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Abstract.  Confluent M-1 cells show electrogenic Na + 
absorption and possess an amiloride-sensitive N a t  
conductance  (Korbmacher  et al., J. Gen. Physiol. 
102:761-793, 1993). In the present study, we further 
characterized this conductance and identified the under- 
lying single channels using conventional patch clamp 
technique. Moreover, we isolated poly(A) + RNA from 
M-1 cells to express the channels in Xenopus laevis 
oocytes, and to check for the presence of transcripts re- 
lated to the epithelial Na + channel recently cloned from 
rat colon (Canessa et al., Nature 361:467-470, 1993). 

Patch clamp experiments were performed in 6-13- 
day-old confluent M-1 cells at 37~ In whole-cell ex- 
periments application of 10 .5 M amiloride caused a hy- 
perpolarization of  24.9, SEM + 2.2 mV (n = 35) and a 
reduction of  the inward current by 107 + 10 pA (n = 51) 
at a holding potential of  - 60  mV. Complete removal of  
bath Na § had similar effects,  indicat ing that the 
amiloride-sensitive component of  the inward current is a 
Na § current. The effect of  amiloride was concentration- 
dependent with half-inhibition at 0.22 ~tM. The Na § cur- 
rent saturated with increasing extracellular Na § concen- 
trations with an apparent K m of 24 raM. Na § replacement 
for Li § demonstrated a higher apical membrane conduc- 
tance for Li § than for Na § In excised inside-out (i/o) or 
outside-out (o/o) patches from the apical membrane, we 
observed single-channels which showed slow kinetics 
and were reversibly inhibited by amiloride. Their aver- 
age conductance for Na § was 6.8 + 0.5 pS (n = 15) and 
for Li § 11.2 + 1.0 pS (n = 14). They had no measurable 
conductance for K +. In o/o patches, channel activity was 
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slightly voltage dependent with an open probability 
(NPo) of 0.46 + 0.14 and 0.16 + 0.05 at a holding po- 
tential o f - 1 0 0  and 0 mV, respectively (n = 8, P < 0.05). 

Using the two-microelectrode voltage-clamp tech- 
nique, we assayed defolliculated stage V-VI Xenopus 
oocytes for an amiloride-sensitive inward current 1-6 
days after injection with H20 or with 20-50 ng of M-1 
poly(A) + RNA. In poly(A) § RNA-injected oocytes held 
at - 60  or -100  mV application of  amiloride (2 gM) re- 
duced the Na-inward current by 25.5 + 4.6 nA (n -- 25) 
while it had no effect in H20-injected oocytes (n = 19). 
Northern blot analysis of  M-1 poly(A +) RNA revealed 
the presence of  transcripts related to the three known 
subunits of  the rat colon Na + channel (Canessa et al., 
Nature 367:463-467, 1994). 

We conclude that the channel in M-1 cells is closely 
related to the amiloride-sensitive epithelial Na § channel 
in the rat colon and that the M-1 cell line provides a 
useful tool to investigate the biophysical and molecular 
properties of the corresponding channel in the cortical 
collecting duct. 
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Introduct ion 

An apical amiloride-sensitive sodium conductance is 
present in various sodium transporting epithelia includ- 
ing the renal distal tubule, urinary bladder, distal colon, 
sweat ducts and respiratory epithelial cells (for recent 
reviews see: Palmer, 1992; Horisberger, Canessa & Ros- 
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sier, 1993; Rossier  et al., 1994; Benos  et al., 1995). In all 
these epithelia, sod ium ions enter the cell  through the 

apical membrane  and are pumped  out basolateral ly via 
the Na /K-ATPase .  The  apical sodium entry is be l i eved  
to be the rate- l imit ing step for sodium reabsorption. The  

exact  molecu la r  nature and versati l i ty of  the single chan- 

nels under lying the amilor ide-sens i t ive  sodium conduc-  
tance in these tissues is still a mat ter  of  debate and sev- 

eral distinct channel  subtypes may  exist. A recent  major  

breakthrough for the understanding of  this putat ive chan- 

nel family  has been  the molecu la r  ident if icat ion of  the 

amilor ide-sensi t ive  epithelial  sodium channel  f rom rat 

colon by expression c loning in Xenopus oocytes  (Can- 
essa et al., 1993; L inguegl ia  et al., 1993). This  channel  

consists of  at least three different  subunits (Canessa et 

al., 1994) and Northern  blot  analyses of  the distribution 
of  the rat colon sodium channel  in other  tissues have  

indicated that related channel  transcripts are also present  
in kidney and lung (Canessa et al., 1993, 1994; O ' B r o -  

dovich  et al., 1993; Renard  et al., 1995). 

In the kidney,  amilor ide-sensi t ive  sodium reabsorp-  

tion is a characterist ic feature of  the cortical  col lect ing 
duct ( O ' N e i l  & Boulpaep,  1979, 1982). S ingle-channel  

patch c lamp recordings f rom principal  cells of  microdis-  

sected rat cort ical  col lect ing ducts (Palmer & Frindt,  

1986, 1988) and f rom cultured rabbit cort ical  col lect ing 
duct  cells (Ling et al., 1991) have  demonst ra ted  the pres- 

ence  of  a low-conductance ,  h ighly-se lec t ive  apical so- 
d ium channel  which  is sensi t ive to submicromolar  con- 

centrations o f  amiloride.  The  e lec t rophysio logica l  prop- 
erties of  this channel  resemble  those of  the rat colon 

sodium channel  expressed in Xenopus oocytes  after coin-  
jec t ion  with c R N A s  of  all three channel  subunits (Can- 

essa et al., 1994). 
A suitable m a m m a l i a n  cell  l ine to study the electro- 

physio logica l  and molecu la r  properties of  the renal so- 

d ium channel  has previous ly  not  been  available.  Such a 
cell  l ine should provide  a cont inuous source of  readily 

avai lable cells with min imal  variabil i ty be tween  samples.  
Recent ly ,  we  have  demonst ra ted  that the M-1 cell  line, 

which  is der ived f rom a single microdissec ted  cortical  

col lec t ing duct  of  a mouse  transgenic for the early region 
of  s imian virus 40 (Stoos et al., 1991), preserves  under  
tissue culture condi t ions  morpho log ica l  and functional  

properties typical  for cort ical  col lect ing duct principal  
cells in vivo. In particular, we  have  shown that conf luent  
M-1 cells express amilor ide-sens i t ive  sodium reabsorp- 

tion and a h ighly  sodium-se lec t ive  apical membrane  con- 
ductance  (Korbmacher  et al., 1993). The  a im of  the 
present  study was to further characterize this conduc-  
tance and to identify the underlying single channels  us- 
ing the patch c lamp technique.  Furthermore,  we  isolated 
poly(A) + R N A  f rom M-1 cells  to express the channel  in 

X. laevis oocytes  and to check  for the presence  of  tran- 
scripts corresponding to the three known subunits of  the 
rat colon sodium channel.  

Materials and Methods 

CELL CULTURE 

The M-1 ceil line was originally obtained from Dr. Fejes T6th (Stoos 
et al., 1991). Cells were used from passage 10 through 32 and were 
handled as described previously (Korbmacher et al., 1993). Briefly, 
they were passaged with a split ratio of about 1:5 using 0.05% Trypsin/ 
0.53 mM EDTA in calcium- and magnesium-free HBSS (Gibco Lab- 
oratories, Grand Island, NY). Cells were routinely grown on uncoated 
tissue culture dishes (Becton Dickinson, Plymouth, England) and main- 
tained in a 5% CO 2 atmosphere at 37~ PC1 culture medium (Hycor 
Biomedical, Irvine, CA) containing 5 BM dexamethasone and 15 gg/ml 
insulin was used and was supplemented with 2 mM glutamine, 100 
U/ml penicillin and 100 ~tg/ml streptomycin. For the first 24 hr after 
seeding the PC1 medium contained in addition 5% fetal calf serum 
(FCS) to promote initial cell attachment and growth. Subsequently the 
FCS was omitted and culture medium was exchanged twice a week. 
For patch-clamp experiments cells were seeded onto small pieces of 
glass coverslips and were used 6-13 days after seeding. At this stage, 
the M-1 cells had formed confluent monolayers with typical 'domes', 
as described previously (Korbmacher et al., 1993). We did not detect 
any differences in the electrophysiological responses of cells from 
'domes' as compared to the responses of cells attached to the glass 
surface. Thus, the results from these experiments were pooled and are 
reported together. 

PATCH CLAMP TECHNIQUE 

The conventional patch clamp technique was used to record whole-cell 
currents or single-channel currents in excised inside-out (i/o) or out- 
side-out (o/o) membrane patches (Hamill et al., 1981) and experimental 
procedures were essentially the same as described previously (Korb- 
macher et al., 1993, 1995). Currents were amplified with an EPC-9 
patch clamp amplifier (HEKA Elektronik, Lambrecht, Germany) using 
an ATARI computer system for data acquisition and analysis. Patch 
pipettes were pulled from Clark glass capillaries (Clark Electromedical 
Instruments, Pangbourne, UK) and had a resistance of 3-9 Mf~ in 
NaC1/Ringer. Experiments were performed at 37~ in an elongated 
chamber (25 mm long, 5 mm wide, bath depth 2-4 mm) containing 
250-500 gl of bath solution. The reference electrode was an Ag/AgC1 
pellet bathed in the same solution as that used in the pipette, and 
connected to the bath via an agar/pipette-solution bridge in the outflow 
path of the chamber. For i/o patches the trans-patch potential differ- 
ence is defined as the negative holding potential (-Vpip), or cytoplasmic 
potential referred to pipette potential. For o/o patches and in the whole- 
cell configuration the cytoplasmic potential corresponds to the holding 
potential Vpi p. In the whole-cell experiments, the membrane capaci- 
tance (Cm) and series resistance (Rs) were estimated by nulling capac- 
itive transients using the automated EPC-9 compensation circuit. R s 
averaged 28.3 +_ 2.6 M~'~ (n = 83) and was not compensated. Liquid 
junction (L J) potentials occm~cing at the bridge/bath junction were mea- 
sured using a 3 M KC1 flowing boundary electrode and ranged from -5 
to +4 mV. For data analysis, the gpi p values were corrected accord- 
ingly while the original traces shown in the figures are not LJ corrected. 
Upward current deflections correspond to cell membrane outward cur- 
rents, i.e., movement of positive charge from the cytoplasmic side to 
the extracellular side. Data were recorded at 10 kHz bandwidth and 
stored on videotape after pulse code modulation (PCM 501, Sony, 
Japan). For data analysis, currents were filtered at 200 Hz with an 
8-pole Bessel filter, and were read into the computer via the ITC-16 
interface of the EPC-9 patch clamp amplifier at a sample rate of I kHz. 



B. Letz et al.: Na + Channel in Cortical Collecting Duct 129 

The computer software for data analysis was written by A. Rabe in our 
laboratory. Channel activity was estimated from binned current am- 
plitude histograms as the product NPo, where N is the number of 
channels and Po is single-channel open probability. Single-channel 
current amplitudes for I-V plots were estimated from amplitude histo- 
grams or by measuring and averaging several individual current tran- 
sitions. Data are given as mean values ~+SEM, significances were eval- 
uated by the appropriate version of Student's t-test. 

SOLUTIONS AND CHEMICALS 

The composition of the solutions is given in raM. For the patch clamp 
experiments, the standard bath solution was NaCt-solution: 140 NaC1, 
5 KCI, 1 CaC12, 1 MgCI2, and 10 HEPES (adjusted to pH 7.5 with 
NaOH). Other bath solutions were: KCI-solution (140 KC1, 5 NaC1, 1 
CaCI 2, 1 MgC12, 10 HEPES, adjusted to pH 7.5 with KOH), LiC1- 
solution (145 LiC1, 1 CaC12, l MgCI2, 10 HEPES, adjusted to pH 7.5 
with KOH), and NMDG-Cl-solution (145 N-methyl-D-glucamine-C1, 1 
CaC12, I MgCt 2 10 HEPES, adjusted to pH 7.5 with KOH). All bath 
solutions contained 5 mlvI glucose. As pipette solution for whole-cell 
and o/o experiments we routinely used KC1/EGTA-solution (140 KCI, 
5 NaC1, 1 CaCI~, 1 EGTA, and 10 HEPES adjusted to pH 7.5 with 
KOH). In a few experiments, pipette solutions were supplemented 
with 1-2 mM Mg-ATP or with a combination of 1 mM ATP and 0.3 inM 
Na-GTP. The presence of ATP and GTP did not significantly affect the 
electrophysiological response to amiloride. Occasionally, NMDG- 
gluconate-solution (135 NMDG-gluconate, 10 NMDG-C1, 5 NaC1, 1 
Mg-ATP, 1 EGTA, 10 HEPES, adjusted to pH 7.5 with KOH) or 
Li2SO4/EGTA-solution (65 Li2SO4, 15 LiC1, 65 sucrose, 1 EGTA, 1 
MgSO 4, 10 HEPES adjusted to pH 7.5 with "Iris) was used as pipette 
solution. For i/o patches the pipette solution was either LiCl-sotution 
or Li2SO4-solution (60 LiaSO4, 25 LiC1, 60 sucrose, 10 HEPES ad- 
justed to pH 7.5 with Tris). Amiloride-hydrochloride was obtained 
from Sigma (Deisenhofen, Germany). 

OOCYTE EXPRESSION STUDIES 

Total RNA was isolated from confluent M-1 cells by using the single- 
step acid guanidinium thiocyanate-phenol-chloroform extraction as de- 
scribed by Chomczynski & Sacchi (1987). Subsequently poly(A) + 
RNA was purified from total RNA via an oligo(dT)-cellulose-column 
(Life Technologies, Berlin, Germany). Using the two-microelectrode 
voltage-clamp technique (TURBO Tec 01C amplifier, NPI Electronic, 
Tamm, Germany) we assayed defolliculated stage V-VI Xenopus 
oocytes for an amiloride-sensitive inward current 1-6 days after injec- 
tion with HzO or with 20-50 ng of M-1 poly(A) § RNA. Experimental 
procedures for obtaining and injecting the oocytes were essentially as 
described previously (Kroll et al., 1989). The isolated and injected 
oocytes were kept in a modified Barths' saline (88 NaC1, 1 KC1, 2.4 
NaHCO3, 0.3 Ca(NO3)2, 0.41 CaCI2, 0.82 MgSO4, 10 U/ml sodium 
penicillin, 10 gg/ml streptomycin sulphate, 15 HEPES adjusted to pH 
7.6 with Tris) at 18~176 During the experiments, oocytes were 
routinely bathed in frog-NaCl-solution (115 NaCI, 2 KC1, 1 CaC1 a, 1 
MgCI 2, I0 HEPES adjusted to pH 7.4 with Tris). To test ion selectiv- 
ity, the bath NaC1 was replaced by an equal amount of LiC1, KC1 or 
NMDG-CI. Inward currents were continuously recorded at a holding 
potential o f - 6 0  or -100 mV. 

NORTHERN BLOT ANALYSIS 

Isolation of poly(A) + RNA from rat tissues was performed as described 
previously (Jaisser et al., 1993) and Northern blot analysis was per- 

formed as described (Jaisser et al., 1993) according to standard proce- 
dure (Sanabrook et al., 1989). Northern blot analyses were performed 
using 3 ug poly(A) + RNA obtained from rat kidney cortex, rat kidney 
medulla or confluent M-1 cells. The M-1 poly(A) + RNA samples were 
from the same batches which were also functionally assayed in oocyte 
expression studies. Hybridizations were done with specific probes for 
the three known subunits of the rat colon sodium channel (rENaC) 
(Canessa et al., 1994) using a 1-2150 bp (7. subunit (e~-rENaC) cDNA 
probe, a 1-1985 bp 13 subunit (13-rENaC) cDNA probe and a 3-2035 bp 
"/subunit (y-rENaC) cDNA probe. Probes were labeled with 32p dCTP. 
Final washes of the blot were done with 1.0 x SSC, 1% SDS at 56~ 
for 30 rain (Sambrook et al., 1989). Autoradiograms were exposed for 
I to 10 days. 

Results 

WHOLE-CELL RECORDINGS IN CONFLUENT M-1 CELLS 

In M-1 cells which had formed an epithelial monolayer 
and displayed 'domes' giga-ohm seals were obtained in 
about one out of five attempts. Following giga-ohm seal 
formation, conventional whole-cell patch configurations 
were achieved in about 50% of the attempts. The cell 
membrane capacitance (Cm) averaged 13.2 + 0.6 pF (n = 
83) which indicates that the cells under investigation 
were not electrically coupled to the neighboring cells in 
the monolayer (Korbmacher et al., 1993). Within the 
first minute after achieving the whole-cell configuration 
with KC1/EGTA-solution as pipette solution and NaC1- 
solution in the bath, the apical membrane voltage (Vm) 
averaged -31.2 + 1.3 mV (n = 100), and whole-cell 
inward currents averaged -152 + 11 pA (n = 51) at a 
holding potential of -60  inV. In some experiments, 
giga-ohm seals could be maintained from several min- 
utes up to more than half an hour. This made it possible 
to perform solution exchanges and to apply drugs while 
continuously monitoring V,~ or whole-cell currents in 
voltage clamp (VC) or in zero current clamp (CC) mode, 
respectively. 

EFFECTS OF AMILORIDE AND SODIUM REMOVAL 

In the experiments shown in Fig. 1, the effect of  com- 
plete extracellular sodium replacement by the imper- 
meant cation NMDG (N-methyl-D-glucamine) and the 
effect of  application of 10 .5 M amiloride were tested. 
The upper trace represents a continuous recording of V m 
in CC mode. Both experimental maneuvers reversibly 
hyperpolarized the apical membrane by about 30 mV, 
indicating that the cells possessed an amiloride-sensitive 
sodium conductance. In similar experiments, the hyper- 
polarization induced by sodium removal or by 10 -5 M 
amiloride averaged 22.8 + 4.5 mV (n = 5) and 24.9 _+ 2.2 
mV (n = 35), respectively. The lower trace in Fig. 1 
depicts a corresponding experiment carried out in VC 
mode. Whole-cell currents were continuously recorded 
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Fig. 1. Effect of sodium removal and amiloride on 
apical membrane voltage (V,,) and whole-cell 
current (/) of confluent M-1 cells. Upper trace: 
continuous recording of V,, in zero current clamp 
(CC) mode. Lower trace: continuous recording of 
whole-cell current in voltage clamp (VC) mode at 
a holding potential of -60  mV. Pipette contained 
KC1/EGTA-solution, bath solutions are indicated 
below the traces. 

at a holding potential o f - 6 0  mV. The inward whole-cell 
current was largely reduced upon extracellular sodium 
removal and recovered back to its original level after 
readdition of sodium. Application of 10 -5 M amiloride 
had about the same inhibitory effect as sodium removal. 
On average sodium removal and 10 -5 M amiloride re- 
duced inward currents by 114 + 28 pA (n = 15) and 107 
+ 10 pA (n = 51), respectively. This indicates that most 
of the sodium inward current is sensitive to amiloride. 
In further experiments, we investigated the concentra- 
tion-dependence of the amiloride effect. As shown in 
Fig. 2, amiloride inhibits the inward current with an ICs0 
of 0.22 gM. This indicates that the apical sodium con- 
ductance of confluent M-1 cells is highly sensitive to 
amiloride which is in good agreement with the in vivo 
situation in the cortical collecting duct. 

ION SELECTIVITY AND SODIUM DEPENDENCE 

In experiments as those shown in Fig. 3, we investigated 
the cation selectivity of the inward conductance. The 
upper trace in Fig. 3 represents a continuous V,~ record- 
ing and the lower trace a continuous current recording 
from two corresponding experiments. Changing the bath 
solution from NaC1 to LiC1 increased the whole-cell in- 
ward current (Fig. 3, lower trace) and accordingly in- 
duced a depolarization of the apical membrane (Fig. 3, 
upper trace). After LiC1 exposure, the steady-state mem- 
brane potential in NaC1 was slightly higher than at the 
start of the experiment (Fig. 3, upper trace). A similar 
effect was observed in 4 out of 7 such experiments. We 
do not know whether this is an effect of LiC1 or whether 
this is related to a slow spontaneous variation of the 
membrane potential which may occur in these cells un- 
der whole-cell recording conditions as reported previ- 
ously (Korbmacher et al., 1993). Nevertheless, the fast 

initial membrane potential response to LiC1 and the cor- 
responding current change clearly indicate that the apical 
membrane is more permeable for lithium than for so- 
dium. In contrast, changing from NaCl-solution to KC1- 
solution reduced the inward current (Fig. 3, lower trace) 
and caused a membrane hyperpolarization (Fig. 3, upper 
trace). In this experiment, the KCl-induced hyperpolar- 
ization appears to be slightly smaller than the hyperpo- 
larization induced by amiloride. This may indicate that a 
small apical K§ conductance exists in confluent 
M- 1 cells or that some KC1 reaches the basolateral mem- 
brane during exposure to KC1 bath solution. This as- 
sumption is supported by the observation that after the 
initial hyperpolarization the cells subsequently depolar- 
ized in the prolonged presence of KC1 bath solution. In 
similar experiments, the initial hyperpolarization induced 
by amiloride or KC1 averaged -20 + 5 mV and -18 + 5 
mV, respectively (n = 6, not significantly different in 
paired t-test). The hyperpolarization induced by KC1 and 
the corresponding reduction of the inward current clearly 
indicate that the apical membrane is less permeable for 
potassium than for sodium. Moreover, in the presence of 
KC1 bath solution application of amiloride 10 -5 M had no 
significant effect on V~ (n = 6) or on the inward current 
(n = 9). Taken together, these results indicate that the 
amiloride-sensitive whole cell conductance is highly se- 
lective for sodium over potassium and that lithium is 
slightly more permeable than sodium. In further exper- 
iments, we investigated the dependence of the whole-cell 
inward current on the concentration of extracellular so- 
dium. A continuous current trace from one of these ex- 
periments is shown in Fig. 4A. Whole-cell inward cur- 
rents were minimal in the absence of bath sodium and 
increased with increasing extracellular sodium concen- 
trations. Results of 11 such experiments are summarized 
in Fig. 4B and a Michaelis-Menten fit of the data reveals 
a K m for extracellular sodium of 24 mM. 
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Fig. 3. Cation selectivity of the apical inward 
conductance. Continuous V,~ recording (upper 
panel) and corresponding whole-ceil cun-ent (/) 
recording (lower panel) obtained from two 
separate experiments performed as in Fig. 1, Bath 
solutions were changed as indicated below the 
traces. 

SINGLE-CHANNEL RECORDINGS IN OUTSIDE-OUT PATCHES 

In about one out of ten attempts, we were able to suc- 
cessfully excise an o/o patch at the end of a whole-cell 
recording. Current traces from such an o/o patch are 
shown in Fig. 5A at different extracellular sodium con- 
centrations. Single channel current transitions with up to 
four channel levels can be seen. In all four recordings, 
the single-channel current amplitudes are smaller than 1 
pA. However, it can be seen that the single-channel cur- 
rent amplitudes increased with increasing extracellular 
sodium concentrations. In Fig. 5B, complete I - V  plots 
obtained in the presence of four different extracellular 

sodium concentrations are shown. The data points de- 
rived from the current traces shown in Fig. 5B are indi- 
cated in the 1-V plots. Goldman-Hodgkin-Katz curves 
correspond well with the experimental data (Fig. 5A) and 
demonstrate that the single channels are sodium- 
selective. Figure 5C summarizes the results from two 
such o/o patch experiments. For different holding poten- 
tials, single-channel current amplitudes were plotted vs. 

the extracellular sodium concentration and the K,~-values 
for sodium were estimated. The calculated K,~-values 
were all in the same range and appeared to be voltage 
independent. The average K m of 34 m~ is in good agree- 
ment with the K~,, of 24 mM found in the whole-cell 
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Fig. 4. Sodium-dependence of the inward 
conductance. (A) Continuous whole-cell current 
recording performed as in Fig. 1. Inward currents 
were recorded in the presence of different bath 
sodium concentrations as indicated below the 
trace. The current difference (A/) between the 
inward current in the complete absence of sodium 
(replaced by NMDG) and in the presence of 
various sodium concentrations was estimated as 
indicated by the arrow. (B) Summary of 11 such 
experiments where A/ i s  plotted v s .  the bath 
sodium concentration ([Na+]ba,h). A 
Michaelis-Menten fit of the data reveals a K,~ for 
extracellular sodium of 24 raM. 

experiments (see above). Figure 6 demonstrates the ef- 
fect of amiloride on a single-channel recorded in another 
o/o patch. In this experiment the patch pipette was filled 
with NMDG-gluconate solution and the bath contained 
NaCl-solution. Under these conditions, the inward sin- 
gle-channel currents observed at a holding potential gpi p 
= -48 mV are carried by sodium. Application of 10 .5 
amiloride decreased the mean open time from 36.2 msec 
to 2.7 msec and slightly increased the mean closed time 
from 47.3 msec to 54.9 msec thereby reducing N P  o from 
0.489 to 0.001. This effect was reversible upon washout 
of amiloride. On average, 10 .5 M amiloride reduced N P  o 
of sodium channels in o/o patches from 0.55 + 0.18 to 
0.08 + 0.02 (n = 9, P < 0.001). This corresponds to an 
inhibition of about 85%, which is in good agreement 
with the inhibitory effect of 10 -5 M amiloride on the 
whole-cell currents (see above). Thus, the Single chan- 
nels identified in the o/o patches are highly sensitive to 
amiloride. 

VOLTAGE-DEPENDENCE 

In those channel recordings from o/o patches in which 
NPo-values could be determined for several seconds (on 

average for 20 _+ 12 sec) at various holding potentials, we 
looked for a voltage dependence of N P  o. This analysis is 
hampered by the fact that NPo-values varied consider- 
ably from patch to patch and could spontaneously change 
in the same recording at a constant holding potential. 
These rather variable kinetics are a known feature of 
epithelial sodium channels (for review: Horrisberger et 
al., 1993). Nevertheless, a slight voltage dependence ap- 
peared to be present in the majority of patches with chan- 
nels having the tendency of being more active at hyper- 
polarizing potentials as compared to depolarizing poten- 
tials. In a total number of 8 analyzed patches, N P  o 
averaged 0.46 + 0.14 at a holding potential o f - 1 0 0  mV, 
and was significantly larger than the N P  o of 0.16 + 0.05 
determined at 0 mV (P < 0.05). 

SINGLE-CHANNEL RECORDINGS IN INSIDE-OUT PATCHES 

Cell-attached patches were usually silent but in a number 
of excised i/o patches from apical membranes of conflu- 
ent M-1 cells we detected small conductance single 
channels. However, the majority of i/o-patches had no 



B. Letz et al.: Na + Channel in Cortical Collecting Duct 133 

1 PAL__ 
500 ms 

C. i  (pA) 

0,8 

0,7-  

0,6-  

0,5 

0,4 

0,3 

0,2 

0,1 

0,0 I I I 

0 50 100 150 

[Na+Jbath(mM) 

Vpip Km 

-100 mV 34 mM 

-80 mV 31 mM 

-60 mV 34 mM 

-40 mV 29 mM 

-20 mV 40 mM 

0 mV 35 rnM 

= 34 mM 

B 
o/o 

Pip.: 

Bath: 

145 K+/ 5 Na + 

5 K+/IO Na + 

30 Na + a 

1 O0 Na + �9 

145 Na + [] 

Current (pA) 
1 

0,8 

0,6 

0.4 

-0.2 Vpip (mV) 

-0.4 

-0.6 

-0.8 

-1 

Fig. 5. Sodium-dependence of single-channel currents in an 
outside-out patch. (A) Single-channel current traces recorded at four 
different extracellular sodium concentrations (in raM): 10, 30, 100, 
and 145. Pipette solution contained KC1/EGTA-solution, (B) I - V  

plots obtained from the same experiment as shown in A. Single- 
channel current amplitudes were estimated from amplitude 
histograms or by measuring and averaging several individual current 
transitions. The four data points derived from the current traces 
shown in A are marked. The continuous lines are Goldman- 
Hodgkin-Katz fits of the data assuming a channel which is perfectly 
selective for sodium. (C) Results from two o/o patch experiments as 
shown in A and B are summarized. For each holding potential (Vpiv) 
the negative current values (-1) of the single-channel inward currents 
are plotted vs. the sodium concentration in the bath ([Na+]b~th). The 
curves represent Michaelis-Menten fits of each set of data. The 
K,,-values for extracellular sodium are listed next to the 
corresponding Vei p. The average Km was 34 mM. 
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Fig. 6. Effect of amiloride on single-channel 
sodium currents in an outside-out patch. 
Continuous recording of single channel activity 
from an o/o patch with NMDG-gluconate as 
pipette solution and NaCl-solution in the bath. 
Holding potential was Vp~p = -48 mV throughout 
the recording. Under these experimental 
conditions, the single-channel inward currents 
correspond to sodium currents, Application of 
amiloride t0 5 M and washout are indicated by 
arrows. The shifts of the current baseline after 
amiloride application and after washout are 
probably caused by seal perturbations during the 
solution exchange. 

or  on ly  shor t - l ived  c h a n n e l  ac t iv i ty  wi th  c h a n n e l  ' run  

d o w n '  shor t ly  af ter  exc is ion .  O ne  of  the  f ew exper i -  

m e n t s  in w h i c h  c h a n n e l  ac t iv i ty  pe r s i s t ed  for  a p r o l o n g e d  

pe r iod  o f  t ime  is s h o w n  in Fig. 7. The  p ipe t te  was  f i l led 

wi th  Li2SO 4 so lu t ion  and  the  ba th  c o n t a i n e d  ini t ia l ly  
LiC1 solut ion.  S i n g l e - c h a n n e l  ac t iv i ty  was b l o c k e d  by  

the  cy top l a smic  app l i ca t ion  of  l 0  -4 M ami lor ide .  A m -  

i lor ide  is t h o u g h t  to b lock  s o d i u m  channe l s  f r o m  the  

ex t race l lu la r  s ide and  it is c o n c e i v a b l e  tha t  the  l ipophi l ic  

ami lo r ide  e f fec t ive ly  di f fuses  t h rough  the  pa t ch  m e m -  

b r a n e  and  reaches  suf f ic ien t  extracellulm" concen t r a t i ons  

to b l o c k  the  c h a n n e l  f r o m  the  outside.  The  ra the r  s low 

r e c o v e r y  of  c h a n n e l  ac t iv i ty  o b s e r v e d  af ter  w a s h o u t  of  
cy top l a smic  ami lo r ide  is c o m p a t i b l e  wi th  an  ami lo r ide  
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Fig. 7. Cation selectivity of the 
amiloride-sensitive Na-channel in an inside-out 
patch. Five sequential current traces from the same 
i/o patch are shown starting 300 sec, 380 sec, 440 
sec, 500 sec and 690 sec after patch excision 
(from top to bottom). Bath solution changes are 
indicated below the traces; no changes were 
performed during the time intervals between the 
five traces shown, Pipette solution was Li2SO 4. 
The holding potential was -Vpu = +60 mV 
throughout the experiment. 

block from the outside (note the different time scale for 
the second trace in Fig. 7). However, we cannot rule out 
the possibility of an additional cytoplasmic inhibitory 
binding site for amiloride. In the presence of cytoplas- 
mic KCl-solution, the single-channel outward currents 
disappeared which demonstrates that file channels have 
no measurable permeability for potassium (3rd and 4th 
trace in Fig. 7). During the 160 sec-time interval be- 
tween the 4th and the last trace single-channel current 
amplitudes increased and channel kinetics became faster. 
These changes developed gradually (not shown) and 
were probably caused by an increase in the bath temper- 
ature which was not perfectly controlled during this ex- 
periment. Changing from LiC1 solution to NaC1 solution 
(last trace in Fig. 7) reduced the single-channel current 
amplitudes which indicates that the channels are more 
permeable for lithium than for sodium. Note that Fig. 8A 
depicts single-channel I-V curves from the same i/o patch 

as shown in Fig. 7. Under asymmetrical conditions for 
chloride, with Li~SO 4 solution in the pipette and LiC1 
solution in the bath, the reversal potential of close to 0 
mV indicates that the single-channel currents are indeed 
carried by lithium. Linear regression of the data reveals 
a single-channel conductance of 9.7 pS for lithium. In 
the presence of NaCI bath solution, outward currents 
were significantly reduced. Using a Goldman-Hodgkin- 
Katz fit of the data, the single-channel conductance for 
sodium was estimated to be 6.4 pS. With KCl-solution 
on the cytoplasmic side no more outward currents were 
detected and the reversal potential estimated from the 
Goldman-Hodgkin-Katz fit of the inward current data 
was shifted far to the right. Taken together the I-V 
curves confirm our conclusion that potassium ions do not 
permeate the channel and that the channel has a higher 
single-channel conductance for lithium than for sodium. 
These findings are consistent with the whole-cell data. 
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Fig. 8, Single-channel I-V plots and single-channel conductances of 
amiloride-sensitive Na-channels in inside-out and outside-out patches. 
(,4) Single-channel l-V curves from the same i/o patch as shown in Fig. 
7 in the presence of LiC1-, NaCI- and KCl-solution in the bath. Linear 
regression of the data in LiCl-solution reveals a single-channel con- 
ductance of 9.7 pS for lithium. The curves in the presence of NaCl- 
solution and KCl-solution are Goldman-Hodgkin-Katz fits which re- 
veal a single-channel conductance for sodium of 6.4 pS and a negligible 
single-channel conductance for potassium. (B) Summarizes single- 
channel conductance values obtained from 6 i/o and 10 o/o apical 
membrane patches. In 15 out of the 16 experiments amiloride was 
tested and channel inhibition by amiloride was confirmed. Conductance 
values for lithium and sodium obtained in the same patch are connected 
by a straight line. 

SINGLE CHANNEL KINETICS 

In a total of 16 o/o and i/o patches in which amiloride- 
sensitive sodium-selective single channels were ob- 
served, the number of apparent channels per patch 

ranged from 1 to 4 with an average of 1.9 + 0.3 channels 
per patch. NP o varied considerably from patch to patch 
ranging from 0.03 to 1.24 with a mean NPo of 0.33 + 
0.08 (n = 15) at a hyperpolarizing potential of -60  mV. 
In those experiments in which only one channel level 
was present throughout the recording, we attempted an 
analysis of channel kinetics during prolonged periods of 
channel activity at a constant holding potential of -60  
inV. In nine analyzed experiments, mean open times 
ranged from 0.03 sec to 0.47 sec and averaged 0.16 + 
0.05 sec while the mean closed times ranged from 0.11 
sec to 2.92 sec and averaged 0.51 + 0.30 sec. 

VARIABLE SINGLE CHANNEL CONDUCTANCES AND MULTIPLE 

CONDUCTANCE STATES 

Figure 8B summarizes single-channel conductance val- 
ues obtained from 6 i/o and 10 o/o apical membrane 
patches. In 15 out of the 16 experiments, amiloride was 
tested and channel inhibition by amiloride was con- 
firmed. The single-channel sodium conductances ranged 
from 2.3 pS to 9.1 pS. In a few recordings, small tran- 
sitions in the 2-4 pS range and larger transitions in the 
6-10 pS range were present simultaneously. These mul- 
tiple conductance states were difficult to analyze since 
they usually occurred in patches with several channel 
levels. Moreover, in the course of such experiments, the 
smaller transitions usually disappeared spontaneously. 
All channels tested for both ions had a higher conduc- 
tance for lithium than for sodium. The average single- 
channel conductance for sodium was 6.8 + 0.5 pS (n = 
15) and for lithium 11.2 + 1.0 pS (n = 14). The wide 
range of single-channel conductances and the presence 
of multiple conductance states suggest that the underly- 
ing channels may have various functional states and may 
be composed of more than one channel subunit. 

CHANNEL EXPRESSION IN OOCYTES AND NORTHERN 

BLOT ANALYSIS 

Figure 9 shows a cun'ent recording from a X. laevis 

oocyte held at -60  mV holding potential four days after 
it had been injected with 50 ng of M-1 poly(A) + RNA. 
In the presence of frog-NaCl-solution application of 2 gM 
amiloride reduced the inward current by more than 50 
nA. In contrast, in the presence of frog-KCl-solution, 
amiloride has no effect. After changing back to NaC1- 
frog solution the amiloride response could again be elic- 
ited. These findings indicate that the inward current in- 
hibited by amiloride was sodium selective. As can be 
seen in Fig. 9, changing from frog-NaCl-solution to frog- 
KCl-solution reduced the inward current in this experi- 
ment and the effect was reversible after changing back to 
NaCl-frog solution. A similar reduction of the inward 
current was observed in 3 out of 5 such experiments 
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Fig. 9. Expression of amiloride-sensitive sodium 
currents in X. laevis oocytes. Current (/) recording 
from a )2. laevis oocyte held at -60 mV holding 
potential four days after injection with 50 ng of 
M-1 poly(A) § RNA. Application of 2 gM 
amiloride and solution exchanges are indicated 
below the trace. 

while in the other 2 experiments the inward currents 
actually increased in the presence of KCl-frog solution. 
Replacing NaC1 in the bath by KC1 may have two op- 
posing effects: In the presence of KC1 inward current v ia  

the sodium selective ion channels is abolished, while on 
the other hand the high extracellular potassium concen- 
tration favors a potassium inward current v ia  endogenous 
potassium-selective ion channels known to be present in 
X. laev i s  oocytes (Dascal, 1987). Depending on which 
of the two effects is dominant, one may observe either a 
decrease or an increase of the total inward current after 
changing to KCI in the bath, as observed in our experi- 
ments. Regardless of whether KC1 by itself decreased or 
inc reased  the total  i nward  current ,  app l i ca t ion  of  
amiloride always failed to have an effect in KCl-frog 
solution (n = 5). In contrast, in the presence of NaC1- 
frog solution 2 gM amiloride reduced the sodium in- 
ward current at a holding potential o f - 6 0  or -100  mV on 
average by 25.5 + 4.6 nA in 25 oocytes one to six days 
after injection with 20-50 ng of M-1 poly(A) § RNA. 
No effect of amiloride was observed in water-injected 
control oocytes (n = 19). In four out of  four experiments 
M-1 poly(A) § RNA-injected oocytes displayed larger 
amiloride sensitive currents in the presence of LiC1 as 
compared to the amiloride-sensitive currents in NaC1. 
The current ratio averaged about 1.4. This indicates that 
the expressed channels are more permeable to Li than to 
Na, which is consistent with the findings in the patch 
clamp experiments on M-1 cells. Taken together, these 
experiments demonstrate that injection of poly(A) § RNA 
isolated from confluent M-1 cells leads to functional ex- 
pression of amiloride-sensit ive sodium channels in X. 
l aev i s  oocytes. We  hypothesized that the M-1 cells con- 
tain transcripts which may resemble those coding for the 
epithelial sodium channel of rat colon (Canessa et al., 
1994). Therefore the M-1 poly(A) + RNA was tested in 
Northern blot experiments as shown in Fig. 10. Probing 
a blot of  M-1 poly(A) + RNA with specific cDNA-probes 
for the three subunits of the rat colon sodium channel 
(rENaC) revealed specific bands of an expected size for 
the o~-, [~-, and y- subunit of the channel. A strong band 
was observed for a ,  a weaker for ~ and a very weak for 
y, but clearly all transcripts are present in M-1 cells. 

Fig. 10. Northern blot analysis of c~ rENaC, [3 rENaC and 7 rENaC 
expression in rat kidney cortex, medulla and in confluent M-1 cells. 
poly(A) + RNA (3 gg) was electrophoresed on a 0.8% denaturing gly- 
oxal agarose gel and transferred to a nylon membrane. The membrane 
was hybridized with random primed 32p-labelled dCTP full length 
rENaC cDNAs (see Material and Methods). The size of the full length 
rENaC cDNA probes for the different subunits is indicated on the right. 
The same RNA-blot was used for all three hybridization reactions. Blot 
probed with a or ~3 rat cDNA probes (upper and middle panel) was 
exposed one day. Blot probed with y rat cDNA probe was exposed 10 
days (lower panel). 

Transcripts for all three subunits were also present in rat 
renal cortex and rat renal medulla which is consistent 
with the results previously reported (Canessa et al., 
1994). 
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Discussion 

In the present  study, we have character ized the 
amiloride-sensitive whole-cell conductance of confluent 
M-1 cells and have identified the underlying apical so- 
dium channels in single-channel recordings. The whole- 
cell conductance and the single channels are highly sen- 
sitive to amiloride and highly selective for sodium over 
potassium. Moreover, the single-channel conductance of 
these channels is ' low'. Thus, according to the classifi- 
cation of Palmer (1992) and Benos et al. (1995) the chan- 
nel in M-1 cells may be considered as a 'type Na(5) 
channel' or a 'H-type channel', respectively. Channels 
belonging to this group have previously been identified 
by single-channel patch-clamp recordings in A6 cells 
grown on filters (Hamilton & Eaton, 1986), in principal 
cells of microdissected rat cortical collecting ducts 
(Palmer & Frindt, 1986), in rabbit proximal tubule (G6- 
gelein & Greger, 1986), in toad urinary bladder (Frings 
et al., 1988), in primary cultures of rabbit cortical col- 
lecting duct cells (Ling et al., 1991), and also in lung 
epithelial cells (Voilley et al., 1994). The classification 
by Palmer stresses the low single-channel conductance 
of about 5 pS and the high selectivity for sodium over 
potassium, while the classification of Benos emphasizes 
the high sensitivity to amiloride ( 'H '  for highly sensi- 
tive). Channels are considered as highly sensitive to 
amiloride if half maximal inhibition is achieved at a 
blocker concentration of less than 1 gM (Benos et al., 
1995). The half maximal inhibitory concentration of 
0.22 ~tM observed in M-1 cells is well within the typical 
range of 0.1 to 0.5 ~[M reported for other systems 
(Palmer, 1992). 

In our whole-cell recordings at a holding potential of 
-60  mV, about two-thirds of the observed inward current 
was carried by sodium. This sodium-dependent inward 
current of about 100-150 pA/cell could be completely 
blocked by amiloride and was selective for sodium over 
potassium. This indicates that apical sodium entry oc- 
curs exclusively via amiloride-sensitive sodium channels 
and no other sodium conductance is present in the apical 
membrane of confluent M-1 cells. It has previously been 
suggested that nonselective cation channels may contrib- 
ute to sodium reabsorption ~or review: Korbmacher & 
Barnstable, 1993). However, we have identified a non- 
selective cation (NSC) channel in M-1 cells which is not 
inhibited by amiloride (Ahmad et al., 1992; Korbmacher 
et al., 1995). Moreover, this NSC channel is normally 
quiescent. It can be activated by cellular shrinkage dur- 
ing exposure to hypertonic extracellular solutions and 
may play a role during volume regulation (Volk et al., 
1995). Our results suggest that the NSC channel is not 
involved in transepithelial sodium transport and that the 
amiloride-sensitive highly selective sodium channels are 
solely responsible for apical sodium entry during sodium 

reabsorption in the cortical collecting duct. The situation 
may be different in the inner medullary collecting duct 
where amiloride-sensitive nonselective cation channels 
have been observed (Light et al., 1988; Ono et al., 1994). 
To date, it is not clear how these nonselective cation 
channels are related to the sodium-selective channels de- 
scribed in the present study. 

In vivo, the activity of the amiloride-sensitive so- 
dium channels is tightly regulated depending on the need 
of sodium reabsorption, and aldosterone is believed to be 
the main modulator of sodium channel activity (Pficha et 
al., 1993). If dietary sodium intake is high, aldosterone 
levels are low and sodium channels in the cortical col- 
lecting duct are inactive. In contrast, if sodium intake is 
low and aldosterone levels rise sodium channels become 
active. Accordingly, no significant amiloride-sensitive 
whole-cell conductance was detectable in microdissected 
cortical collecting ducts from rats on a normal diet con- 
taining a sufficient amount of sodium (Frindt et al., 
1990). Under these conditions sodium reabsorption is 
dowm-egulated. In contrast, in cortical collecting ducts 
of animals fed a low-salt diet, whole-cell sodium currents 
of about 200 pA/cell were measured (Palmer, Antonian, 
& Frindt, 1993). Interestingly, these stimulated whole- 
cell currents are in the same order of magnitude as those 
measured in the M-1 cells under standard tissue culture 
conditions. The M-1 cells are grown in PC-1 tissue cul- 
ture medium which contains 5 gM dexamethasone which 
in this high concentration is likely to also have mineral- 
ocorticoid effects. This could explain the high level of 
baseline stimulation observed in the M-1 cells. Future 
experiments will have to address the question in more 
detail which of the tissue culture medium components 
are responsible for the baseline stimulation of the sodium 
currents in M-1 cells. 

The sodium channels described in rabbit and rat cor- 
tical collecting duct cells are highly selective for sodium 
over potassium which is consistent with our finding that 
the single channels in M-1 cells had no measurable po- 
tassium permeability. The single-channel conductances 
for sodium averaged 3.7 + 0.8 pS (Ling et al., 1991) and 
4.9 + 0.2 pS (Palmer & Frindt, 1986) in rabbit and rat, 
respectively. These values are slightly smaller than the 
average single-channel sodium conductance of 6.8 + 0.5 
pS measured in the M-1 cells. We cannot rule out that 
species differences between rat, rabbit and mouse may 
play a role for these minor differences. However, the 
lower conductances in rabbit and rat were measured at 
room temperature, while the measurements in M-1 cells 
were performed at 37~ Thus, a temperature effect is 
the most likely explanation for the slightly larger con- 
ductance values found in the M-l  cells. This assumption 
is consistent with recent findings of Palmer and col- 
leagues who reported two different lithium conductance 
values for the channel in rat cortical collecting duct with 
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about 7 pS and 13 pS at room temperature and at 37~ 
respectively (Frindt et al., 1993). In the M-1 cells the 
average single-channel conductance for lithium was 11.2 
+ 1.0 pS at 37~ and is in good agreement with the 
lithium conductance of the rat channel at the same tem- 
perature. The slight preference for lithium over sodium 
of the rat cortical collecting duct channel also compares 
favorably with our findings in M-1 cells, where each 
channel tested for both ions had a higher permeability for 
lithium than for sodium with an average lithium to so- 
dium single-channel  conductance ratio of about 
1.6. This preference for lithium over sodium appears to 
be another characteristic feature of this type of epithelial 
sodium channel and has also been found in the toad 
urinary bladder (Palmer, 1982). 

Another typical feature of the epithelial sodium 
channel is its slow gating behavior with long-lived open 
and closed states. At 22-23~ mean open and mean 
closed times were reported which ranged from 2 to 3 sec 
and 0.4 to 5 sec, respectively (Palmer & Frindt, 1986; 
Ling et al., 1991). The gating behavior of the M-1 so- 
dium channel was considerably faster. This may again 
be an effect of temperature since our experiments were 
performed at 37~ Indeed, Palmer and coworkers have 
recently compared channel kinetics in the rat cortical 
collecting duct at room temperature and at 37~ and 
found considerably faster kinetics at 37~ with a mean 
open time of 0.15 sec and a mean closed time of 0.44 sec 
(Frindt et al., 1993). These values resemble those found 
in the M-1 cells and support our assumption that the 
faster kinetics in M-1 cells are a result of the higher 
temperature. 

The voltage dependence of channel activity is not an 
impressive property of most epithelial sodium channels 
described to date. However, a modest activation by hy- 
perpolarizing potentials has been reported for the sodium 
channels both in rabbit (Ling et al., 1991) and rat cortical 
collecting duct cells (Palmer & Frindt, 1988). In the lat- 
ter channel, open probability was reported to increase 
with hyperpolarization by an average of 2.3 %/mV with 
substantial variability from patch to patch. This degree 
of voltage dependence is in good agreement with our 
observations in M-1 cells. Under physiological condi- 
tions, an increase of the current through the sodium chan- 
nels will tend to depolarize the apical membrane and 
hence decrease Po. Thus, the observed voltage depen- 
dence may serve as a negative feedback loop in the reg- 
ulation of the sodium channel activity. 

In M-1 cells, investigation of the extracellular so- 
dium dependence of the whole-cell and the single- 
channel currents revealed similar K,n-values of 24 and 34 
raM, respectively. This, together with a similar amiloride 
sensitivity and lithium over sodium selectivity, supports 
the conclusion that the identified single channels are in- 
deed the channels underlying the whole-cell currents. 
Moreover, these Kin-values are in excellent agreement 

with the K m of 25 mM reported for the single channels in 
the rat cortical collecting duct (Palmer & Frindt, 1988). 
However, K,,-values ranging from 10 to 75 mM (Palmer 
et al., 1990; Palmer & Frindt, 1986) have also been re- 
ported which suggests that the K m for extracellular so- 
dium may be regulated in these channels. 

Can the single channels observed in the i/o and o/o 
patches account  for the sodium whole-cel l  cur- 
rents? While sodium-selective whole-cell currents could 
routinely be measured in the whole-cell configuration, it 
was much more difficult to detect and identify single 
channels in excised membrane patches. Single-channel 
activity was found in less than 10% of the patches, and at 
present we do not know why most of the patches were 
silent. The observation that in some patches a brief ini- 
tial period of channel activity was followed by sponta- 
neous channel 'rundown' indicates that the majority of 
silent patches probably contained inactive channels. 
Possibly, channel inactivation occurs as a consequence 
of seal formation which may disturb the complex inter- 
action between plasma membrane and cytoskeleton 
within the patch (Milton & Caldwell, 1990). This would 
explain the difficulty of finding active sodium channels 
in cell-attached and in excised membrane patches and the 
relative ease of recording sodium currents from whole- 
cell membranes in which the cytoskeleton below the cell 
membrane is largely unaffected by the seal formation. 
Recent reports stress the importance of cytoskeleton el- 
ements in the regulation of sodium channel activity 
(Smith et al., 1991; Cantiello et al., 1991; Prat et al., 
1993). Another possibility to explain the absence of de- 
tectable single-channel transitions in the majority of ex- 
cised patches would be the presence of single channels 
with single-channel conductances in the subpicosiemens 
range (Laskowski et al., 1990). Such channels would 
have single-channel current amplitudes below the reso- 
lution limit of our recording technique. However, appli- 
cation of up to  10 .4 M cytoplasmic amiloride had no 
effect on the overall conductance of silent i/o patches 
(data not shown) which argues against the presence of 
such very low conductance sodium channels in M-1 
cells. In those patches in which we could clearly identify 
single-channel transitions of sodium channels, we ob- 
served on average 2 channels per patch. Thus, if we 
assume a patch-membrane area of 1 gm a and an apical 
cell surface area of about 200 gm 2 we should expect 400 
channels per cell provided that the sodium channels are 
distributed evenly in the apical membrane. At a holding 
potential of -60 mV, 400 sodium channels with a single 
channel conductance of 7 pS and a mean open probabil- 
ity of 0.5 would carry a sodium inward current of about 
80 pA which would be well within the range of currents 
actually observed in M-1 cells. These considerations 
demonstrate that it is conceivable that the identified sin- 
gle channels can account for the whole-cell currents ob- 
served in our whole-cell recordings. 
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Our oocyte expression studies demonstrated that 
poly(A) + RNA isolated from M-1 cells induced an 
amiloride-sensitive sodium conductance after injection 
into 32. laevis oocytes. Similar expression of amiloride- 
sensitive sodium fluxes or currents was previously 
achieved by injecting X. laevis oocytes with poly(A) + 
RNA derived from A6 cells (Hinton & Eaton, 1989), 
toad urinary bladder (Asher et al., 1992), and respiratory 
epithelia (Kroll et al., 1989). Using this technique for 
expression cloning, Canessa and colleagues (Canessa et 
al., 1993) and Lingueglia and colleagues (Lingueglia et 
al., 1993) have independently isolated a sodium channel 
cDNA clone from rat distal colon. In the meantime, it 
has become clear that the amiloride-sensitive sodium 
channel in the rat colon is composed of at least three 
different subunits which are called ~x-rENaC, [3-rENaC, 
and 7-rENaC, respectively (Canessa et al., 1994). Sin- 
gle-channel recordings from oocytes coinjected with 
cRNA of all three subunits revealed single channels with 
conductances of 4.6 pS or 7.7 pS in the presence of 100 
mM Na + or Li +, respectively (Canessa et al., 1994). The 
channels bad slow kinetics with long open and closed 
times lasting for several seconds. These measurements 
in the oocytes were performed at room temperature. If 
we take temperature-related differences into consider- 
ation (see above) the overall single-channel properties of 
the expressed colon sodium channel axe in good agree- 
ment with the single-channel properties of the channels 
observed in the M-1 cells. Therefore, it was no surprise 
that transcripts related to all three subunits of the colon 
channel could be detected in the M-1 cells by Northern 
analyses. 

Interestingly, the single-channels observed in M-1 
cells had a relatively wide range of single-channel con- 
ductances and occasionally showed subconductance 
states. In contrast, the single-channel conductances ob- 
served in oocytes injected with the three subunits of the 
colon channel showed only little variability from exper- 
iment to experiment and subconductance states were 
usually not present (L. Schild, personal communication). 
As far as we know, single-channel recordings from the 
native rat colon sodium channel are not yet available. 
Therefore, we do not know whether the single-channel 
conductance of the native colon channel shows a similar 
variability as observed in M-1 cells, or whether it is as 
stable as in the oocyte expression system. We speculate 
that the rather wide range of single-channel current am- 
plitudes and the presence of subconductance states ob- 
served in the M-1 cells may indicate, that the sodium 
channels are assembled with a variable stoichiometry of 
their subunits. Alternatively, M-1 cells may express ad- 
ditional channel subunits which may be responsible for 
slightly different biophysical properties of the colon and 
the renal sodium channel. There is ample precedence in 
the literature that ion channels change their biophysical 
properties depending on the presence or absence of ad- 

ditional homologous channel subunits (Chen et al., 1993; 
Krapivinski et al., 1995). The question, whether addi- 
tional renal subunits of the sodium channel exist, is par- 
ticularly interesting in the light of the recent finding that 
mutations of the [3-subunit of the epithelial sodium chan- 
nel are linked to a rare autosomal dominant form of 
hypertension, the Liddle-syndrome (Liddle, 1963; Bot- 
ero-Velez et al., 1994; Shimkets et al., 1994; Schild et 
al., 1995). Minor mutations or genetic variations in one 
or more of the channel subunits of the renal sodium 
channel may be involved in more common forms of ar- 
terial hypertension. 

In conclusion, we have characterized the electro- 
physiological  properties of  an amiloride-sensit ive 
highly-selective sodium channel in M-1 cells and have 
demonstrated that M-1 cells express transcripts which 
are related to the three known subunits of the epithelial 
sodium channel previously cloned from rat colon (Can- 
essa et al., 1994). The M-1 cells may serve as a useful 
tissue culture model to search for renal specific sodium 
channel subunits and to further study the electrophysiol- 
ogy, molecular biology, and regulation of the epithelial 
sodium channel in the cortical collecting duct. 
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