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ABSTRACT 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 ClI~ channels constituted small
7-pS linear channels in symmetrical solutions (125 mM CI7). In cell-attached and inside-out patches the single
channel i/Vrelationship could be described by electrodiffusion of C]~ with a Goldmann-Hodgkin-Katz permeabil-
ity of, Py = 1.2 X 10714 — 2.6 X 107 !* ¢m3 - s7!. 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
Cl~ conductance of the amphibian skin epithelium. Another population of C1~ 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 Cl"channels included: (a) channels (mean conductance, 30 pS) with linear
or slightly outwardly rectifying i/V-relationships and activity occurring in distinct “bursts,” (b) channels (conduc-
tance-range, 1027 pS) with marked depolarization-induced activity, and (¢) channels with unresolvable kinetics.
The variance of current fluctuations of such “noisy” patches exhibited a minimum close to the equilibrium-poten-
tial for Cl~. 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.
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INTRODUCTION

The existence of minority cell types with supposed
functions in ion transport is a collective property of a
number of tight epithelia including amphibian skin
and distal renal epithelia of vertebrates. For example,
the mitochondria-rich (MR)! cells of toad and frog skin
have been assigned a number of distinct functions in-
cluding acid secretion by apical proton pumps (Page
and Frazier, 1987; Ehrenfeld et al., 1989; Larsen et al.,
1992), sodium absorption via apical amiloride-sensitive
channels and basolateral Na/K-ATPases (Larsen et al.,
1987; Harvey, 1992; Rick, 1992), and active as well as
passive Cl -uptake (Votte and Meier, 1978; Larsen,
1991; Rick, 1994).

The localization of a voltage-dependent Cl~ trans-
port to MR-cells was originally based on the correlation
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between conductive Cl~ fluxes and the number of MR-
cells in the skin (Voiite and Meier, 1978; Willumsen
and Larsen, 1986; Devuyst et al., 1991). Also other ob-
servations indicated that the Cl- conductance was cel-
lular rather than paracellular. The elimination of Na*
transport by amiloride or by exposure to an Na*-free
apical solution reduced the conductive unidirectional
Cl™ fluxes in the short-circuited skin indicating that a
Cl~ 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 Cl -flux (Kristensen, 1981) and
that the apical membrane of principal cells remained
tight for C1~ even in skins with a fully voltage- (Willum-
sen and Larsen, 1986} or cAMP- (Willumsen et al., 1992)
activated Cl~ conductance. These results indicated that
the principal cells do not conduct transepithelial C1~
currents. Another line of evidence established that the
apical membrane of MR-cells is permeable to CI-.
When challenged with a Cl™-containing apical solution
and sufficient K* in the serosal solution, MR-cells
swelled with the activation of the transepithelial Cl-
conductance indicating that ClI- can enter MR-cells
through the apical membrane (Vofite and Meier, 1978;
Foskett and Ussing, 1986; Larsen et al., 1987). Chloride
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currents originating from MR-cells were measured with
the vibrating voltage-electrode (Foskett and Ussing,
1986; Katz and Scheffey, 1986), and using the electron
microprobe technique Rick (1994) demonstrated Br~
entry in MR-cells from the outer solution.

The above two lines of evidence demonstrate, on the
one hand, that the transepithelial Cl~ conductance is
cellular but not localized to principal cells and, on the
other, that MR-cells harbor an apical Cl~ conductance.
With this information, and because of the obvious diffi-
culties in accessing directly the MR-cells with micro-
electrodes, we now generally assume that properties of
the MR-cell Cl- conductance can be inferred from
Ussing-chamber experiments. Recently, a method for
studying isolated MR-cells suspended in a Ringer solu-
tion was developed which allows for application of
patch-clamp methods to individual cells (Larsen and
Harvey, 1994). It is now possible to investigate directly
ion channels expressed in MR-cells in their own right,
as well as addressing the basic assumption that the MR-
cell Cl~ conductance constitutes the physiological path-
way for transepithelial Cl~ uptake. Using this technique
we here report on properties of individual Cl~ chan-
nels of the apical membrane of toad skin MR-cells.

MATERIALS AND METHODS

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 NaNO; or, in few experiments, with
distilled HyO. The treatment with Cl -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 and/or 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
Harvey (1994). Briefly, the epithelium was isolated by ~2 h sero-
sal exposure of the whole skin to 2 mg ml~! 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 ml~! Collagenase Al
(C9891; Sigma Chemical Co., St. Louis, MO) in standard Ringer.
After washing the epithelium twice in Ca?*-free Ringer, it was put
through sequential 3-min treatments of 0.1 mg/ml trypsin
(17072-018, Trypsin 1:250 USP grade; Life Technologies Ltd.,
Paisley, UK) in Ca%*free Ringer, resulting in 5-10 fractions of
isolated epithelial cells. Each fraction was immediately diluted
10:1 by standard Ringer (1 mM Ca®*) and centrifuged at 800-900
rpm for 5 min. 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
~1 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, Birkergd, Denmark). Viewed
with Nomarski optics at 400X 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 G in most cases, but often seals with a lower re-
sistance were also accepted), and (¢) 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. All experiments were
done at room temperature (20-22°C), 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 GQ
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], 8pole 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
Nat, 3.7 K*, 1 Ca?*, 118.7 CI", 4 SO,?", 3 acetate, 11 glucose, 8
Tris (pH = 7.4). Ca?*-free Ringer (used for cell isolation): 116
Na*, 3.7K*, 116.7 Cl~, 4 SO,4*", 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?*, 124.7 Cl-, 4 SO,%", 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 pM amiloride added to the pipette solution. For verify-
ing Cl~ selectivity of the channels in inside-out patches, a gravity-
driven perfusion 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 Cl-, thus displacing the Nernst potential
for Cl™ (Egy) from 0 to —40.6 mV (bath with reference to the pi-
pette). Perfusion-solution: 140 N-methyl-D-glucamin (NMDG™"),
115 gluconate, 10 Na*, 25 Cl~, 1.63 Ca?*, 1.14 Mg?*, 5 EGTA (re-
sulting free [Ca?*] = 100 nM, [Mg?®*] = 1 mM), 10 Mtris(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
Cl~ and gluconate as the nonpermeant anion. Free-[Ca?*] was
100 nM, and free-[Mg?*] was 1 or 2 mM. ATP (A-0770) and for-
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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 Nmethyl-D-glucam-
ine in the pipette was occasionally substituted for Na*) the mem-
brane-potential, ¥y, is given by the following (Neher, 1992},

V= V- V+ Wy, (1)

where V_ is the spontaneous membrane potential (zero for in-
side-out patches), V; 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 KCl bridge in our case) with the re-
sulting membrane potential given by (Neher, 1992),

W =-V+V+V,,, (2)

where V;; 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 V;; 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 (I,) was
noted as, —Vy;. 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 i/Vrelation-
ships were not corrected). All measurements were reversible
within 0.6 mV. Junction potentials of relevance for the present
study are given in Table 1.

Currents through Individual Chloride Channels

With [Cl7], < [Cl7],, outward rectification of the chloride cur-
rent (Iy) is expected from electrodiffusion under constant-field
assumptions according to the Goldman-Hodgkin-Katz (GHK)
equation (Goldman, 1943; Hodgkin and Katz, 1949),

F.V, [C7] -[Cl], exp{—F Vy/(R-T)}
R T l-exp{—F Vy/(R-T)} ’
(3)

Iy = Py

TABLE I
Liquid Junction Potentials

Solution 1 Solution 2 Vai
Modified Ringer Perfusion sol. —2.7£0.1mV (n=6)
NMDG-Ringer Modified Ringer —4.4+03mV (n=6)

Liquid-junction potentials measured between Modified Ringer and the
perfusion 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.
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where F, is the permeability coefficient, Vy 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 wholeell I/ Verelationships that were well described
by Eq. 3, whereas another subpopulation exhibited “instanta-
neous rectification” in that the instantaneous I,/ V-relationship
rectified in excess of Eq. 3. Since, in a homogeneous population
of ion channels, I = i+ N- P,, where [is the macroscopic current,
i the single-channel current, N the number of channels, and P,
their open-probability, rectification of I in excess of Eq. 3 could
be caused by either the single channel i/Vrelationship being out-
wardly rectifying or F, increasing with voltage (voltage activation).
To investigate whether single Cl~ channels of the present study
could be involved in one or the other kind of rectification, Eq. 3
was fitted to i/Vplots of currents through individual Cl-<chan-
nels. In cell-attached patches where, ¥y = V. — V (assuming ¥,
=0), V,, [Cl7], and P, were allowed to vary during the fit. In or-
der to compare conductances obtained under different condi-
tions, the conductance in symmetrical 125-mM Cl- solutions
("Y195/125), when not measured directly, was calculated from Py

obtained by the GHKit according to,
2

F -
Yore = ﬁ-'PCl' am, (4)
where [CI7] = 125 mM. Similarly, the integral conductance at
the reversal potential, v, can be calculated as (Sten-Knudsen,
1978),

F_ IC,-[C].
(RD)* [C7)c- [Q ]

where, F; = (RT/—F) - log ([C17],/[CI7],) is the equilibrium
potential.

Yeev = Po-Eqg» (%)

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 10X, filtered at f, = 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.

RESULTS

Heterogeneity of Chloride Channels in the Apical Membrane

From the appearance of a single Lorentzian function in
power spectra of stationary MR-cell current fluctuations
it was concluded that the major voltage-activated Cl—-
current was carried by a single population of large
(~250 pS) channels with fast gating kinetics (mean
cornerfrequency, £ = 35 Hz; Larsen & Harvey, 1994).
It was hypothesized that this population of Cl =selective
channels was localized in the apical membrane, thus
governing the voltage-activated influx of Cl~ from the
external bath. In the present study of single Cl~ chan-
nels resolved in apical membrane patches, we unex-
pectedly found a marked heterogeneity of channels
(Table II). The majority of C1~ channels were small (7-8
pS) with a linear i/Vrelationship under symmetrical
conditions. A large channel corresponding to expecta-
tions from the above mentioned whole-cell analysis was



TABLE I1I
Electrical Activity of Membrane Patches

Patch type Fraction
Silent 62%
Small linear C1~ channel 26%
Giant C1- channel 3%
Intermediate C1~ channel 10%
Unresolved kinetics 4%
TOTAL 100% (n = 179)
Too noisy for analysis n =45

Heterogeneity of patches obtained on the apical membrane of MR-cells.
Percentages do not sum to 100% since more than one type of channe]
could be present in a patch. 45 patches had to be disregarded because the
noise-level did not allow for analysis (not included in the total of 178).

observed in the present study, however, only occasion-
ally. Furthermore, a number of channels of intermedi-
ate conductance were also found, some with kinetics
unresolvable with our experimental setup. Patches with
low seal resistances (MATERIALS AND METHODS) were of-
ten quite noisy and had to be discarded from the analysis.

Small Linear Chloride Channels (26 % of the Patches)

Cell-attached configuration. The currentrecordings shown
in Fig. 1 are from a channel with relatively short open-
ings at pipette potentials, —V, # 0 mV. The amplitude
of current transitions at different pipette potentials was
estimated using Gaussian fits to all-points histograms
and displayed as a function of —V,. The channel cur-
rents shown in Fig. 1 reversed near zero mV indicating
that the permeant ion was in equilibrium at the cell
membrane potential. This is as expected for a CI”
channel (Larsen et al., 1987). In agreement with this
notion, the i/Vrelationship exhibited slight outward
rectification and could be fitted with the GHK-equation
for a monovalent anion (Eq. 3). The GHKAit (see Fig.
1) indicates that [C17], = 34 mM and V., = —31.5 mV
with a GHK-permeability, Py = 1.61 - 107" cm?® - s71.
This permeability indicates a fairly small limiting con-
ductance, vy95,195 = 7.7 pS, and a physiological conduc-
tance at the reversal potential of no more than vy,,., =
3.7 pS (Eqgs. 4 and 5, respectively).

In nine out of eleven cell-attached patches containing
the small Cl--channel the i/V-relationship could be fitted
with Eq. 3 with reasonable values for [Cl7],.. The limiting
conductance of these nine channels was y,95/195 = 10.0 =
1.2 pS (mean = SEM, n = 9) with a conductance at the
reversal potential, vy, = 5.8 * 0.5 pS These fits were
obtained with a reversal potential, =V, ., = 1.7 = 1.2
mV, an intracellular concentration, [Cl7]. = 38.4 = 3.9
mM, and an intracellular potential, V, = -33.2 = 25
mV. In two previous studies of toad skin the intracellu-
lar Cl™-concentration in MR-cells in situ was estimated
to be ~20 mM (from cell volume decrease associated
with depletion of the intracellular Cl~ pool, Larsen et

0.50 1 i (pA)

Y125/125

Fi »
itted parameters = 7.7 pS

Ve = =315 mV
[Crl, =34 mM 025

Pe = 1.61-107H cm¥s™

-60 -3 '\ 30 60 90
Yrev = 3.7 pS
-0.25 +
05 pA

~V, = 40 mV

-V, =0mv 1
=V, = 80 mV

=V, = 40 mV
FicURe 1. Cell-attached recordings of a small channel from an

apical membrane-patch on a MR-cell. Modified Ringer in pipette
and bath with [C]~] = 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/Vrela-
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, 95,125 = 7.7 pS, and Eq.
5 provides the conductance at the reversal potential, vy, = 3.7 pS.
Currents were filtered at 200 Hz (—3 dB) and digitized at 2 kHz.

al.,, 1987) and ~25 mM (by x-ray microprobe analysis,
Rick et al., 1980), respectively. The somewhat higher
concentration in isolated cells (38 mM) indicates a
smaller membrane potential of these cells as compared
to MR-cells in situ.

Inside-out configuration. The small apical channels
were active in inside-out configuration as well, both
with 4 mM Ca?* (modified Ringer) and when the 100
nM free-Ca?* solution superfused the cytoplasmic side
of the membrane (see Solutions). For verifying CI~ se-
lectivity of the small channel, excised patches were per-
fused with a solution with a lower [CI~]. The patch in
Fig. 2 was first observed under symmetrical conditions
(125 mM CI~ on both sides), where a number of small
linear channels were active, each with a conductance of
8.4 pS (slope of the regression-line} and a reversal po-
tential close to 0 mV. Perfusing the patch locally with
25 mM-Cl~ displaced the reversal potential to the left,
i.e., towards the new Fg,. At the same time, the i/V-rela-
tionship became nonlinear and could now be fitted
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¢ i (pA)
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ECI EN
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7=8.4 pS +-05 0.5 pA
1s

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-[CI"] = 125 mM and
pipette-[CI"] = 125 mM. (B) Recordings of the same patch after
substitution of the bath for a solution with bath-[Cl~] = 26 mM
and free-[Ca®*] = 100 nM. (C) i/Virelationships for the two condi-
tions: () Bath-[C]] = 125 mM. The full line is linear regression
and the conductance () is the slope of the regression-line. (@)
Bath-[CI~] = 25 mM. Nernst potentials for Cl1~ and Na* are indi-
cated. The full line is fit of Eq. 3 with fixed concentrations at both

sides and with Wy = —V, + V¢ Parameters: Vg = 9.8 mV, Py =

2.1 X 107 cm3 5™, yy95/195 = 10.0 pS (Eq. 4). The offset potential
indicates that the reversal potential was estimated to the left of Eq,
(see text).

with Eq. 3 with the Cl~ concentrations on the two sides
of the channel being fixed to their known values and al-
lowing P and a potential-offset (V.g) to vary.

Channels resolved in 11 patches in symmetrical 125
mM CI~ solutions all exhibited linear i/Vrelationships
with a mean-slope indicating a conductance of 7.1 *
0.5 pS (n = 11). When the bath was exchanged for the
perfusion solution with [CI~] = 25 mM, the reversal
potential shifted from 0.22 * 1.31 to —43.8 * 2.7 mV.
The estimated liquid junction potential between the
two bath solutions was —2.7 mV (Table I), so that the
current flowing in a Cl~ selective channel is expected
to reverse at, —V, = E¢, - V;; = —38 mV. Thus, no per-
meability for gluconate™/Na* could be detected. The
mean reversal potential of —44 mV, instead of —38 mV,
is possibly due to the fact that the reversal potential for
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some channels was estimated by extrapolation using
Eq. 3.

Occasionally, even smaller channels were resolved. In
Fig. 3 are shown recordings from an inside-out patch
(125 mM Cl~ on both sides) where the current through
a very small channel (y = 1.9 pS) is superimposed on
the baseline and the current through a 7.7-pS channel.
The chloride selectivity of this small channel was con-
firmed subsequently by perfusing the channel’s cyto-
solic side with 25 mM CI~.

Activity and kinetics in cell-attached patches. Among patches
from different cells, the electrical activity of the small 7-pS
Cl~ channel was extremely variable. However, in no
case could a potential-dependence of open probability
be detected (within =60 mV). The kinetics of individ-
ual channels were hard to study, since, usually, several
channels were present in the same patch. In three
patches with apparently only a single active channel,
two different gating modes were encountered (Fig. 4).
One gating mode (1 patch) was characterized by two
closed time-constants and a single open time-constant
giving rise to a “bursting” activity, see Fig. 4 A. The
other gating mode (2 patches) was characterized by a
single closed time-constant, thus, apparently, conform-
ing to a simpler two-state kinetic scheme (Fig. 4 B).
Since most seals were short-lived, however, the exist-
ence of more time-constants than described above can
not be ruled out.

Mean sd
" pA
111 (pA) 5000, Baselne Baselne 0000 x 0.026
e 7 =19 pS < | Smalch. 0102 x 0034
- 77 pS ch.  0.427 + 0.036
m 7 =77pS 05 s 77pS + sm. 0524 + 0041
00 50 I3 2x7.7 pS ch. 0.828 + 0.050
9 //5/0, ' ﬁ Slmall 77 ps
:f =V, (mv] 1% ! 77pS + small
5
-05 £ Yo pS
2 }
0 — —
-1 0 Current (pA) 1
-V, = 60 mV
/Ai=0.83 pA
Ai=0.43 pA -~ Ai=0.52 pA

1 pA

FIGURE 3. Recording of an inside-out patch with bath-[Cl~] = pi-
pette-[Cl”] = 125 mM. (Boitom) Current-recording at —V, = 60
mV showing transitions of different magnitudes, indicating more
than one conductance-level in the patch. (Upper right) All-points
current amplitude histogram at —V, = 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 (Small) when opening alone, and another (7.7pS +
sm.) when opening together with the larger channel. (Upper left)
i/V-curve of the larger (M) and the small (@) 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) Currentrecordings of a cell-attached
patch at —V, = 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 7, = 8 ms and 7, = 79 ms. (B). (Top) Cur-
rent recordings of a cell-attached patch at —V, = 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 7= 26.5 ms. (Bottom) The closed time distribution was also mono-exponential, in this case

with 7 = 56.1 ms.

Effect of ATP and cAMP. After excision of the patch
from the cell, the small channel exhibited variable lev-
els of activity, and in eight out of nine excised patches
the activity declined over the course of 5-18 min after
excision. Apparently, this decline in activity was not af-
fected by the addition of 3 mM ATP to the cytosolic
side of the patch (bath). However, in all cases the run-
down was so slow that the activity was not entirely lost
within the lifetime of the patch.

The transepithelial C1~ conductance of amphibian
skin is regulated by cAMP (Kristensen, 1983; Nagel &
Van Driessche, 1992; Willumsen et al., 1992; Katz and
Nagel, 1995) and we therefore investigated whether the
small channel could be activated by cAMP. Forskolin
(12-25 pM) was ineffective in activating channels in si-

lent cell-attached patches (n = 11, not shown). How-
ever, after pre-exposure for 5—60 min of the cells to for-
skolin, the fraction of patches containing the small
channel increased from 23% (n = 155 patches) to 42%
{n = 24 patches). To further investigate this point, we
added the catalytic subunit of PKA to the cytoplasmic
face of the membrane of inside-out patches. Due to the
short life time of patches (MATERIALS AND METHODS),
this was a very hard experiment to perform, thus in
only 2 patches with spontaneous channel activity did
the seal last long enough for the activity to be evaluated
both with and without PKA. In both cases, the activity
was increased after PKA addition. Fig. 5 shows an ex-
periment where small channels in an inside-out patch
were activated after the addition of PKA. Subsequent
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FIGURE 5. Currentrecordings from an excised inside-out patch.
(Bottom right) i/V-relationships with bath-[Cl~] = 125 (B) and 25
mM (@), respectively, showing Cl~ selectivity of the channels. The
conductance in symmetrical 125 mM Cl~ was 7.8 pS. Top traces

were obtained at — V, =20 mV with bath-[Cl"] = 25 mM. The up-

per trace showed low activity with ATP (3 mM) in the bath. After
addition of the catalytic subunit of protein kinase A (PKA, 22 U/
ml) to the bath, with a delay of ~3 min, channels activated. (Bottom
lefl) Activity measured in ~2 min (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-[Cl”] = 25 mM and no ATP
(or PKA).

wash with ATP- and PKA-free solution did not inacti-
vate the channels. This result is possibly related to the
above observation of high activity of channels in inside-
out patches in the absence of ATP. Accordingly the
MR-cell channel is much less sensitive to ATP-free solu-
tions than another cAMP regulated Cl- channel, i.e.,
the cystic fibrosis transmembrane conductance regula-
tor (CFTR; Anderson et al., 1991; Baukrowitz et al.,
1994; Hwang et al., 1994). In three inside-out patches
where spontaneous channel activity was not present,
addition of PKA failed to activate any channels.

Giant Chloride Channels (3% of Patches)

In a few apical membrane patches we resolved Cl~ chan-
nels with a very high unitary conductance (95,195 > 120
pS). The gating of these channels was characterized by
complicated openings and closings that occurred in
multiple steps or as single transitions of full amplitude
(Fig. 6). When resolved in cell-attached patches, the
channels exhibited GHK-rectification (Fig. 6). How-
ever, the estimated permeabilities were very variable in-
dicating limiting conductances ranging from 150 to
550 pS. Chloride selectivity was confirmed from an inside-
out patch resolved with NMDG-Cl in the pipette (Fig.
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FIGURE 6. (A). Current-trace of a cell-attached patch at — Vo= 20
mV obtained with bath-[CI"] = pipette-[C]"] = 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). i/Vrelationships for giant Cl-channels from 4 cell-attached
patches. Each relationship is fitted by Eq. 3 (the point [V, {] =
[0, 0] was included in the fit) and permeabilities, P, are given.
(C). i/Vrelationship for a giant channel resolved in an inside-out
patch with bath-[Cl~] = pipette-[C17] = 125 mM; bath-[Na*] =
116 mM, pipette-[Na*] = 5.2 mM. Equilibrium-potentials for Cl~
(Eqy) and Nat (Ey,) are indicated.

6). Under these conditions the channel reversed at 6
mV. According to our measurements of the liquid junc-
tion potential (—4.4 mV, Table 1), the above reversal
potential is comparable to the theoretical reversal po-
tential of a Cl™selective channel (—-V, = -}, = 4.4
mV). In cell-attached membrane-patches sustained ac-
tivity was only seen at positive potentials (depolariza-
tion). Such activation of a giant channel is shown in
Fig. 7, where the channel, in response to a 20-mV depo-
larization, activated together with a number of smaller

ACTIVATION
-V, = 20 mV (Depol}

b | il

5 pA

Ss
INACTIVATION
-V, = —20 mV (Hyperpol)

ST
FIGURE 7. Current recordings from a cell-attached apical mem-
brane-patch obtained with bath-[Cl~] = pipette-[Cl"] = 125 mM
showing activation and inactivation of a giant Cl™-channel. (Top)
Current trace at —V, = 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 —V, = —20 mV obtained
immediately after changing from 20 mV. The giant channel inact-

vated and stayed closed hereafter (not shown). Several smaller
channels exhibited sustained activity.
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FIGURE 8. An intermediate conductance Cl™channel in an inside-out patch. Pipette-[Cl™] = 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 leff) Current recordings at two
potentials filtered at 200 Hz and digitized at 1 kHz. Note the distinct bursts of activity. (Top right) i/V-relationship of the channel. The i/
relationship was linear despite the skewed concentrations. The slope of the regression-line (yyop.) was 23 pS. The chord conductance at 60
mV (—V,) was 15 pS. Shown is the best fit of Eq. 3 fixed to pass through E,. (Bottom left) Open time distribution at — V, = 60 mV. Minimum
time resolution = 4 ms. The histogram shows monoexponential form with T = 82.6 ms. (Bottom right) Closed time distribution. Most clos-
ings are brief (1, = 7.62 ms), however clearly longer closings do appear (compare fop left). The second exponential (1, = 123 ms) is not

well identified.

channels. The recordings in Fig. 7 also show that after
hyperpolarization the giant channel lost its electrical
activity whereas a number of smaller channels contin-
ued being active.

Intermediate Chlovide Channels (10% of Patches)

Different Cl~ channels of intermediate conductances
were resolved. Among the most frequent (~5%) were
channels exhibiting openings occurring in distinct
“bursts” separated by longer closings. The current-volt-
age relationships in this group were linear, or slightly
outwardly rectifying, with a slope conductance ranging
from 14 to 53 pS (mean = SEM =298 * 43 pS§, n =
9). Recordings from such a channel are shown in Fig.
8. In this inside-out patch the channel became active af-
ter exchange of the bath with a Trissolution with 22
mM C1~ and 3 mM ATP. Channel tranpsitions of positive
amplitude occurred at 0 mV. Since only two permeant
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ions (Na* and Cl~) were present of which only Cl1~ had
a reversal potential <0 mV, this verified Cl~ selectivity
of the channel. The i/Vrelationship was linear under
these asymmetric conditions with a slope conductance
of 23 pS. Thus, the channel might be rectifying the cur-
rents slightly in the outward direction as compared to
simple electrodiffusion (Eq. 3). The distribution of
open-times showed single-exponential form with a
time-constant of 83 ms, see Fig. 8. The closed-time dis-
tribution was dominated by fast closings (T = 7.6 ms).
As can be seen from the traces in Fig. 8, a number of
longer closings were also apparent. However, in the fit
of a sum of two exponentials to the event-distribution
histogram, the second time-constant (123 ms in Fig. 8)
is poorly determined.

Occasionally, we resolved channels of intermediate
conductance with a voltage-dependent open-probabil-
ity. The conductance of these channels ranged from 10
to 27 pS (n = 4). The channel in Fig. 9 exhibited
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FiGURe 9. (Top left) 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) i/V-relationship of the channel. Points at —V,, < 0 mV are considered tentative. Filled
rectangles are included in the fit of Eq. 3 assuming electrodiffusion of Cl~ and resulting in the parameters shown. The upper limit conduc-
tance (Yigs,195) 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 P, versus — V...

longer, noisy openings at positive —V},, and partly unre-
solved flickers at — Vp < 0. For — Vp > 0, the current am-
plitude histogram resolved the open state of the chan-
nel as a broad Gaussian, whereas the flickers observed
at —V, < O resulted in a tail on the distribution with the
open state being unresolved. It can also be seen (Fig. 9)
that despite the fact that the measurements at negative
—V, must be very tentative, the i/Vrelationship could
be fitted with Eq. 3 with reasonable parameters for a
Cl~-channel in an MR-cell. This is preliminary evidence
for a Cl selective channel. However, since this channel
was not resolved under asymmetrical conditions, Cl™
selectivity was not verified directly. The conductance of
this channel was not much different from that of the
“small linear Cl~ channels” described above. However,
the channel exhibited a markedly different kinetics
and voltage dependence. The estimated (—V,, P,)-rela-
tionship shown in Fig. 9 indicates channel activation in
response to depolarization.

Chloride Channels of Unresolvable Kinetics (4% of Patches)

As exemplified by the records shown in Fig. 10, some
patches could be quite noisy. Since all-points histo-
grams failed to resolve single current levels (not shown),
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one would be tempted to discontinue further analysis.
However, when the bath solution of inside-out patches
was exchanged for one with a lower Cl™-concentration,
it turned out that the potential at which noise was at its
minimum shifted towards the new L (—Vy;). This
would be expected if the noise is generated by random
opening and closing of Cl~-channels. For this case the
variance of current fluctuations (o?) is given by:

o' = {-V, - (Eg-V)} N-P,-
2
(1 —Po)+o'leak’ (6)

where, 0., is the variance contributed from the cur-
rent through the seal, and the first term is the variance
of current through ion channels (assuming a homoge-
neous population of N channels). Clearly, when — Vp =
Eq — V,,, the variance of the first term is zero. Since
the variance through the leak is probably also voltage
dependent, the total current variance is expected to
reach a minimum somewhere between 0 and Eg — Vo ;.
For investigating this point, the patch-currents re-
corded at different potentials were redigitized using
the SPAN-software, and the variance of the current seg-
ments subsequently calculated. The result shown in
Fig. 10 indicates that the variance, indeed, was at its



minimum near L — V. This result confirms Cl~ se-
lectivity of the noise-source, since a nonselective leak
would have a noise minimum near 0 mV. The i/V-rela-
tionship of the patch was constructed by pulsing for
200 ms the potential to different values within =100
mV. The resulting currents (Fig. 10) are the sum of the
leak current (since leakage subtraction was not used)
and current through the Cl~selective channels. By lin-
ear regression at —V, < 0 mV (thus close to Ey), the
patch resistance was found to be >10 G At V, > OmV
the current exhibited outward rectification in excess of
linear regression as expected if the current is the sum
of a leakage current and the current through a popula-
tion of GHK-rectifying channels.

It should be noted that channels with similar unre-
solvable kinetics might have been more frequent than
indicated above (4%) since for cases where a patch was
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Ficure 10. Example of a patch with unresolved kinetics of Cl™-
selective channels. Shown are recordings of an inside-out patch
with pipette-[C1"] = 125 mM and bath-[C]"] = 25 mM, thus
Eg,_V, is ~—38 mV. The current traces exhibited marked flicker-
ing and unresolved levels even at 0 mV pipette-potential. The
ipmh/ -V 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 — V. Linear regression to points <OmV shows that the seal re-
sistance is at least 10 GQ. The variance (o?) 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 0? versus — V;, has a minimum near Eg;_V,; demon-
strating Cl~ selectivity of the channels generating the current fluc-
tuations.

studied under symmetrical conditions, only, unresolv-
able channel activity would be mistaken for a bad seal.

DISCUSSION

In the present study we have identified CI~ channels in
the apical membrane of mitochondriarich cells iso-
lated from toad skin. This finding provides direct evi-
dence that MR-cells, as opposed to the more abundant
principal cells (Willumsen and Larsen, 1986), are able
to conduct chloride passively across the apical mem-
brane, thus corroborating macroscopic findings of an
apical ClI- conductance in MR-cells in situ. Further-
more, features predicted from macroscopic studies,
i.e., activation of channel gating by membrane depolar-
ization and internal exposure to PKA, respectively,
were found among Cl- channels resolved in apical
membrane patches. The population of apical Cl~ chan-
nels was quite heterogeneous with respect to single
channel conductances and kinetics of channel gating
which may reflect participation of several different ion
channels in the process of Cl~ absorption.

Frequency and Heterogeneity of Apical Chlovide Channels
in MR-Cells

Voltage-activated Cl~ channels were resolved in a mi-
nority of patches, only, and in more than half of the
patches electrically active ion channels were not de-
tected at all (Table II). It is clearly indicated, then, that
although single populations of CI~ channels were
found which shared features with one or more macro-
scopic properties of the skin, the observed channel ac-
tivity seems not to match, quantitatively, previously in-
vestigated macroscopic tissue conductances. We can
suggest several reasons which may all have contributed
to the low-frequency occurrence of apical ClI~ channels:
(a) The cell-isolation procedure and subsequent estab-
lishment of patch-recording conditions may have re-
sulted in enzymatic and mechanical impairments, re-
spectively, of the cell membrane ion conductances. In
agreement with this notion, whole-cell currents of our
preparation also indicated that the MR-cell mem-
brane’s Cl~ conductance is far too small for accounting
for the MR-cell currents estimated in Ussing-chamber
experiments (Larsen and Harvey, 1994). (4) Functional
heterogeneity of MR-cells has been demonstrated in
macroscopic investigations of MR-cells in situ. Using vi-
brating voltage-electrodes Foskett and Ussing (1986)
found current-profiles above 13 out of 23 MR-cells,
whereas Katz and Scheffey (1986) reported on profiles
above 30-90% of MR-cells in different preparations.?

?For improving the resolution of the method, these two studies
with the vibrating electrode used preparations with a reduced num-
ber of MR-cells obtained from animals preadapted to a solution of
high [NaCl].
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Rick (1994) confirmed that in frog skin two popula-
tions of MR-cells could be distinguished, one of which
took up Br~ from 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 other functions than passive Cl~ absorption,
such as acid or base secretion which have been associ-
ated with a-type and B-type intercalated cells, respec-
tively, of distal renal epithelia (Steinmetz, 1986). (¢) The
patches that were obtained on MR-cells might not be
representative of the entire apical membrane area of
the population 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-—ells of the present
preparation 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 Cl~ 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 Cl~ conduc-
tance of the intact tissue with that of single Cl~ chan-
nels of isolated MR cells.

The Small Conductance Chloride Channel

The most frequently encountered ion channel in apical
membrane-patches was a small Cl~ channel with a lin-
ear i/Vrelationship and a unitary conductance of 7 pS
when observed under conditions of symmetrical 125-
mM CI~ (Figs. 1 and 2; Table II). Thus, in cell-attached
and in excised inside-out patches, studied with differ-
ent or similar C1~ concentrations on the two sides of
the membrane, single channel i/Vrelationships were
well described by electrodiffusion of Cl~ (Eq. 3). Fur-
thermore, we succeeded in studying the same channel
at different concentrations on the cytosolic side of the
patch and demonstrated that the reversal potential of
the channel current was governed by the equilibrium
potential for CI~. Taken together, these observations
allow us to conclude that a population of MR-cells har-
bors small Cl™selective ion channels. The channel ex-
hibited slow run-down in excised configuration and was
active with both 4 mM and 100 nM free Ca2* on the cy-
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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 preincubation 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 C1~ channels encountered 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), Necturus gallbladder
(Copello et al., 1993), and shark rectal gland (Gogelein
et al.,, 1987; Devor et al., 1995). The appearance of
these phosphorylation-activated Cl~ 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 encountered 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
experiment in Fig. 5, channel activity continued for 15
min after wash with an ATP-free solution. Thus, the de-
pendence of ATP is much less pronounced than gener-
ally reported 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 CFTR studied at 37°C 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°C (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 reported 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 CFIR using the baculovirus Autographa califor-
nica transient expression-system (Larsen et al., 1996).

The identification of cAMP-activated Cl~ channels in
the apical membrane of MR-cells points to a role for
these cells in the PB-adrenergically controlled and
cAMP-mediated Cl~ 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 CI~ conductance (Iino et al., 1981; Nagy et al., 1994).
It is especially interesting that this effect is exerted by



isoproterenol which specifically raises cCAMP in the in-
tercalated cells. Whole-cell patch clamp studies of inter-
calated cells in culture verified that 2 membrane CI-
current is activated by cAMP (Ikeda et al., 1993; Dietl et
al,, 1992). Thus, we might hypothesize that the media-
tion of a cAMP-induced Cl~ conductance is yet another
shared feature between mitochondriarich cells of am-
phibian skin and intercalated cells of the vertebrate
nephron.

Giant and Intermediate Chloride Channels

By its voltage dependence and single channel conduc-
tance, the giant apical C1~ channel shares properties
with a Cl~ channel characterized in a recent whole-cell
study of C1~ current fluctuations (Larsen and Harvey,
1994). Our single channel recordings showed that this
channel exhibits very complex openings, characterized
by several substates and a large unitary conductance,
>125 pS (Figs. 6 and 7). It is possible, therefore, that
the large conductance levels of this population of chan-
nels results from the coordinated activity of several
membrane pores of lower unitary conductances. Me-
chanical impairment of these putative “clusters” by the
process of seal formation might then explain the low
frequency of occurrence in single-channel patches.
This is, however, pure speculation. Chloride channels
with similar large conductances have previously been
reported from the amphibian kidney A6-cell line (Nel-

son et al., 1984), cultured cells from rabbit cortical col-
lecting duct (Light et al., 1990; Schwiebert et al., 1990),
alveolar cells (Kemp et al., 1993), and bovine trachea
(Duszyk et al.,, 1995). It has been suggested that the
function of this channel in the apical membrane of the
cortical collecting duct is associated with cell volume-
regulation (Schwiebert et al., 1992). Such a function
does not compare with its activation by membrane de-
polarization in toad skin MR-cells which with an in-
wardly directed driving force on the chloride ions
would result in C1~ uptake and further volume expan-
sion, rather than a regulatory volume decrease.

The population of intermediate channels was in itself
heterogeneous and is not easy to compare with other
findings. We find, however, that the coexistence of the
small linear Cl~ channel together with a larger (often
outwardly rectifying) Cl~ channel is a general feature
of many epithelia as for example, pancreatic duct
(Gray et al.,, 1989), hen colon (Fischer et al.,, 1991),
shark rectal gland (Greger et al., 1987), and human air-
ways (reviewed by Anderson et al., 1992). These tissues
are characterized by coexpression of CFTR and a larger
channel. Upon activation, both channel types are sup-
posed to secrete Cl-. The findings of similar Cl~ chan-
nels in the apical membrane of the toad skin points to a
role of these channels in absorbing epithelia as well.
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