual  expe r imen t ,  us ing  the r ange  0 - 1 0 0  mV 
(0 -60  mV at 1 4 0 - 2 8 0  mM). The  average  values o f g  were  then  p lo t t ed  as g vs. g/a, 
as shown in Fig. 5. F o r  b o t h  Na  and  Li, g cou ld  be  fairly well de sc r ibed  by Eq. 1 with 
g ~ ,  = 5.0 pS for  Na  a n d  11.1 pS for  Li, and  K m =  25 mM activity for  Na  and  47 
mM activity for  Li. These  da ta  were  o b t a i n e d  by varying the salt concen t r a t i on  in the  
p ipe t t e  solut ion.  Thus,  in add i t i on  to the  c onc e n t r a t i on  o f  p e r m e a n t  cat ions,  the 
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ionic strength and CI concentrat ion of  the pipette solution were also varied at the 
same time. To test for  possible effects of  these ancillary changes, another  series of  
conductance measurements  was made by varying the Li concentrat ion at constant 
ionic strength. Li was partially replaced with NMDG-CI at a constant salt concentra- 
tion of  140 mM. With 28 mM LiC1 in the pipette, the addition of  112 mM NMDG- 
C1 reduced g by 27%, f rom 3.50 _+ 0.08 to 2.75 -+ 0.06 pS, with little change in the 
calculated Li ion activity. This led to increases in the calculated values of  gm~, f rom 
11.1 to 15.0 pS and of  Km from 47 to 92 mM (Fig. 5). 

In a second assessment of  the concentrat ion dependence of  conduction, currents 
for a given Na or Li activity were averaged at each voltage to create a set o f  plots of  i 
vs. activity plots, as shown in Fig. 6. While i r~  values increased monotonically with 
increasing Vp, values of  Km were, to a first approximation,  voltage independent.  The 
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FIGURE 5. Conductance-activity re- 
lationships for Na and Li transport 
through the Na channels. Values of 
slope conductance were obtained for 
4-10 individual patches at each ion 
activity. The data are represented in 
an Eadie-Hofstee plot ofg  vs. g /a  for 
Na (filled circles), Li (open circles), 
and Li with NMDG substitution 
(squares). The points were fitted with 
straight lines by linear regression, 
g ~  was estimated from the g-inter- 
cept, and Km was estimated from the 
negative of the slope. Values of g ~  
were 5.0 pS (Na), 10.6 pS (Li), and 
15.0 pS (Li with NMDG substitu- 
tion). Values of K~ were 25 mM (Na), 
47 mM (Li), and 92 mM (Li with 
NMDG substitution), all expressed in 
activity. 

apparent  Km values for saturation of  i were similar to those obtained for  saturation 
of  g. In both  cases, K~ values were higher for  Li t ransport  than for  Na transport.  

These data indicate that Li is conducted more  rapidly through the channels than 
Na, particularly at high salt concentrations. To assess the permeability ratio between 
Na and Li, currents through the channels were studied in excised, inside-out 
patches under  biionic conditions with 140 mM LiCl in the pipette and 140 mM 
NaC1 in the bath. Results of  a representative experiment  are shown in Fig. 7. The 
i -V  relationship under  these conditions showed an interpolated reversal potential of  
~12 mV, which indicates a permeability ratio PNa/PLi of  ~0.6. This is a rough esti- 
mate owing to the uncertainty involved in the interpolation. The slope conductance 
was higher for Li t ransport  (Vp > 0) than for Na transport  (Vp < 0). 

In light of  the findings of  Van Driessche and Lindemann (1979) that the number  
of  conducting channels in frog skin measured with noise analysis decreases with 
increasing mucosal Na, we estimated values of  Po for the Na channel in the rat CCT 
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FmURE 6. 

at  var ious  concen t r a t i ons  o f  Na  a n d  Li in the  p ipe t te .  These  m e a s u r e m e n t s  were  
made  f rom reco rds  where  Vp was be tween  + 6 0  and  + 8 0  mV. The  values o f  Po were 
es t ima ted  f rom mul t i channe l  pa tches  us ing  the b inomia l  d i s t r ibu t ion  to es t imate  the  
n u m b e r  o f  channels  in the m e m b r a n e ,  as ou t l i ned  in the  Mater ia ls  and  Methods .  In  
most  cases, the  fit o f  the  d i s t r ibu t ion  o f  open-s t a t e  probabi l i t i es  was well de sc r ibed  
by the b inomial  d i s t r ibu t ion ,  as shown in the  top  pane l  o f  Fig. 8, which conf i rms  o u r  
ear l ie r  resul ts  (Pa lmer  and  Fr indt ,  1986). In  a few cases, however ,  the  channels  d id  



PALMERAND FRINDT Effects of Na and Li on Epithelial Na Channels 

lO0~ C 

s o ~  

0 | , I I I 1 I 

2.0 
Li 

g 

o 2'0 io 10 go ,;o 
Vp (mV) 

129 

FIGURE 6. Current-ion activity rela- 
tionships for transport of Na and 
Li through Na channels. Data from 
Fig. 2 are replotted to show single- 
channel current as a function of  Na 
(A) or Li (B) activity for different 
voltages. The lines in A and B (oppo- 
site) represent best fits of the data to 
Eq. 1 using Eadie-Hofstee plots as in 
Fig. 5. From these plots, values of 
i ~  and K~ were calculated and are 
shown as a function of  Vp in C. 

no t  c o n f o r m  to the expectat ions o f  the binomial distribution, as illustrated in the 
bo t t om panel o f  Fig. 8. In  these cases, the probabili ty o f  f inding exactly one  channel  
o p e n  was much  higher  than that  o f  f inding ei ther  zero channels o p e n  or  two chan- 
nels open.  These data  could be explained if two channels were present,  one  with a 
very high/9o and the o ther  with a very low Po. This would violate the assumption 
made in applying the binomial distr ibution that all channels in a given patch are 
identical and independent .  I n  these cases, which a m o u n t e d  to < 10% o f  the patches 

0.8 

i (pA)  0.4 
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FIGURE 7. Current-voltage relationship for Na channels in an excised, inside-out patch with 
140 mM LiCI in the pipette and 140 mM NaC1 in the bath. Currents are the mean values of 
the amplitudes of  5-20 transitions at each voltage. Error bars represent standard deviations. 
The line was drawn by eye through the points. The slope conductance was 4.1 pS at negative 
pipette potentials (driving Na into the pipette) and 7.0 pS at positive pipette voltages (driving 
Li out of  the pipette). 
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FIGURE 8. Distribution of  the 
number  of  open Na channels 
in multichannel patches. The 
probabili ty o f  f inding zero, 
one, two, etc., channels open is 
shown for two cell-attached 
patches. The top panel illus- 
trates a patch in which there 
was evidence for five channels 
with identical conductances.  
The measured probability of  
finding n channels open for 
n = 0 -5  is shown by the open 
bars. The shaded bars repre- 
sent the predicted probabilities 
for finding n channels open 
from the binomial distribution 
given five independent  chan- 
nels, each with an open proba- 
bility equal to 0.49, which was 
the mean for all five channels. 
The bot tom panel illustrates a 
patch that  apparen t ly  con- 
tained two channels, one with 

high open probability and one with a low open probability. The open bars correspond to the 
observed data and the filled bars give values predicted f rom the binomial distribution assum- 
ing that both channels had an open probability o f  0.47, which was the mean for the two 
channels. 
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FmURE 9. P. values for Na channels in cell-attached patches with high and low concentra- 
tions of Na and Li in the pipette solutions. The open circles represent values from individual 
patches obtained at pipette potentials o f  + 60 to + 80 mV. The filled circles represent  the 
mean values for each pipette solution. 
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FIGURE 10. Na channel current records from a patch showing a significant voltage depen- 
dence of Po. The pipette contained 140 mM LiCl. The pipette voltage was changed from + 60 
mV to 0 and then to +100 mV. Values o f P  o were 0.015 at Vp - 0, 0.038 at Vp = +60 mV, 
and 0.157 at V~ = +100 mV. The sampling rate was 500 Hz. The low-pass filter was 50 
Hz. 

s tudied,  the  n u m b e r  o f  channels  was es t ima ted  f rom the n u m b e r  o f  c u r r e n t  levels 
obse rved  minus  one.  

As seen in Fig. 9, t he re  was cons ide rab le  var ia t ion  in the  ca lcu la ted  Po values 
u n d e r  each ionic condi t ion .  F o r  the  en t i re  set o f  exper imen t s ,  Po r a n g e d  f rom 0.05 
to 0.98. T h e r e  was no  effect  o f  the  n a t u r e  o r  c o n c e n t r a t i o n  o f  the  p e r m e a n t  ca t ion  
on  the  average  value o f  Po tha t  was d iscern ib le  f rom these measu remen t s .  

In  some expe r imen t s ,  Po was ca lcu la ted  at  two o r  th ree  voltages.  In  mos t  o f  these  
cases, the re  was a m o d e s t  ac t ivat ion o f  the  channels  as Vp was m a d e  m o r e  posit ive,  
i.e., as the  m e m b r a n e  was hype rpo la r i zed .  An  example  o f  a pa tch  tha t  showed a 
relat ively v igorous  act ivat ion in r e sponse  to vol tage is shown in Fig. 10. This effect  
o f  vol tage a p p e a r e d  to be  rap id ,  a l t hough  the  slow kinetics and  the usually small 
ac t ivat ion p r e v e n t e d  an  accura te  m e a s u r e m e n t  o f  the  t ime course  o f  the  effect.  The  
act ivat ion was also readi ly  reversible.  However ,  no t  all pa tches  showed the d e g r e e  o f  
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FIGURE 11. Effect of  pipette volt- 
age of Po on Na channels in nine cell- 
attached patches. Po was computed at 
two or three different voltages in each 
patch. Values from the same patch are 
connected by straight lines. 



132 THZ JOURNAL OF GENERAL PHYSIOLOGY-VOLUME 9 2 .  1988 

voltage dependence seen in Fig. 10. A composite record showing the response to 
voltage changes in nine patches is shown in Fig. 11. Some patches had almost no 
response, while in others the response was substantial. The average behavior of  the 
channels was assessed as the percent change in Po per millivolt change in Vp, or 

fPo  = (P'o - P")/[P"(V'p - Vp)], (2) 

where the primes refer to the different voltages tested. Values o f fPo  averaged 2.3 _+ 
0.8%/mV for the experiments shown in Fig. 11, significantly different from zero 
(P < 0.01). 

D I S C U S S I O N  

Shape of the Single-Channel i-V Relationship for Na Channels 

The macroscopic i-V relationship of  the amiloride-sensitive pathway for Na of  a 
number of  tight epithelia was found to obey the constant-field equation, assuming a 
perfect selectivity of  the channels for  Na (Fuchs et al., 1977; Palmer et al., 1980; 
Thomas et al., 1983; DeLong and Civan, 1984; Schoen and Erlij, 1985). In this 
study, the single-channel i-V relationship was found to behave qualitatively as pre- 
dicted by the constant-field equation with high concentrations of  permeant ions in 
the pipette, although systematic deviations from the theoretical curve were evident 
(Fig. 4). At lower concentrations of  permeant ions, the i-V relationship was linear 
over the range of  voltages studied. Similar results were obtained in a microelectrode 
study of  the apical membrane of  Necturus urinary bladder by Thomas et al. (1983). 
These authors also reported that the i-V relationship of  the amiloride-sensitive path- 
way was well described by the constant-field equation at high mucosal Na concentra- 
tions, but had less curvature at large electrical driving forces than predicted when 
the mucosal Na concentration was low. We did not investigate deviations from con- 
stant-field equation in more detail, since this equation is not expected a priori to 
apply to channels in which there are significant interactions between the channel 
and the conducted ions, as we propose below. 

Selectivity between Na and Li 

The Na channels had a mild selectivity for Li over Na on the basis of  both relative 
conductance and reversal potential under  biionic conditions. Previous results also 
indicated a selectivity for Li over Na in amphibian epithelia. Benos et al. (1980) 
found that Li carried a slightly higher short-circuit current  than did Na in the frog 
skin. Sarracino and Dawson (1979) observed an increase in the amiloride-sensitive 
short-circuit current  in the turtle colon when Li replaced Na in the mucosal solu- 
tion. Kirk and Dawson (1985) showed that the passive retrograde current  through 
the amiloride-sensitive pathway in the same tissue in the presence of  a serosal-to- 
mucosal ion gradient was greater for an Li gradient than for an Na gradient. Palmer 
(1982) reported a PLJPNa ratio of  ~1.2 under  approximately biionic conditions 
across the apical membrane of  the toad urinary bladder. 

The finding of  different apparent K m values for Na and Li transport implies that 
the two ions interact differently with the channel. One simple interpretation is to 
assume the presence of  a presumably negatively charged site within the lumen of  the 
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pore,  which binds Na more  tightly than Li. A simple kinetic scheme for such a 
model can be written as: 

kl k~ 
B ~  ~ N a B - - ~ N a ~ + B  ~ 

k_l 

where Nao represents the mucosal Na concentration, B ~ is the density o f  unoccupied 
channels, NaB is the density of  occupied channels, and Nac is the intracellular Na 
concentration. Na~ is presumed to be sufficiently low that backflux into the channel 
is negligible. Translocation through the channel is then proport ional  to the occu- 
pancy of  the channel: 

i = k2NaB, 

where i is the single-channel current.  The occupancy in turn is given by 

NaB = BT/(1 + K~/Nao), 

where B x is the total density of  channels, or  B x = B ~ + NaB, and the apparent  
Michaelis-Menten constant is given by 

Km= (k_l + k~)/ kl. 

Since the maximal single-channel conductance is higher for  Li than for  Na, the rate 
of  exit f rom the channel, k s, is apparently larger for Li. An increase in k 2 will also 
tend to increase Kin, as was observed. This could be the result o f  a deeper  energy 
well within the channel for  Na, in which case k ~  would also be higher for  Li than 
for Na. Alternatively, it is possible that the energy barr ier  for Li exit f rom the chan- 
nel into the cell is selectively reduced, in which case the other  rate constants could 
be similar for Na and Li. We do not have data to distinguish these possibilities. 

Saturation of Single-Channel Currents 

Saturation o f  the overall Na transport  rate with increasing mucosal Na concentra- 
tion has been observed in a number  of  tight epithelia (Kirschner, 1955; Frazier et 
al., 1962; Turnheim et al., 1978; Benos et al., 1980; Thomas et al., 1983; Sariban- 
Sohraby et al., 1983). In most of  these instances, the epithelia were short-circuited, 
so that the saturation was observed without a change in the electrical driving force 
for Na across the tissues. Saturation of  net Na fluxes with increasing luminal Na in 
the range of  0 -140  mM has also been observed in the rabbit  cortical collecting 
tubule (Stokes, 1981; Frindt, G., and E. E. Windhager, manuscript  in preparation). 
In this case, however, the tubules were open-circuited, so the contribution of  an 
increased lumen-negative potential to the saturation of  net fluxes is difficult to eval- 
Hate. 

Olans et al. (1984) studied arniloride-sensitive Na channels f rom A6 cells reconsti- 
tuted into planar lipid bilayers. They found that the single-channel conductance 
saturated as a function of  the Na concentrat ion in the medium, which was varied 
between 10 and 200 rnM. They described two populations of  channels. One  popula- 
tion had a relatively low maximal conductance of  4 pS and an apparent  K~ of  17 
raM. The other  population had a maximal conductance of  44 pS and an apparent  
K~ of  47 mM. The channels we have studied in the rat CCT more  closely resemble 
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the low-conductance, low-K m channels described by Olans et al., although the rat 
channels seem to have a higher selectivity for Na over K (> 10:1; Palmer and Frindt, 
1986) than those reconstituted from A6 cells (2:1; Olans et al., 1984). 

The value of  apparent Km of  25 mM activity for Na transport through the chan- 
nels found here is considerably lower than that of  75 mM in concentration or 55 
mM activity repor ted previously by us (Palmer and Frindt, 1986). The discrepancy 
may be related to the different conditions used. In our  previous studies, we varied 
the Na concentration by substitution with NMDG to maintain constant ionic 
strength, while in the present study, no ion substitutions were made. This idea is 
supported by the finding that addition of  NMDG to Li solutions to preserve ionic 
strength increased the apparent Km value for Li transport from 47 to 92 mM in 
activity. 

The effect of  NMDG-CI on conductance could have at least two explanations. 
First, the cation could interact with specific sites in the conduction pathway, acting 
as a weak antagonist of  Li transport. This would diminish the conductance in the 
presence o f  high NMDG and increase the apparent  K m for transport. Second, the 
external mouth of  the Na channel could have fixed negative charges in its surround- 
ing environment. Decreasing the ionic strength by diluting the NaCI concentration 
in the pipette would then decrease the amount  of  screening of  this surface charge, 
thereby increasing the concentration of  Na at the outer  mouth of  the channel. This 
will elevate the conductance at low NaCl concentrations and thereby decrease the 
apparent Km. Such a screening mechanism is thought to influence the g-a relation- 
ship in excitable Na channels (Green et al., 1987). On the other  hand, Benos et al. 
(1981) reported evidence that surface charge at the apical surface of  frog skin does 
not affect the conductance through the Na channels in that membrane. 

With 28 mM Li in the pipette, the i-V relationship was linear to a good approxi- 
mation over the range of  0-100 mV in the presence and absence of  NMDG-CI. 
There was no evidence for a voltage-dependent block by NMDG, as might be an- 
ticipated if the site of  the block were deep within the conduction pathway. Thus, 
NMDG probably exerts its effects on the channel at or near its outer  mouth. 
Whether  this involves a specific interaction with a site near the beginning of  the 
conduction pathway or a more general interaction with nearby surface charges can- 
not be discerned from these data. 

Using noise analysis to measure single-channel currents in the frog skin outer 
membrane, Van Driessche and Lindemann (1979) did not observe any saturation of  
i as the mucosal Na ion activity was increased up to 60 raM. In these experiments, 
Na activity was reduced at constant ion strength by substitution with K. This ion is 
known to block Na conduction through the amiloride-sensitive channels in toad 
bladder (Palmer, 1984). Thus, as discussed above, in this protocol currents at low 
Na (high K) will be decreased and the apparent K~ value will be increased, which 
perhaps explains the lack of  saturation found in that study. 

Independence of Po on Na and Li Concentrations 

The number  of  conducting Na channels in the frog skin as measured with noise 
analysis decreases as the mucosal Na concentration is raised (Van Driessche and Lin- 
demann, 1979). Similar observations have been reported in hen copradeum (Chris- 
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tensen and Bindslev, 1982) and in rabbit urinary bladder (Lewis et al., 1984). 
Although the physical mechanism underlying the phenomenon termed "self-inhibi- 
tion" (Lindemann, 1984) is unclear, the down-regulation can be described formally 
as a blocked state of  the channel that is promoted by high mucosal Na. This blocked 
state must be long-lived compared with the kinetics of  amiloride block in order  to 
show up in the analysis o f  amiloride-induced noise as a decrease in channel number,  
rather than in single-channel current.  Since the kinetics of  the spontaneous o p en /  
closed transitions of  the rat Na channel are indeed slow relative to the kinetics of  
amiloride block (Palmer and Frindt, 1986), we tested the hypothesis that rates of  the 
spontaneous transitions could be affected by changes in the luminal (pipette) Na 
concentration. Although we did not  estimate the individual rate constants for open- 
ing and closing in these experiments, we did measure Po, which is determined by the 
ratio of  the rate constants for  opening and closing. There was no systematic effect 
on Po of  a 5-fold increase in Na or a 10-fold increase in Li concentration in the 
pipette. 

Several factors could account for  our  failure to observe the change in the appar- 
ent number  of  conducting channels as found by noise analysis. First, there could be 
tissue differences such that the self-inhibition of  Na channels by Na might not exist 
in the rat CCT. Second, the large variation in Po values found in our  studies might 
have masked a systematic effect of  ion concentration on channel kinetics. Finally, in 
the experiments in which noise analysis was applied, the entire mucosal surface was 
exposed to changes in Na concentration, while in the patch-clamp studies, only the 
patch under  study was affected. This raises the possibility that some effects of  
increasing mucosal Na may be indirect, perhaps involving an increase in Na influx 
into the cell and subsequent effects on membrane voltage, cell Ca, or cell pH (see 
below). Since under  our  experimental conditions, Na could enter the cell only 
through a small patch of  the luminal membrane, such indirect effects of  Na may not 
be observable in this preparation. It is also conceivable that the high-K bath 
employed in our  studies somehow altered the response of  the channels to external 
Na. It should be pointed out, however, that the hypothesis of  regulation of  apical 
Na channels by external Na was based on observations of  K-depolarized frog skin 
(Fuchs et al., 1977). The average value o f  Po observed in the present studies with 
high K was -0 .5  (Fig. 9). This is similar to the mean value of  Po of  0.41 reported 
previously for tubules bathed in NaC1 Ringer's solution (Palmer and Frindt, 1986). 
Thus, the high bath K did not appear to have any marked systematic effects on Po. 

Variations in P~ 

The variability in the estimated values of  Po measured under  identical conditions, at 
least outside the cell, is striking (Fig. 9). Two factors that might be involved in this 
variability are the intracellular pH and the intracellular Ca ion activity. Both pH and 
Ca were shown to influence Na channel activity in the rat CCT, the former by a 
direct effect on the channels and the latter by an indirect one (Palmer and Frindt, 
1987). However, there are almost certainly other  factors involved. We observed the 
activities in a few patches of  two channels that apparently had very different Po val- 
ues despite the fact that they must have experienced the same intraceUular ionic 
environment (Fig. 8). In such a case, differences in the gating patterns may arise 
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f rom two different populat ions  o f  channel  types with the same conduc tance  o r  f rom 
alterations in the channels that are slow with respect  to the time o f  measurement ,  
such as a phosphoryla t ion  o r  methylat ion o f  the channel  protein.  

Voltage Dependence of Po 

The voltage dependence  o f  the Na channels in the rat CCT is such that hyperpolar-  
ization o f  the apical cell m e m b r a n e  activates the channels  and  is therefore  opposi te  
to the voltage-gating o f  Na channels f rom excitable tissues. The voltage effects on 
the epithelial channels are also weaker and  do not  appear  to have any associated 
inactivation. This voltage dependence  will tend to stabilize bo th  the activity o f  the 
channels and the m e m b r a n e  potential.  Thus,  any increase in the cur ren t  th rough  
the Na channels,  whether  mediated by an effect on  single-channel current ,  gating, 
or  channel  number ,  will tend to depolarize the apical m e m b r a n e  and hence  to 
decrease Po. This negative feedback loop is similar in na ture  to that p roposed  by 
Taylor and Windhager  (1979), in which the cytoplasmic Ca ion activity ra ther  than 
the m e m b r a n e  potential is the fac tor  mediat ing the down-regulat ion o f  the chan- 
nels. Still o the r  negative feedback systems could involve cell p H  and metabolic stress 
(Palmer, 1986; Palmer  and Frindt,  1987). Al though the relative impor tance  o f  these 
factors in regulat ing Na permeabili ty unde r  physiological condit ions is unknown,  
their c o m m o n  actions will be to stabilize the transepithelial t ranspor t  rate, to reduce  
Na permeabili ty as luminal Na is raised, and to blunt  the effects o f  ho rmones  and 
o ther  agents that might directly affect the Na channels. 
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