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A B S T RA C T The isolated epithelium of toad skin was disintegrated into single cells by treatment with collagenase 
and trypsine. Chloride channels of cell-attached and excised inside-out apical membrane-patches of  mitochon- 
dria-rich cells were studied by the patch-clamp technique. The major population of C1- channels constituted small 
7-pS linear channels in symmetrical solutions (125 mM C1-). In cell-attached and inside-out patches the single 
channel//V-relationship could be described by electrodiffusion of C1- with a Goldmann-Hodgkin-Katz permeabil- 
ity of, Pct = 1.2 • 10 -14 - 2.6 3< 10 -14 cm ~ �9 s -1. The channel exhibited voltage-independent activity and could be 
activated by cAMP. This channel is a likely candidate for mediating the well known cAMP-induced transepithelial 
C1- conductance of the amphibian skin epithelium. Another population of CI- channels exhibited large, highly 
variable conductances (upper limit conductances, 150-550 pS) and could be activated by membrane depolariza- 
tion. A group of intermediate-sized C1--channels included: (a) channels (mean conductance, 30 pS) with linear 
or slightly outwardly rectifying//V-relationships and activity occurring in distinct "bursts," (b) channels (conduc- 
tance-range, 10-27 pS) with marked depolarization-induced activity, and (c) channels with unresolvable kinetics. 
The variance of current fluctuations of  such "noisy" patches exhibited a minimum close to the equilibrium-poten- 
tial for C1-. With channels occurring in only 38% of sealed patches and an even lower frequency of voltage-acti- 
vated channels, the chloride conductance of the apical membrane of mitochondria-rich cells did not match quan- 
titatively that previously estimated from macroscopic Ussing-chamber experiments. From a qualitative point of 
view, however, we have succeeded in demonstrating the existence of Cl-channels in the apical membrane with 
features comparable to macroscopic predictions, i.e., activation of channel gating by cAMP and, in a few patches, 
also by membrane depolarization. 

KEY W O RD S: patch clamp �9 epithelial chloride channels �9 cyclic AMP �9 amphibian skin 

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

The existence of  minority cell types with supposed 
functions in ion t ransport  is a collective proper ty  of  a 
n u m b e r  of  tight epithelia including amphib ian  skin 
and distal renal epithelia of  vertebrates. For example,  
the mitochondria-r ich (MR) 1 cells of  toad and frog skin 
have been  assigned a n u m b e r  of  distinct functions in- 
cluding acid secretion by apical p ro ton  pumps  (Page 
and  Frazier, 1987; Ehrenfeld et al., 1989; Larsen et al., 
1992), sodium absorpt ion via apical amiloride-sensitive 
channels  and  basolateral Na/K-ATPases (Larsen et al., 
1987; Harvey, 1992; Rick, 1992), and active as well as 
passive C1--uptake (Vofite and Meier, 1978; Larsen, 
1991; Rick, 1994). 

The  localization of  a vol tage-dependent  CI- trans- 
por t  to MR-cells was originally based on the correlat ion 
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between conductive C1- fluxes and the n u m b e r  of  MR- 
cells in the skin (Vofite and Meier, 1978; Willumsen 
and Larsen, 1986; Devuyst et al., 1991). Also o ther  ob- 
servations indicated that the CI- conductance  was cel- 
lular ra ther  than paracellular. The  elimination of  Na + 
t ransport  by amiloride or  by exposure  to an Na+-free 
apical solution reduced the conductive unidirectional 
C1- fluxes in the short-circuited skin indicating that  a 
C1- conductance  is colocalized with an Na + conduc- 
tance in the apical membrane  (Kristensen, 1978; 1983). 
Other  studies showed that  arginin vasotocin, which ac- 
tivates the apical Na + conductance  of  principal cells, 
failed to co-activate the C1--flux (Kristensen, 1981) and 
that the apical m e m b r a n e  of  principal  cells r emained  
tight for C1- even in skins with a fully voltage- (Willum- 
sen and Larsen, 1986) or  cAMP- (Willumsen et al., 1992) 
activated C1- conductance.  These results indicated that  
the principal cells do not  conduct  transepithelial C1- 
currents. Another  line of  evidence established that the 
apical m e m b r a n e  of  MR-cells is pe rmeable  to CI-. 
When  chal lenged with a C1--containing apical solution 
and sufficient K + in the serosal solution, MR-cells 
swelled with the activation of the transepithelial CI- 
conductance  indicating that C1- can enter  MR-cells 
through the apical m e m b r a n e  (Vofite and  Meier, 1978; 
Foskett and Ussing, 1986; Larsen et al., 1987). Chloride 
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c u r r e n t s  o r i g i n a t i n g  f r o m  MR-cel ls  w e r e  m e a s u r e d  wi th  

t h e  v i b r a t i n g  v o l t a g e - e l e c t r o d e  (Foske t t  a n d  Uss ing ,  

1986; Katz a n d  Schef fey ,  1986) ,  a n d  u s i n g  t h e  e l e c t r o n  

m i c r o p r o b e  t e c h n i q u e  Rick  (1994)  d e m o n s t r a t e d  B r -  

e n t r y  in  MR-cel ls  f r o m  t h e  o u t e r  s o l u t i o n .  

T h e  a b o v e  two l ines  o f  e v i d e n c e  d e m o n s t r a t e ,  o n  t h e  

o n e  h a n d ,  t h a t  t h e  t r a n s e p i t h e l i a l  C1- c o n d u c t a n c e  is 

c e l l u l a r  b u t  n o t  l o c a l i z e d  to p r i n c i p a l  cel ls  a n d ,  o n  t h e  

o t h e r ,  t ha t  MR-cel ls  h a r b o r  an  ap ica l  CI c o n d u c t a n c e .  

W i t h  this  i n f o r m a t i o n ,  a n d  b e c a u s e  o f  t h e  o b v i o u s  diffi-  

cu l t i e s  in  a c c e s s i n g  d i r ec t l y  t h e  MR-cel ls  wi th  m i c r o -  

e l e c t r o d e s ,  we n o w  g e n e r a l l y  a s s u m e  t h a t  p r o p e r t i e s  o f  

t h e  MR-ce l l  C1- c o n d u c t a n c e  c a n  be  i n f e r r e d  f r o m  

U s s i n g - c h a m b e r  e x p e r i m e n t s .  R e c e n t l y ,  a m e t h o d  f o r  

s t u d y i n g  i so l a t ed  MR-cel l s  s u s p e n d e d  in  a R i n g e r  solu-  

t i on  was d e v e l o p e d  w h i c h  a l lows f o r  a p p l i c a t i o n  o f  

p a t c h - c l a m p  m e t h o d s  to i n d i v i d u a l  cel ls  ( L a r s e n  a n d  

Harvey ,  1994) .  I t  is n o w  poss ib l e  to i nves t iga t e  d i r ec t l y  

i o n  c h a n n e l s  e x p r e s s e d  in  MR-cel l s  in  t h e i r  o w n  r igh t ,  

as wel l  as a d d r e s s i n g  t h e  bas ic  a s s u m p t i o n  tha t  t h e  MR- 

cel l  C1- c o n d u c t a n c e  c o n s t i t u t e s  t h e  p h y s i o l o g i c a l  pa th -  

way f o r  t r a n s e p i t h e l i a l  C1- u p t a k e .  U s i n g  this t e c h n i q u e  

we h e r e  r e p o r t  o n  p r o p e r t i e s  o f  i n d i v i d u a l  C1- c h a n -  

ne ls  o f  t h e  ap ica l  m e m b r a n e  o f  t o a d  sk in  MR-cel ls .  

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

Preparation of Isolated Mitochondria-rich Cells 

Toads (Bufo bufo) were kept at room temperature and fed meal- 
worms once a week. 5-10 d before use the toads were transferred 
to trays with 1-2 cm 0.1 M NaNOs or, in few experiments, with 
distilled H20. The treatment with C1 -free external solution in- 
creases the number of MR-cells (Katz and Gabbay, 1988) and the 
apical area per cell, thus facilitating the study of the apical mem- 
brane. Untreated animals were often found to have so few MR- 
cells a n d / o r  so small an apical membrane area that patch-clamp 
studies were unfeasible. The animals were killed by decapitation 
and pithing. MR-cells were prepared from the isolated skin epi- 
thelium by a method slightly modified from that of Larsen and 
Hai"vey (1994). Briefly, the epithelium was isolated by ~2  h sero- 
sal exposure of the whole skin to 2 mg ml -l crude collagenase 
(cat. no. 103586; Boehringer-Mannheim GmbH, Mannheim, 
Germany) in standard Ringer (see Solutions). The isolated epithe- 
lium was bilaterally treated for 1 h by 2 mg m1-1 Collagenase A1 
(C9891; Sigma Chemical Co., St. Louis, MO) in standard Ringer. 
After washing the epithelium twice in Ca2+-free Ringer, it was put 
through sequential 3-min treatments of 0.1 m g / m l  trypsin 
(17072-018, Trypsin 1:250 USP grade; Life Technologies Ltd., 
Paisley, UK) in CaZ+-free Ringer, resulting in 5-10 fractions of 
isolated epithelial cells. Each fraction was immediately diluted 
10:1 by standard Ringer (1 mM Ca 2+) and centrifuged at 800-900 
rpm for 5 rain. The cell pellet was resuspended in 1 ml modified 
Ringer (see Solutions) and the cells were then ready to use. With 
the above isolation procedure, we found that the MR-cells were 
most frequent in fractions No. 7-9. 

Single-channel Patch-clamp 

Micropipettes were fabricated from borosilicate glass tubes with 
inner filament (GC150F-15, Clark Electromedical Instruments, 
Reading, UK) on a horizontal DMZ-puller (Zeitz Instruments, 

Augsburg, Germany). After heat-polishing, the tip resistance of 
the patch electrodes was ~-'8-12 M{~ measured with modified 
Ringer in pipette and bath. A sample of cells was suspended in 
"-4 ml modified Ringer in a Petri dish (4 cm OD; Nunc, Roskilde, 
Denmark) and placed on the stage of  an inverted microscope 
(Zeiss IM35; Brock & Michelsen, Birkerod, Denmark). Viewed 
with Nomarski optics at 400• magnification, MR-cells were easily 
recognized by their distinct flask-shape which is retained after 
isolation (Larsen and Harvey, 1994). On some but not all MR- 
cells, the apical membrane was clearly visible as an apical concav- 
ity surrounded by a ridge. With a micromanipulator (WR-90; Na- 
rishige, Tokyo, Japan) the tip of the patch electrode was directed 
to the apical concavity of such cells. Seals were formed either im- 
mediately or after very slight suction. However, the study of sin- 
gle channels was hampered by, (a) a very low frequency of giga- 
seal formation (probably <5%),  (b) a low resistance of obtained 
gigaseals (~10 GFZ in most cases, but often seals with a lower re- 
sistance were also accepted), and (c) short life times of patches, 
i.e., the majority of patches lasted for <10 min. Thus, as is often 
the case with native epithelial cells, the seals obtained on the api- 
cal membrane of MR-cells are very fragile. M1 experiments were 
done at room temperature (20-22~ and channels were studied 
in both cell-attached and excised inside-out configurations. 

Single Channel Current Recording 

Voltage-clamp and current recordings of membrane patches 
were performed with an RK300-amplifier furnished with a 10 G{~ 
feedback-resistor in the headstage (gain 100 or 200 mV/pA; Bio- 
logic, Claix, France). Currents were recorded on VCR videotape 
at 20 kHz bandwidth (Panasonic AG-6200; Osaka, Japan) after 
pulse-code modulation (PCM-501es; Sony, Tokyo, Japan). For 
analysis, currents were played back, low-pass filtered at 100 or 200 
Hz ~ [ - 3  dB], 8-pole Butterworth; Frequency Devices, Inc., 
Haverhill, MA) and digitized at 1 or 2 kHz through a CED 1401 
interface (output range, _+2.5 V, 12 bit resolution; Cambridge 
Electronic Design, Cambridge, UK). The CED patch- and volt- 
age-clamp software (Version 6.2; Cambridge Electronic Design) 
was used for controlling clamping voltages and for digitizing and 
analyzing clamping currents. 

Solutions 

Standard Ringer (used for cell isolation) contained (mM): 116 
Na +, 3.7 K +, 1 Ca 2+, 118.7 CI-, 4 SO42-, 3 acetate, 11 glucose, 8 
Tris (pH = 7.4). CaZ+-free Ringer (used for cell isolation): 116 
Na +, 3.7 K +, 116.7 CI-, 4 $042-, 3 acetate, 11 glucose, 10 EGTA, 8 
Tris (pH = 7.4). Modified Ringer (used for cell isolation and as 
bath): 116 Na +, 3.7 K +, 4 Ca z+, 124.7 CI-, 4 $042-, 3 acetate, 11 
glucose, 8 Tris (pH = 7.2). Unless otherwise stated, the bath and 
pipette solutions for patch-clamp studies were modified Ringer 
with 100 p~M amiloride added to the pipette solution. For verify- 
ing C1- selectivity of the channels in inside-out patches, a gravity- 
driven pelYusion system was used to exchange the bath solution 
around the patch. A suction device placed in the Petri dish oppo- 
site to the place of solution delivery allowed for exchange of the 
entire bath solution. The solution used for perfusion in most 
cases contained 25 mM CI-, thus displacing the Nernst potential 
for C1- (F~:0 from 0 to -40 .6  mV (bath with reference to the pi- 
pette). Perfusion-solution: 140 A~methyl-D-glucamin (NMDG+), 
I15 gluconate, 10 Na +, 25 CI-, 1.63 Ca 2§ 1.14 Mg 2+, 5 EGTA (re- 
sulting free [Ca 2+] = 100 nM, [Mg 2+] = 1 mM), 10 N-tris(hy- 
droxymethyl) methyl-2-aminoethane sulfonic acid (TES) (pH 
7.2). Occasionally, patches were perfused with a solution in 
which NMDG + was replaced by 130 mM Tris + with 25 or 44 mM 
CI- and gluconate as the nonpermeant  anion. Free-[Ca ~+] was 
100 nM, and free-[Mg '2+] was 1 or 2 raM. ATP (A-0770) and for- 

422 Apical Cl- Channels of Mitochondria-rich Cells 



skolin (F-6886) were purchased from Sigma Chemical Co.; 
cAMP-dependent protein kinase (catalytic subunit) was pur- 
chased from Promega Corp. (V5221; Madison, WI) and added as 
stated. 

Correction for Liquid Junction Potentials 

Liquid junction potentials were measured between solutions that 
came into contact with each other  during the experiment. With 
different solutions in pipette and bath (when N:methyl-D-glucam- 
ine in the pipette was occasionally substituted for Na +) the mem- 
brane-potential, VM, is given by the following (Neher, 1992), 

V u = V~- V+ VLj, (1) 

where V~ is the spontaneous membrane potential (zero for in- 
side-out patches), VLj is the liquid junction potential (measured 
as bath relative to pipette), and V is the clamp-potential mea- 
sured relative to the zero-current potential obtained by nulling 
external potential-offsets before the experiment. When, during 
an inside-out experiment, the original solution (1) is exchanged 
for another solution (2) a liquid junction-potential appears at the 
reference-electrode (0.15 M KClbridge in our case) with the re- 
sulting membrane potential given by (Neher, 1992), 

V M = - V +  VLj + V,e, 1 , (2) 

where V2a is the potential of solution 2 with reference to solution 
1. The liquid junction potentials were measured following Neher 
(1992), with the patch-clamp amplifier itself being used for gen- 
erating a potential nulling the Vtj between a pipette and bath so- 
lution. The zero-current potential was obtained by starting with 
the same test-solution in pipette and bath. The bath was then ex- 
changed for the other (reference) solution and the potential 
generated by the amplifier in zero-current clamp mode (Io) was 
noted as, - VLj. Finally, replacement of  the original bath solution 
provided a check for reversibility. Each determination was done 6 
times, and the mean was used for correcting expected reversal 
potentials, as indicated (individual data-points of the//V-relation- 
ships were not corrected). All measurements were reversible 
within 0.6 mV. Junction potentials of relevance for the present 
study are given in Table I. 

Currents through Individual Chloride Channels 

With [C1-]~ < [C1 ]o, outward rectification of the chloride cur- 
rent (Ic~) is expected from electrodiffusion under constant-field 
assumptions according to the Goldman-Hodgkin-Katz (GHK) 
equation (Goldman, 1943; Hodgkin and Katz, 1949), 

F 2. V M [CI-I - [C1 ] o . e x p { - V .  VM/(R.T)} 
Io = P o '  R . T  1 - e x p { - F .  VM/(R.T)} ' 

( 3 )  

T A B L E  I 

Liquid Junction Potentials 

Solution 1 Solution 2 V~,I 

Modified Ringer Perfusion sol. -2.7 + 0.1 mV (n = 6) 
NMDG-Ringer Modified Ringer -4.4 _+ 0.3 mV (n = 6) 

Liquid-junction potentials measured between Modified Ringer and the 
pet-fusion solution (see Solutions) and between Modified Ringer and 
NMDG-Ringer, where Na + was replaced by equimolar concentration of 
NMDG +. The potential is given as solution 2 referenced to solution 1. 
Mean -+- SEM is indicated. 

where Po is the permeability coefficient, VM is the membrane po- 
tential, and F, R, and T have their usual meanings. Larsen and 
Harvey (1994) found that a subpopulation of  MR-cells was char- 
acterized by whole-cell Io/V-relationships that were well described 
by Eq. 3, whereas another subpopulation exhibited "instanta- 
neous rectification" in that the instantaneous Icl/V-relationship 
rectified in excess of Eq. 3. Since, in a homogeneous population 
of ion channels, I = i '  N .  Po, w h e r e / i s  the macroscopic current, 
i the single-channel current, N the number of channels, and Po 
their open-probability, rectification of I in excess of Eq. 3 could 
be caused by either the single channel//V-relationship being out- 
wardly rectifying or Po increasing with voltage (voltage activation). 
To investigate whether single C1- channels of the present study 
could be involved in one or the other  kind of rectification, Eq. 3 
was fitted to //V-plots of currents through individual C1--chan- 
nels. In cell-attached patches where, VM = V~ - V (assuming VLj 
= 0), V~, [C1-]c and Pc1 were allowed to vary during the fit. In or- 
der to compare conductances obtained under different condi- 
tions, the conductance in symmetrical 125-mM C1- solutions 
(~/1~5/1~5), when not measured directly, was calculated from Pcl 
obtained by the GHK-fit according to, 

F 2 
7c/c = R--T" P o '  [C1-] , (4) 

where [C1-] = 125 raM. Similarly, the integral conductance at 
the reversal potential, %e,,, can be calculated as (Sten-Knudsen, 
1978), 

[Cl-]o. [c1 l~ 
= " "Pc. ," E(.~,  (5) 

Trey (RT) 2 [ e l - I t -  [CI lo " " 

where, F~n = (RT/-F)  . loge([C1-]o/[C1-]c ) is the equilibrium 
potential. 

Analysis of Variance of Current fluctuations 

To evaluate the current variance in patches where single-channel 
levels could not be distinguished in all-points histograms, cur- 
rents were redigitized using the SPAN-software program (J. 
Dempster, Strathclyde Electrophysiology, Glasgow, UK). Cur- 
rents were amplified 10• filtered atf~ = 500 Hz, and digitized at 
1 kHz. The variance was calculated in blocks of 1,024 points and 
the mean between blocks used as the estimated variance. 

R E S U L T S  

Heterogeneity of Chloride Channels in the Apical Membrane 

F r o m  t h e  a p p e a r a n c e  o f  a s ing le  L o r e n t z i a n  f u n c t i o n  in  

p o w e r  s p e c t r a  o f  s t a t i ona ry  MR-ce l l  c u r r e n t  f l u c t u a t i o n s  

it  was c o n c l u d e d  t h a t  t h e  m a j o r  v o l t a g e - a c t i v a t e d  C1-- 

c u r r e n t  was c a r r i e d  by a s ing le  p o p u l a t i o n  o f  l a rge  

( ~ 2 5 0  pS)  c h a n n e l s  wi th  fast  g a t i n g  k ine t i c s  ( m e a n  

c o r n e r - f r e q u e n c y ,  f~ = 35 Hz;  L a r s e n  & Harvey ,  1994).  

I t  was h y p o t h e s i z e d  t h a t  th is  p o p u l a t i o n  o f  C1--se lec t ive  

c h a n n e l s  was l o c a l i z e d  in  t h e  ap ica l  m e m b r a n e ,  t hus  

g o v e r n i n g  t h e  v o l t a g e - a c t i v a t e d  i n f l u x  o f  C I -  f r o m  t h e  

e x t e r n a l  ba th .  In  t h e  p r e s e n t  s tudy  o f  s ing le  C1- c h a n -  

ne l s  r e s o l v e d  in  ap ica l  m e m b r a n e  p a t c h e s ,  we u n e x -  

p e c t e d l y  f o u n d  a m a r k e d  h e t e r o g e n e i t y  o f  c h a n n e l s  

( T a b l e  II) .  T h e  m a j o r i t y  o f  C1- c h a n n e l s  w e r e  smal l  ( 7 - 8  

pS)  wi th  a l i n e a r  i / V - r e l a t i o n s h i p  u n d e r  s y m m e t r i c a l  

c o n d i t i o n s .  A l a rge  c h a n n e l  c o r r e s p o n d i n g  to  e x p e c t a -  

t ions  f r o m  t h e  a b o v e  m e n t i o n e d  w h o l e - c e l l  analysis  was 
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T A B L E  I 1  

Electrical Activity of Membrane Patches 

Patch type Frac t ion  

Silent 62% 

Small l inear  C 1 -  c h a n n e l  26% 

Giant  C1-  channe l  3% 

In te rmed ia t e  C 1 -  channe l  10% 

Unresolved  kinetics 4% 

T O T A L  100% (n = 179) 

Too  noisy for  analysis n = 45 

He te rogene i ty  o f  pa tches  ob t a ined  o n  the apical  m e m b r a n e  o f  MR-cells. 

Percen tages  do  no t  sum to 100% since m o r e  than  o n e  type o f  channe l  

cou ld  be  p resen t  in a pa tch .  45 pa tches  h a d  to be  d i s r ega rded  because  the 

noise-level d id  no t  allow for  analysis (no t  i nc luded  in the total o f  179). 

observed in the present  study, however,  only occasion- 
ally. Fu r the rmore ,  a n u m b e r  o f  channels  o f  in termedi-  
ate c o n d u c t a n c e  were also found ,  some with kinetics 
unresolvable with our  exper imenta l  setup. Patches with 
low seal resistances ( M A T E R I A L S  A N D  METHODS) were of- 
ten quite noisy and  had to be discarded f rom the analysis. 

Small Linear Chloride Channels (26 % of the Patches) 

Cell-attached configuration. The current-recordings shown 
in Fig. 1 are f rom a channe l  with relatively shor t  open-  
ings at p ipet te  potentials,  - Vp 4 : 0  mV. T he  ampl i tude  
o f  cu r ren t  transit ions at d i f ferent  pipet te  potentials  was 
est imated using Gaussian fits to all-points h is tograms 
and  displayed as a func t ion  o f  -Vp. T he  channe l  cur- 
rents shown in Fig. 1 reversed nea r  zero mV indicat ing 
that  the  p e r m e a n t  ion was in equi l ibr ium at the cell 
m e m b r a n e  potential .  This is as expec ted  for  a C1- 
channe l  (Larsen et aI., 1987). In  a g r e e m e n t  with this 
not ion,  the i/V-relationship exhibi ted slight outward  
rectification and  could  be fit ted with the GHK-equat ion  
for  a monova l en t  an ion  (Eq. 3). T he  GHK-fit (see Fig. 
1) indicates that  [C1-]c = 34 mM and  Vc = - 3 1 . 5  mV 
with a GHK-permeabil i ty,  Pcl = 1.61 �9 10 -]4 cm 3 �9 s -]. 
This permeabil i ty  indicates a fairly small l imiting con- 
ductance ,  ~125/125 - - ' - -  7.7 pS, and  a physiological conduc-  
tance at the reversal potent ia l  o f  no  m o r e  than ~]rev = 

3.7 pS (Eqs. 4 and  5, respectively). 
In nine out  o f  eleven cell-attached patches containing 

the small C1--channel the i/V-relationship could be fitted 
with Eq. 3 with reasonable values for [C1-]c. The  limiting 
conductance  o f  these nine channels w a s  "~125/125 = 10.0 -t- 
1.2 pS (mean _ SEM, n = 9) with a c o n d u c t a n c e  at the 
reversal potential ,  Yr~v -- 5.8 -+ 0.5 pS. These fits were 
obtained with a reversal potential, -Vp  ... .  = 1.7 + 1.2 
mV, an intracel lular  concen t ra t ion ,  [C1-] c = 38.4 + 3.9 
mM, and  an intracel lular  potential ,  V~ = -33.2 _+ 2.5 
mV. In two previous studies o f  toad skin the intracellu- 
lar CI -concent ra t ion  in MR-cells in situ was est imated 
to be ~ 2 0  mM (from cell volume decrease  associated 
with deple t ion  o f  the intracel lular  C1 pool ,  Larsen et 

0.50 
Fitted parameters: 

V= = - 3 1 . 5  mV 

[CI-]= = 34 rnM 0.25 
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FIGURE ], Cell-attached recordings of a small channel from an 
apical membrane-patch on a MR-cell. Modified Ringer in pipette 
and bath with [C1-] = 125 mM. Shown are four recordings at iden- 
tical gain and time scale. The closed level (baseline) is marked by a 
c. Pipette-potentials ( -  Vp) are indicated above traces. The i/V-rela- 
tionship was obtained from means of Gaussian fits to all-points his- 
tograms taken at different potentials. The full line is fit of Eq. 3 
with the parameters shown. From the estimated permeability, Eq. 
4 provides the upper limit conductance, "~125/125 = 7.7 pS, and Eq. 
5 provides the conductance at the reversal potential, %~,, = 3.7 pS. 
Currents were filtered at 200 Hz ( -3  dB) and digitized at 2 kHz. 

al., 1987) and  ~ 2 5  mM (by x-ray m i c r o p r o b e  analysis, 
Rick et al., 1980), respectively. The  somewhat  h igher  
concen t r a t ion  in isolated cells (38 mM) indicates a 
smaller m e m b r a n e  potent ia l  o f  these cells as c o m p a r e d  
to MR-cells in situ. 

Inside-outconfiguration. The  small apical channels  
were active in inside-out  conf igura t ion  as well, bo th  
with 4 mM Ca '~+ (modif ied  Ringer)  and  when  the 100 
nM free-Ca '+ solut ion superfused  the cytoplasmic side 
o f  the m e m b r a n e  (see Solutions). For verifying C1- se- 
lectivity o f  the small channel ,  excised patches  were per- 
fused with a solut ion with a lower [C1-]. The  patch  in 
Fig. 2 was first observed u n d e r  symmetr ical  condi t ions  
(125 mM C1- on  bo th  sides), where  a n u m b e r  o f  small 
l inear  channels  were active, each with a c o n d u c t a n c e  o f  
8.4 pS (slope o f  the regression-line) and  a reversal po- 
tential close to 0 inV. Perfusing the pa tch  locally with 
25 mM-C1- displaced the reversal potent ia l  to the left, 
i.e., towards the new Ec]. At the same time, the //V-rela- 
t ionship became  non l inea r  and  could  now be fitted 
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FIGURE 2. Current recordings of an excised inside-out mem- 
brane-patch containing several small channels. (A) Patch-record- 
ings at different pipette-potentials with bath-[Cl-] = 125 mM and 
pipette-[Cl-] = 125 raM. (B) Recordings of the same patch after 
substitution of the bath for a solution with bath-[C1-] = 25 mM 
and free-[Ca 2+] = 100 nM. (C) //V-relationships for the two condi- 
tions: ( . )  Bath-[Cl-] = 125 mM. The full line is linear regression 
and the conductance (3,) is the slope of the regression-line. (O) 
Bath-[C1-] = 25 raM. Nernst potentials for G1- and Na + are indi- 
cated. The full line is fit of Eq. 3 with fixed concentrations at both 
sides and with V M = - Vp + Vofr. Parameters: Vo~ = 9.8 mV, Po = 
2.1 x 10 -14 cm 3 s -L, "Y125/125 = 10.0 pS (Eq. 4). The offset potential 
indicates that the reversal potential was estimated to the left of Ec~ 
(see text). 

with Eq. 3 with the  C1- c o n c e n t r a t i o n s  o n  the  two sides 
o f  the  c h a n n e l  b e i n g  f ixed  to t he i r  k n o w n  values a n d  al- 

lowing Pc] a n d  a po ten t i a l -o f f se t  (Volt) to vary. 
C h a n n e l s  reso lved  in 11 pa t ches  in  symmet r i ca l  125 

m M  C1- so lu t ions  all e x h i b i t e d  l i n e a r / / V - r e l a t i o n s h i p s  
with a m e a n - s l o p e  i n d i c a t i n g  a c o n d u c t a n c e  o f  7.1 + 
0.5 pS (n = 11). W h e n  the  b a t h  was e x c h a n g e d  for  the  
pe r fus ion  so lu t ion  with [C1-] = 25 raM, the  reversal  
p o t e n t i a l  sh i f ted  f r o m  0.22 - 1.31 to - 4 3 . 8  _ 2.7 mV. 
T h e  e s t i m a t e d  l iqu id  j u n c t i o n  p o t e n t i a l  be tw e e n  the  
two ba th  so lu t ions  was - 2 . 7  mV (Tab le  I) ,  so tha t  the  
c u r r e n t  f lowing in a C1- select ive c h a n n e l  is e x p e c t e d  
to reverse  at, - V p  = Ec t -  Vz.~ = - 3 8  mV. Thus ,  n o  per -  
meab i l i t y  for  g l u c o n a t e - / N a  + c o u l d  be  d e t e c t e d .  T h e  
m e a n  reversal  p o t e n t i a l  o f  - 4 4  mV, in s t ead  o f  - 3 8  mV, 
is poss ib ly  d u e  to the  fact  t ha t  the  reversal  p o t e n t i a l  for  

s o m e  c h a n n e l s  was e s t i m a t e d  by e x t r a p o l a t i o n  us ing  
Eq. 3. 

Occas ional ly ,  even sma l l e r  c h a n n e l s  were  resolved.  In  
Fig. 3 a re  shown r e c o r d i n g s  f rom an  ins ide -ou t  p a t c h  
(125 m M  CI-  on  b o t h  sides) w h e r e  the  c u r r e n t  t h r o u g h  
a very smal l  c h a n n e l  (7 = 1.9 pS) is s u p e r i m p o s e d  o n  
the  base l ine  a n d  the  c u r r e n t  t h r o u g h  a 7.7-pS channe l .  
T h e  c h l o r i d e  selectivity o f  this smal l  c h a n n e l  was con-  
f i r m e d  subse que n t l y  by pe r fu s ing  the  c h a n n e l ' s  cyto- 
solic s ide with 25 m M  C1-. 

Activity and kinetics in cell-attached patches. A m o n g  patches  
f rom different  cells, the  electr ical  activity o f  the  small 7-pS 
C1- c h a n n e l  was e x t r e m e l y  var iable .  However ,  in n o  
case c o u l d  a p o t e n t i a l - d e p e n d e n c e  o f  o p e n  p r o b a b i l i t y  
be  d e t e c t e d  (within  + 6 0  mV).  T h e  k ine t ics  o f  individ-  
ual  c h a n n e l s  were  h a r d  to study,  since,  usually,  several  
c h a n n e l s  were  p r e s e n t  in the  same  pa tch .  In  t h r e e  
pa t ches  with a p p a r e n t l y  on ly  a s ingle  active c h a n n e l ,  
two d i f f e r en t  ga t ing  m o d e s  were  e n c o u n t e r e d  (Fig. 4). 
O n e  ga t i ng  m o d e  (1 pa t ch )  was c h a r a c t e r i z e d  by two 
c losed  t ime-cons tan t s  a n d  a s ingle  o p e n  t ime -cons t an t  
giving rise to a "burs t ing"  activity, see Fig. 4 A. T h e  
o t h e r  ga t ing  m o d e  (2 pa tches )  was c h a r a c t e r i z e d  by a 
s ingle  c losed  t ime-cons tan t ,  thus,  appa ren t l y ,  c o n f o r m -  
ing  to a s i m p l e r  two-state k ine t ic  s c h e m e  (Fig. 4 B). 
Since  mos t  seals were  short- l ived,  however ,  the  exist- 
ence  o f  m o r e  t ime-cons tan t s  t han  d e s c r i b e d  above  can  
n o t  be  r u l e d  out.  
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FIGURE 3. Recording of an inside-out patch with bath-[C1-] = pi- 
pette-[Cl-] = 125 mM. (Bottom) Current-recording at -Vp = 60 
mV showing transitions of different magnitudes, indicating more 
than one conductance-level in the patch. (Upper right) All-points 
current amplitude histogram at -Vp = 60 mV. The sum of 5 fitted 
Gaussian distributions is shown superimposed on the histogram. 
The current through a small channel resulted in a single Gaussian 
distribution (Sma//) when opening alone, and another (7. 7pS + 
sm.) when opening together with the larger channel. (Upper/eft) 
i/V-curve of the larger (11) and the small (0)  channel. The small 
channel could only be resolved with a driving force of _+60 mV. 
Conductances were calculated as the slope of the regression line. 
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FIGURE 4. Two different gating modes of the small channel in single-channel patches. (A). (Top) Current-recordings of a cell-attached 
patch at - Vp = 40 mV. Channel transitions were detected using two thresholds, corresponding to openings and closings, respectively. A 
minimum time-resolution of 4 ms was superimposed (Colquhoun and Sigworth, 1983). (Middle) The open time distribution. The histo- 
gram could be fitted with a single exponential, giving a mean open time of 51.2 ms. (Bottom) The closed time distribution. The histogram 
shows biexponential form and could be fitted with a sum of two exponentials with time constants 3 1 = 8 ms and ~2 = 79 ms. (B). (Top) Cur- 
rent recordings of a cell-attached patch at - Vp = 50 mV. (Middle) Open time distribution modified to a time resolution of 4 ms. The histo- 
gram could be fitted by a single exponential with ~= 26.5 ms. (Bottom) The closed time distribution was also mono-exponential, in this case 
with ~ = 56.1 ms. 

Effect of A T P  and cAMP. After  exc is ion  o f  the  pa tch  
f rom the  cell,  the  small  c h a n n e l  e x h i b i t e d  var iable  lev- 
els o f  activity, a n d  in  e igh t  o u t  o f  n ine  exc i sed  pa tches  
the  activity d e c l i n e d  over  the  course  o f  5 -18  ra in  af te r  
excis ion.  A p p a r e n t l y ,  this d e c l i n e  in activity was n o t  af- 
f ec t ed  by the  a d d i t i o n  o f  3 m M  ATP to the  cytosolic 
side o f  the  pa t ch  (ba th) .  However ,  in all cases the  run-  
down  was so slow tha t  the  activity was n o t  en t i re ly  lost  
wi th in  the  l i fe t ime o f  the  pa tch .  

T h e  t r ansep i t he l i a l  C1- c o n d u c t a n c e  o f  a m p h i b i a n  
skin is r e g u l a t e d  by cAMP (Kris tensen,  1983; Nage l  & 
Van Driessche,  1992; W i l l u m s e n  et  al., 1992; Katz a n d  
Nagel ,  1995) a n d  we t h e r e f o r e  inves t iga ted  w h e t h e r  the  
smal l  c h a n n e l  c o u l d  be  ac t iva ted  by cAMP. Forsko l in  
(12-25  ~M) was ineffect ive  in ac t iva t ing  c h a n n e l s  in si- 

l en t  ce l l -a t t ached  pa t ches  (n = 11, n o t  shown) .  How- 
ever,  af ter  p r e - e x p o s u r e  for  5 -60  ra in  o f  the  cells to for- 
skol in,  the  f rac t ion  o f  pa t ches  c o n t a i n i n g  the  small  
c h a n n e l  i n c r e a s e d  f r o m  23% (n  = 155 pa tches )  to 42% 
(n  = 24 pa t ches ) .  To  f u r t h e r  invest igate  this po in t ,  we 
a d d e d  the  catalyt ic  subun i t  o f  PKA to the  cy top lasmic  
face o f  the  m e m b r a n e  o f  i n s ide -ou t  pa tches .  Due  to the  
s h o r t  life t ime  o f  pa t ches  (MATERIALS AND METHODS), 
this was a very h a r d  e x p e r i m e n t  to p e r f o r m ,  thus  in 
on ly  2 pa tches  with s p o n t a n e o u s  c h a n n e l  activity d id  
the  seal  last  l ong  e n o u g h  for  the  activity to be  eva lua ted  
b o t h  with a n d  wi thou t  PKA. In  b o t h  cases, the  activity 
was i n c r e a s e d  af ter  PKA add i t i on .  Fig. 5 shows an  ex- 
p e r i m e n t  whe re  smal l  c h a n n e l s  in an  ins ide -ou t  pa t ch  
were  ac t iva ted  af te r  the  a d d i t i o n  o f  PKA. S u b s e q u e n t  
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FIGURE 5. Current-recordings from an excised inside-out patch. 
(Bottom right) //V-relationships with hath-[Cl-] = 125 (m) and 25 
mM (O), respectively, showing CI- selectivity of the channels. The 
conductance in symmetrical 125 mM C1- was 7.8 pS. Top traces 
were obtained at - Vp = 20 mV with bath-[C1-] = 25 raM. The up- 
per trace showed low activity with ATP (3 raM) in the bath. After 
addition of the catalytic subunit of protein kinase A (P/~,  22 U /  
ml) to the bath, with a delay o f ~ 3  rain, channels activated. (Bottom 
/eft) Activity measured in ~2  rain (nonoverlapping) time intervals 
and displayed as a function of the mid-time of each interval. Chan- 
nel activity increased after PKA-addition and stayed high even after 
perfusion with fresh Ringer with bath-[C1-] = 25 mM and no ATP 
(or PKA). 

wash with ATP- and  PKA-free solut ion did no t  inacti- 
vate the channels .  This result  is possibly related to the 
above observat ion o f  h igh  activity o f  channe ls  in inside- 
ou t  patches  in the absence  o f  ATP. Accordingly  the 
MR-cell channe l  is m u c h  less sensitive to ATP-free solu- 
tions than  a n o t h e r  cAMP regula ted  CI-  channel ,  i.e., 
the cystic fibrosis t r a n s m e m b r a n e  c o n d u c t a n c e  regula- 
tor (CFTR; A n d e r s o n  et al., 1991; Baukrowitz et al., 
1994; Hwang  et al., 1994). In  three  inside-out patches  
where  s p o n t a n e o u s  c ha nne l  activity was n o t  present ,  
addi t ion  o f  PKA failed to activate any channels .  

Giant Chloride Channels (3 % of Patches) 

In  a few apical m e m b r a n e  patches we resolved C1- chan- 
nels with a very high unitary conduc tance  (~t125/125 > 120 
pS). The  gat ing o f  these channels  was charac ter ized  by 
compl ica ted  open ings  and  closings that  o c c u r r e d  in 
mult iple  steps o r  as single transit ions o f  full ampl i tude  
(Fig. 6). W h e n  resolved in cell-at tached patches,  the 
channe l s  exhib i ted  GHK-rect if icat ion (Fig. 6). How- 
ever, the es t imated permeabil i t ies  were very variable in- 
dicat ing l imiting c onduc t a nc e s  r ang ing  f rom 150 to 
550 pS. Chloride selectivity was conf i rmed f rom an inside- 
out  pa tch  resolved with NMDG-C1 in the pipet te  (Fig. 
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FIGURE 6. (A). Current-trace of a cell-attached patch at - Vp = 20 
mV obtained with bath-[C1-] = pipette-[C1-] = 125 mM. Notice 
the staircase-like partial opening of the channel lasting several 
hundred milliseconds, followed by a full opening. The (tentative) 
levels indicated correspond to one quarter of the full amplitude. 
(B). //V-relationships for giant Cl--channels from 4 cell-attached 
patches. Each relationship is fitted by Eq. 3 (the point [ -  Vp, *] = 
[0, 0] was included in the fit) and permeabilities, Pa, are given. 
(C). //V-relationship for a giant channel resolved in an inside-out 
patch with bath-[Cl-] = pipette-[C1-] = 125 raM; bath-[Na +] = 
116 raM, pipette-[Na +] = 5.2 raM. Equilibrium-potentials for C1- 
(Ec~l) and Na + (F~a) are indicated. 

6). U n d e r  these condi t ions  the channe l  reversed at 6 
mV. Accord ing  to ou r  measu remen t s  o f  the l iquid junc -  
t ion potent ia l  . ( -4 .4  mV, Table  I), the above reversal 
potent ia l  is comparab le  to the theoret ical  reversal po- 
tential o f  a C1--selective channe l  ( -Vp  = --VLj = 4.4 
mV). In  cell-at tached membrane -pa t ches  sustained ac- 
tivity was only seen at positive potentials  (depolariza- 
t ion).  Such activation o f  a giant  channe l  is shown in 
Fig. 7, where  the channel ,  in response  to a 20-mV depo-  
larization, activated toge the r  with a n u m b e r  o f  smaller 

ACTIVATION 

. . . . . . . . . . . . . . . . . .  . . . . . . . . . .  . . . . . . .  . . . . . . . . .  '-Jt A 

5 s  
INACTIVATION 
-Vp = -20 mV (HyperpoL) 

FIGURE 7. Current recordings from a cell-attached apical mem- 
brane-patch obtained with bath-[Cl-] = pipette-[C1-] = 125 mM 
showing activation and inactivation of a giant C1--channel. (Top) 
Current trace at - Vp = 20 mV obtained immediately after chang- 
ing the potential from 0 mV. Several small and a giant channel ac- 
tivate gradually. (Bottom) Current trace at - Vp = - 2 0  mV obtained 
immediately after changing from 20 mV. The giant channel inacti- 
vated and stayed closed hereafter (not shown). Several smaller 
channels exhibited sustained activity. 
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FIGURE 8. An intermediate conductance C1--channel in an inside-out patch. Pipette-[C1-] = 125 mM, bath-[Cl-] = 22 mM, bath-[Mg- 
ATP] = 3 mM. The channel activated in inside-out configuration after exchange of the bath solution. ( Top/eft) Current recordings at two 
potentials filtered at 200 Hz and digitized at 1 kHz. Note the distinct bursts of activity. ( Top right) //V-relationship of the channel. The i/V- 
relationship was linear despite the skewed concentrations. The slope of the regression-line (%lop~) was 23 pS. The chord conductance at 60 
mV ( - Vp) was 15 pS. Shown is the best fit ofEq. 3 fixed to pass through Ecl. (Bottom/eft) Open time distribution at - Vp = 60 mV. Minimum 
time resolution = 4 ms. The histogram shows monoexponential form with ~ = 82.6 ms. (Bottom right) Closed time distribution. Most clos- 
ings are brief (r] = 7.62 ms), however clearly longer closings do appear (compare top/eft). The second exponential (r.~ = 123 ms) is not 
well identified. 

channe l s .  T h e  r e c o r d i n g s  in Fig. 7 also show tha t  a f te r  
h y p e r p o l a r i z a t i o n  the  g ian t  c h a n n e l  lost  its e lec t r ica l  
activity whereas  a n u m b e r  o f  sma l l e r  c h a n n e l s  con t in -  
u e d  b e i n g  active. 

Intermediate Chloride Channels (10 % of Patches) 

Dif fe ren t  C1- c h a n n e l s  o f  i n t e r m e d i a t e  c o n d u c t a n c e s  
were  resolved.  A m o n g  the  mos t  f r e q u e n t  ( ~ 5 % )  were  
channe l s  e x h i b i t i n g  o p e n i n g s  o c c u r r i n g  in d i s t inc t  
"bursts" s e p a r a t e d  by l o n g e r  closings.  T h e  current -vol t -  
age r e l a t ionsh ips  in  this g r o u p  were  l inear ,  o r  s l ightly 
ou tward ly  rect i fying,  with a s lope  c o n d u c t a n c e  r a n g i n g  
f rom 14 to 53 pS ( m e a n  -+ SEM = 29.8 _+ 4.3 pS, n = 
9). R e c o r d i n g s  f rom such a c h a n n e l  a re  shown in Fig. 
8. In  this i n s ide -ou t  p a t c h  the  c h a n n e l  b e c a m e  active af- 
ter  e x c h a n g e  o f  the  ba th  with a Tr is -solut ion  with 22 
m M  C1- a n d  3 m M  ATP. C h a n n e l  t rans i t ions  o f  posi t ive 
a m p l i t u d e  o c c u r r e d  at  0 mV. Since  on ly  two p e r m e a n t  

ions  (Na + a n d  C1-) were  p r e s e n t  o f  which  only  C1- h a d  
a reversal  p o t e n t i a l  < 0  mV, this ver i f ied  CI-  selectivity 
o f  the  channe l .  T h e  / /V-re la t ionship  was l i nea r  u n d e r  
these  a symmet r i c  c o n d i t i o n s  with a s lope  c o n d u c t a n c e  
o f  23 pS. Thus ,  the  c h a n n e l  m i g h t  be  rec t i fy ing  the  cur-  
r en t s  s l ightly in  the  ou tw a rd  d i r e c t i o n  as c o m p a r e d  to 
s imple  e l ec t rod i f fus ion  (Eq. 3). T h e  d i s t r i bu t ion  o f  
ope n - t ime s  showed  s ing l e - exponen t i a l  f o rm  with a 
t ime-cons t an t  o f  83 ms, see Fig. 8. T h e  c losed- t ime  dis- 
t r i bu t i on  was d o m i n a t e d  by fast c los ings  (a- = 7.6 ms) .  
As can  be  seen  f rom the  t races in Fig. 8, a n u m b e r  o f  
l o n g e r  c los ings  were  also a p p a r e n t .  However ,  in the  fit 
o f  a sum o f  two e x p o n e n t i a l s  to the  even t -d i s t r ibu t ion  
h i s togram,  the  s e c o n d  t ime-cons tan t  (123 ms in Fig. 8) 
is poo r ly  d e t e r m i n e d .  

Occas ional ly ,  we reso lved  c h a n n e l s  o f  i n t e r m e d i a t e  
c o n d u c t a n c e  with a v o l t a g e - d e p e n d e n t  o p e n - p r o b a b i l -  
ity. T h e  c o n d u c t a n c e  o f  these  c h a n n e l s  r a n g e d  f rom 10 
to 27 pS (n = 4). T h e  c h a n n e l  in Fig. 9 e x h i b i t e d  
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FIGURE 9. ( Top/eft) Current recordings of a single channel in a cell-attached patch. The channel exhibits longer openings at potentials 
>0 mV and brief flickering at <0 mV. ( Top right) //V-relationship of the channel. Points at - Vp < 0 mV are considered tentative. Filled 
rectangles are included in the fit of Eq. 3 assuming electrodiffusion of CI- and resulting in the parameters shown. The upper limit conduc- 
tance (~hzsn25) is calculated as 10.7 pS. (Bottom left and middle) All-points current amplitude histograms showing a distinct, well defined 
open-state at 60 mV and a poorly defined open-state at -50 mV. (Bottom right) Estimated relationship of Po versus - Vp. 

longer ,  noisy open ings  at positive - Vp, a nd  partly unre-  
solved flickers at - Vp < 0. For  - Vp > 0, the cu r r en t  am- 
pl i tude h i s togram resolved the o p e n  state o f  the chan-  
nel  as a b r o a d  Gaussian, whereas  the flickers observed 
at - Vp < 0 resul ted in a tail on  the dis t r ibut ion with the 
o p e n  state be ing  unresolved.  It can also be seen (Fig. 9) 
that  despite  the fact that  the measu remen t s  at negative 
-Vp  mus t  be very tentative, the i/V-relationship could  
be fitted with Eq. 3 with reasonable  pa ramete r s  for  a 
C1--channel  in an  MR-cell. This is pre l iminary  evidence  
for  a Cl--selective channel .  However ,  since this channe l  
was no t  resolved u n d e r  asymmetr ical  condi t ions ,  CI-  
selectivity was no t  verified directly. T he  c o n d u c t a n c e  o f  
this channe l  was no t  m u c h  di f ferent  f rom that  o f  the 
"small l inear  C1- channels"  descr ibed  above. However,  
the channe l  exhib i ted  a markedly  d i f ferent  kinetics 
and  voltage d e p e n d e n c e .  T he  est imated ( -  Vp, Po)-rela- 
t ionship shown in Fig. 9 indicates channe l  activation in 
response  to depolar izat ion.  

Chloride Channels of Unresolvable Kinetics (4 % of Patches) 

As exempl i f ied  by the records  shown in Fig. 10, some 
patches  cou ld  be quite  noisy. Since all-points histo- 
grams failed to resolve single cur ren t  levels (not  shown),  

one  would  be t emp ted  to d iscont inue  fu r the r  analysis. 
However,  when  the ba th  solut ion o f  inside-out  patches  
was e x c h a n g e d  for  one  with a lower Cl - -concen t ra t ion ,  
it t u rned  ou t  that  the potent ia l  at which noise was at its 
m i n i m u m  shifted towards the new Ecl (-V2,1). This 
would  be expec ted  if the noise is gene ra t ed  by r a n d o m  
o p e n i n g  and  closing o f  C1--channels.  For  this case the 
variance o f  cu r r en t  f luctuat ions (0 .2 ) is given by: 

0.2 = ~/2. {--Vp -- ( E c , -  V2,1) }2 . N.  Po" 
2 

(1 - P o  ) + 0.1e~k , (6) 

where ,  O'le~k z is the  variance con t r i bu t ed  f r o m  the  cur- 
r en t  t h r o u g h  the seal, and  the first te rm is the variance 
o f  cu r r en t  t h r o u g h  ion channe ls  (assuming a h o m o g e -  
neous  popu la t ion  o f  N channels) .  Clearly, when  -Vp  -- 
Eel - V2j, the variance o f  the first t e rm is zero. Since 
the variance t h r o u g h  the leak is p robably  also voltage 
d e p e n d e n t ,  the total cu r r en t  variance is expec ted  to 
reach a m i n i m u m  somewhere  be tween 0 and  Eel -- V2j. 
For  investigating this point ,  the pa tch-currents  re- 
c o r d e d  at d i f ferent  potentials  were redigifized using 
the SPAN-software, and  the variance o f  the cu r r en t  seg- 
ments  subsequent ly  calculated.  The  result  shown in 
Fig. 10 indicates that  the variance, indeed,  was at its 
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m i n i m u m  n e a r  Eel - V2,1. This  resul t  con f i rms  C1- se- 
lectivity o f  the  noise-source ,  s ince a nonse lec t ive  l eak  
w o u l d  have a noise  m i n i m u m  n e a r  0 mV. T h e  //V-rela- 
t i onsh ip  o f  the  pa t ch  was c o n s t r u c t e d  by pu l s ing  for  
200 ms the  po t en t i a l  to d i f f e r en t  values wi th in  +100  
mV. T h e  resu l t ing  cu r r en t s  (Fig. 10) a re  the  sum o f  the  
l eak  c u r r e n t  (s ince l eakage  sub t r ac t i on  was n o t  used)  
a n d  c u r r e n t  t h r o u g h  the  C1--selective channe l s .  By lin- 
e a r  r egress ion  at  - V p  < 0 mV ( thus  c lose  to Ect ), t he  
pa t ch  res is tance  was f o u n d  to be  > 10 GI~. At  Vp > 0mV 
the  c u r r e n t  e x h i b i t e d  ou twa rd  rec t i f ica t ion  in excess o f  
l i nea r  r eg ress ion  as e x p e c t e d  if  the  c u r r e n t  is the  sum 
o f  a l eakage  c u r r e n t  a n d  the  c u r r e n t  t h r o u g h  a popu l a -  
t ion  o f  GHK-rec t i fy ing  channe l s .  

It s h o u l d  be  n o t e d  tha t  c h a n n e l s  with s imi la r  unre -  
solvable  kinet ics  m i g h t  have b e e n  m o r e  f r e q u e n t  t han  
i n d i c a t e d  above  (4%) s ince  for  cases where  a pa t ch  was 
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FIGURE 10. Example of a patch with unresolved kinetics of C1 - 
selective channels. Shown are recordings of an inside-out patch 
with pipette-[C1-] = 125 mM and bath-[C1-] = 25 mM, thus 
Eel-Vp is ~ - 3 8  mV. The current traces exhibited marked flicker- 
ing and unresolved levels even at 0 mV pipette-potential. The 
ip~tch/--V p relationship in the interval [-100 mV; 100 mV] went 
through (0, 0) (because leakage subtraction was not used) and ex- 
hibited outward rectification in excess of linear regression at posi- 
tive - lip. Linear regression to points <0mV shows that the seal re- 
sistance is at least 10 GI~. The variance (~2) was calculated by digi- 
tizing currents at 1 kHz after low-pass filtering at 500 Hz ( - 3  dB) 
using SPAN software. The currents were divided into blocks of 
1,024 points, and the variance was calculated for each block. 
Shown is the mean -+ SEM of the variance at each pipette-poten- 
tial. The plot of~ 2 versus - Vp has a minimum near F~cl- V2,1 demon- 
strafing CI- selectivity of the channels generating the current fluc- 
tuations. 

s t ud i e d  u n d e r  symmet r i ca l  cond i t ions ,  only,  unresolv-  
ab le  c h a n n e l  activity wou ld  be  mi s t aken  for  a b a d  seal. 

D I S C U S S I O N  

In  the  p r e s e n t  s tudy we have i den t i f i ed  C1 c h a n n e l s  in 
the  apica l  m e m b r a n e  o f  m i t o c h o n d r i a - r i c h  cells iso- 
l a ted  f rom toad  skin. This  f i nd ing  p rov ides  d i r ec t  evi- 
d e n c e  tha t  MR-cells,  as o p p o s e d  to the  m o r e  a b u n d a n t  
p r i nc ipa l  cells (Wi l lumsen  a n d  Larsen ,  1986), a re  ab le  
to c o n d u c t  c h l o r i d e  passively across  the  apica l  m e m -  
b rane ,  thus  c o r r o b o r a t i n g  m a c r o s c o p i c  f ind ings  o f  an 
apical  C1- c o n d u c t a n c e  in MR-cells in situ. Fu r the r -  
more ,  f ea tu res  p r e d i c t e d  f r o m  m a c r o s c o p i c  s tudies,  
i.e., ac t ivat ion o f  c h a n n e l  ga t i ng  by m e m b r a n e  d e p o l a r -  
iza t ion a n d  in t e rna l  e x p o s u r e  to PKA, respect ively,  
were  f o u n d  a m o n g  C1- c h a n n e l s  reso lved  in apical  
m e m b r a n e  pa tches .  T h e  p o p u l a t i o n  o f  apical  C1- chan-  
ne ls  was qu i te  h e t e r o g e n e o u s  with r e spe c t  to  s ingle  
c h a n n e l  c o n d u c t a n c e s  a n d  kinet ics  o f  c h a n n e l  ga t ing  
which  may  ref lec t  p a r t i c i p a t i o n  o f  several  d i f f e ren t  ion  
c h a n n e l s  in the  process  o f  C1- abso rp t ion .  

Frequency and Heterogeneity of Apical Chloride Channels 
in MR-Cells 

Voltage-ac t iva ted  C1- c h a n n e l s  were  reso lved  in a mi- 
nor i ty  o f  pa tches ,  only,  a n d  in m o r e  t han  ha l f  o f  the  
pa t ches  e lec t r ica l ly  active ion  c h a n n e l s  were  n o t  de-  
t ec t ed  at  all (Table  II) .  I t  is c lear ly  ind ica t ed ,  then ,  tha t  
a l t h o u g h  s ingle  p o p u l a t i o n s  o f  C1- c h a n n e l s  were  
f o u n d  which  s h a r e d  fea tu res  with o n e  o r  m o r e  macro -  
scopic  p r o p e r t i e s  o f  the  skin, the  o b s e r v e d  c h a n n e l  ac- 
tivity seems  n o t  to ma tch ,  quant i ta t ively ,  previous ly  in- 
ves t iga ted  m a c r o s c o p i c  tissue c onduc t a nc e s .  We can 
sugges t  several  r easons  which  may  all have c o n t r i b u t e d  
to the  low-frequency o c c u r r e n c e  o f  ap ica l  C1- channe l s :  
(a) T h e  cel l - isola t ion p r o c e d u r e  a n d  s u b s e q u e n t  estab- 
l i s h m e n t  o f  p a t c h - r e c o r d i n g  c o n d i t i o n s  may have re- 
su l ted  in enzymat ic  a n d  m e c h a n i c a l  i m p a i r m e n t s ,  re- 
spectively,  o f  the  cell  m e m b r a n e  ion  c onduc t ances .  In  
a g r e e m e n t  with this no t ion ,  whole-ce l l  cu r r en t s  o f  o u r  
p r e p a r a t i o n  also i n d i c a t e d  tha t  the  MR-cell  m e m -  
b r a n e ' s  C1- c o n d u c t a n c e  is far  too  smal l  for  a c c o u n t i n g  
for  the  MR-cell  cu r r en t s  e s t ima ted  in U s s i n g - c h a m b e r  
e x p e r i m e n t s  (Larsen  a n d  Harvey,  1994). (b) F u n c t i o n a l  
h e t e r o g e n e i t y  o f  MR-cells has b e e n  d e m o n s t r a t e d  in 
m a c r o s c o p i c  inves t iga t ions  o f  MR-cells in situ. Us ing  vi- 
b r a t i n g  vo l t age -e lec t rodes  Foske t t  a n d  Uss ing  (1986) 
f o u n d  cu r ren t -p ro f i l e s  above  13 ou t  o f  23 MR-cells, 
whereas  Katz a n d  Scheffey (1986) r e p o r t e d  o n  prof i les  
above  30 -90% o f  MR-cells in d i f f e r en t  p r e p a r a t i o n s .  ') 

'2For improving the resolution of the method, these two studies 
with the vibrating electrode used preparations with a reduced num 
bet of MR-cells obtained from animals preadapted to a solution of 
high [NaCI]. 
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Rick (1994) conf i rmed that in frog skin two popula- 
tions of  MR-cells could be distinguished, one of  which 
took up Br-  f rom the outside solution whereas the 
other  did not. The  existence of  MR-cells without an api- 
cal CI- conductance might indicate that some MR-cells 
express o ther  functions than passive Cl- absorption, 
such as acid or base secretion which have been associ- 
ated with s-type and [3-type intercalated cells, respec- 
tively, of distal renal epithelia (Steinmetz, 1986). (c) The 
patches that were obtained on MR-cells might not  be 
representative of  the entire apical membrane  area of  
the populat ion of  MR-cells. This is because the process 
of  successful seal formation might select for cells, or ar- 
eas of  the cell membrane,  with a low channel  density. 
While this is a problem that in principle applies to all 
single-channel patch-clamp investigations, the low fre- 
quency of  seal formation in the present  study makes it 
especially pertinent.  (d) The MR-cells of  the present  
preparat ion retain their structural polarity and appear  
flask shaped in isolation. However, it is a question of  
whether  the functional polarity is also retained or 
whether  channel  proteins are free to diffuse laterally 
between apical and basolateral membrane  areas. There  
is clearly a need  to investigate the functional polarity of  
the isolated MR-cells. 

In conclusion, there seem to be good reasons for ex- 
ploring whether  isolation and recording procedures  
impair the native membrane  ion conductances. Fur- 
thermore,  reasons for finding a large fraction of  iso- 
lated MR cells with no apical C1- conductance also 
have to be investigated. At the present  stage of  our  
analysis, therefore,  it is not  possible quantitatively to 
bridge the description of  the macroscopic C1- conduc- 
tance of the intact tissue with that of  single CI- chan- 
nels of  isolated MR cells. 

The Small Conductance Chloride Channel 

The  most frequently encounte red  ion channel  in apical 
membrane-patches was a small C1- channel  with a lin- 
ear/ /V-relationship and a unitary conductance of  7 pS 
when observed under  conditions of  symmetrical 125- 
mM C1- (Figs. 1 and 2; Table II). Thus, in cell-attached 
and in excised inside-out patches, studied with differ- 
ent  or similar C1- concentrat ions on the two sides of  
the membrane,  single channel  //V-relationships were 
well described by electrodiffusion of  C1- (Eq. 3). Fur- 
thermore,  we succeeded in studying the same channel  
at different concentrat ions on the cytosolic side of  the 
patch and demonstra ted that the reversal potential of  
the channel  current  was governed by the equilibrium 
potential for C1-. Taken together,  these observations 
allow us to conclude that a populat ion of MR-cells har- 
bors small C1--selective ion channels. The  channel  ex- 
hibited slow run-down in excised configuration and was 
active with both 4 mM and 100 nM free C a  2+ o n  the cy- 

toplasmic side. The kinetics were characterized by one  
open-state time-constant and one  or two closed-state 
time-constants (Fig. 4). The  frequency of  the channel  
increased by preincubat ion of the cells in forskolin 
which by activating a membrane  bound  adenyl cyclase 
is supposed to raise cytoplasmic [cAMP]. In excised in- 
side-out membrane-patches the channel  could be acti- 
vated by the catalytic subunit  of  cAMP-dependent pro- 
tein kinase (PKA; Fig. 5). 

The  above list of  properties compares well with fea- 
tures of  similar small CI- channels encounte red  in the 
apical membrane  of  several ion-transporting epithelia, 
for instance the human airways (Haws et al., 1992; 
1994), pancreatic duct  (Gray et al., 1988; 1989), colon 
cell lines (Tabcharani et al., 1990), Nectur~s gallbladder 
(Copello et al., 1993), and shark rectal gland (G6gelein 
et al., 1987; Devor et al., 1995). The appearance of  
these phosphorylation-activated C1- channels is gener- 
ally ascribed to the expression of  the CFTR-gene. How- 
ever, compared  to CFTR some differences must be 
noted. The  small channel  encounte red  here  was quite 
active in inside-out patches even when excised into 
ATP-free solutions. Even though run-down was gener- 
ally observed, activity was never completely lost. In the 
exper iment  in Fig. 5, channel  activity cont inued for 15 
rain after wash with an ATP-free solution. Thus, the de- 
pendence  of  ATP is much less p ronounced  than gener- 
ally repor ted for CFTR (Anderson et al., 1991; Bauk- 
rowitz et al., 1994). It is important  to note, though,  that 
the experiments were all done at room temperature  
(the relevant temperature  when studying amphibian 
ion channels),  and, therefore,  comparison to mamma- 
lian CYI'R studied at 37~ is difficult. For example, 
CFTR expressed in IEC-CF7 cells remained active with- 
out  ATP at room temperature,  but  exhibited rapid run- 
down at 37~ (Bijman et al., 1993). 

It is interesting that the small channel  was found in 
the apical membrane  of  the same cell type as a channel  
type exhibiting unresolved kinetics. Such gating has 
been repor ted for cAMP-activated channels of  HT-29 
cells (Kunzelmann et al., 1992), a bronchial  cell-line 
(Kunzelmann et al., 1994) and, recently, in Sf9-cells ex- 
pressing CFFR using the baculovirus Autographa califor- 
nica transient expression-system (Larsen et al., 1996). 

The identification of  cAMP-activated C1- channels in 
the apical membrane  of  MR-cells points to a role for 
these cells in the /3-adrenergically controlled and 
cAMP-mediated C1- conductance previously studied in 
intact epithelia (Nagel and Van Driessche, 1992; Wil- 
lumsen et al., 1992; Katz and Nagel, 1995). In rabbit 
cortical collecting tubule, another  heterocellular ab- 
sorptive epithelium, catecholamines (isoproterenol and 
L-norepinephrine) ,  have also been shown to stimulate 
a C1- conductance (Iino et al., 1981; Nagy et al., 1994). 
It is especially interesting that this effect is exerted by 
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i sopro te renol  which specifically raises cAMP in the in- 
tercalated cells. Whole-cell  pa tch  c lamp studies o f  inter- 
calated cells in cul ture  verified that  a m e m b r a n e  C1-- 
cu r r en t  is activated by cAMP (Ikeda et al., 1993; Dietl et 
al., 1992). Thus,  we migh t  hypothes ize  tha t  the media-  
t ion o f  a cAMP-induced  C1- c o n d u c t a n c e  is yet a n o t h e r  
shared  feature  between mi tochondr ia - r i ch  cells o f  am- 
ph ib ian  skin and  intercalated cells o f  the ver tebrate  
n e p h r o n .  

Giant  and Intermediate Chloride Channels 

By its voltage d e p e n d e n c e  and  single channe l  conduc-  
tance,  the giant  apical C1- channe l  shares proper t ies  
with a CI-  channe l  charac ter ized  in a r ecen t  whole-cell 
study o f  C1- cu r ren t  f luctuat ions (Larsen and  Harvey, 
1994). O u r  single channe l  record ings  showed that  this 
channe l  exhibits very c om pl e x  openings ,  charac ter ized  
by several substates and  a large uni tary conduc tance ,  
> 1 2 5  pS (Figs. 6 a nd  7). It is possible, therefore ,  that  
the large c o n d u c t a n c e  levels o f  this popu la t ion  o f  chan-  
nels results f rom the coo rd ina t ed  activity o f  several 
m e m b r a n e  pores  o f  lower uni tary  conduc tances .  Me- 
chanical  impa i rmen t  o f  these putative "clusters" by the 
process o f  seal fo rma t ion  migh t  then  explain the low 
f requency  o f  occu r r ence  in s ingle-channel  patches.  
This is, however,  pure  speculat ion.  Chlor ide  channels  
with similar large conduc tances  have previously been  
r epo r t ed  f r o m  the amph ib ian  kidney A6-cell line (Nel- 

son et al., 1984), cu l tured  cells f r o m  rabbit  cortical col- 
lect ing duc t  (Light  et al., 1990; Schwiebert  et al., 1990), 
alveolar cells (Kemp et al., 1993), and  bovine t rachea  
(Duszyk et al., 1995). It  has b e e n  suggested that  the 
func t ion  o f  this channe l  in the apical m e m b r a n e  o f  the 
cortical col lect ing duc t  is associated with cell volume-  
regula t ion (Schwiebert  et  al., 1992). Such a func t ion  
does no t  c o m p a r e  with its activation by m e m b r a n e  de- 
polar izat ion in toad skin MR-cells which with an in- 
wardly d i rec ted  driving force on  the chlor ide  ions 
would  result  in C1- up take  and  fu r the r  vo lume expan-  
sion, ra ther  than  a regula tory  vo lume decrease.  

T h e  popu la t ion  o f  in te rmedia te  channels  was in itself 
h e t e r o g e n e o u s  and  is no t  easy to c o m p a r e  with o the r  
findings. We find, however,  that  the coexis tence o f  the 
small l inear C1- channe l  toge the r  with a larger  (often 
outwardly rectifying) C1- channe l  is a genera l  feature 
o f  many  epi thel ia  as for  example,  pancreat ic  duc t  
(Gray et al., 1989), hen  co lon  (Fischer et  al., 1991), 
shark rectal g land (Greger  et al., 1987), and  h u m a n  air- 
ways (reviewed by A n d e r s o n  et al., 1992). These  tissues 
are charac ter ized  by coexpress ion  o f  CFTR and  a larger  
channel .  U p o n  activation, bo th  channe l  types are sup- 
posed  to secrete CI- .  The  f indings o f  similar CI chan-  
nels in the apical m e m b r a n e  o f  the toad skin points  to a 
role o f  these channels  in absorb ing  epithelia as well. 
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