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Abstract. Short-circuit current (Isc), transepithelial con-
ductance (Gt), electrical capacitance (CT) and the fluc-
tuation in Isc were analyzed in polarized epithelial cells
from the distal nephron ofXenopus laevis(A6 cell line).
Tissues were incubated with Na+- and Cl−-free solutions
on the apical surface. Basolateral perfusate was NaCl-
Ringer. Agents that increase cellular cAMP evoked in-
creases inGt, CT, Isc and generated a Lorentzian
Isc-noise. The responses could be related to active,
electrogenic secretion of Cl−. Arginine-vasotocin and
oxytocin caused a typical peak-plateau response pattern.
Stimulation with a membrane-permeant nonhydrolyzable
cAMP analogue or forskolin showed stable increases in
Gt with only moderate peaking ofIsc. Phosphodiesterase
inhibitors also stimulated Cl− secretion with peaking re-
sponses inGt and Isc. All stimulants elicited a sponta-
neous Lorentzian noise, originating from the activated
apical Cl− channel, with almost identical corner fre-
quency (40–50 Hz). Repetitive challenge with the hor-
mones led to a refractory behavior of all parameters.
Activation of the cAMP route could overcome this re-
fractoriness. All agents causedCT, a measure of apical
membrane area, to increase in a manner roughly syn-
chronous withGt. These results suggest that activation
of the cAMP-messenger route may, at least partly, in-
volve exocytosis of a vesicular Cl− channel pool. Apical
flufenamate depressed Cl− current and conductance and
apparently generated blocker-noise. However, blocking
kinetics extracted from noise experiments could not be
reconciled with those obtained from current inhibition,
suggesting the drug does not act as simple open-channel
inhibitor.
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Introduction

Many tight epithelia establish active and electrogenic
Na+ absorption via apical, amiloride-blockable Na+

channels that belong to the ENaC gene family (Garty and
Palmer, 1997). In the case where Na+ is not exchanged
for K+ or H+, it will be accompanied by Cl− (and, some-
times, H2O). The route of this Cl− movement (para-vs.
transcellular) has been debated. More recently, it has
been recognized that agents that stimulate cytosolic
cAMP content, like forskolin (De Wolf, Van Driessche
& Nagel, 1989), theophylline (Katz & Van Driessche,
1988) or primary hormonal messengers like oxytocin
(De Wolf et al., 1989) open apical Cl− channels in am-
phibian skin. Besides being possible candidates for the
absorptive Cl− route, they turned out to be the pathway
for an active, electrogenic Cl− secretion, powered by the
basolateral Na/K/2Cl-symport. This mechanism has
been found not only for amphibian skin but also in other
tight epithelia including colon, stomach, airways or pan-
creatic glands (Greger, 1996). While distal kidney tu-
bule cells are well known to classify as ‘‘classical’’
NaCl-absorbing tissues, their role in (active) Cl− (and,
thus, Na+-) secretion has been recognized only recently
(Simmons, 1993).

The amphibian distal kidney cell line A6 is a reliable
model for tight epithelia displaying active and electro-
genic Na+ absorption (Yanase & Handler, 1986; Chal-
fant, Coupaye-Gerard & Kleyman, 1993). When stimu-
lated by agents that generate cAMP as second messen-
ger, A6 cells not only show increased Na+ absorption but
also active and electrogenic Cl− secretion (Yanase &
Handler, 1986; Chalfant et al., 1993). Since this cell line
consists of a homogenous population, the very same ep-
ithelial cell must possess mechanisms for separate con-
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trol of electrogenic and active Na+ absorption as well as
Cl− secretion.

A number of Cl− channel types have been estab-
lished, among which are species regulated by voltage,
transmitters, cell Ca2+ or cAMP (Jentsch & Gunther,
1997). The chloride channel named CFTR (cystic fibro-
sis transmembrane conductance regulator) belongs to the
family of so-called ‘‘ATP-binding cassette’’ transporters
and is gated through ATP-splitting after phosphorylation
by a cAMP-dependent kinase (Jentsch & Gunther, 1997).
CFTR has become prominent due to a plethora of genetic
defects that give rise to the cystic fibrosis syndrome
where low NaCl and water secretion by mucous epithelia
produces viscous and life-threatening lumenal conditions
in intestine, airways, pancreatic ducts and sweat glands.
Although the CFTR protein is abundantly expressed in
the kidney, cystic fibrosis does not seem to be manifest
in kidney malfunction (Simmons, 1993).

A6 cells have most recently been shown to possess
the CFTR protein in the apical membrane as well as in
intracellular vesicles (Ling et al., 1997). When incu-
bated with antisense-oligonucleotides, the cAMP-
induced active, electrogenic Cl− secretion is severely
blunted. Patch-clamp experiments on A6 cells demon-
strated two types of apical Cl− channels which are con-
trolled by Ca2+ or/and cAMP (Marunaka & Eaton, 1990).
We now report that the cAMP-regulated apical Cl− chan-
nel in A6 cells gives rise to a ‘‘spontaneous’’ Lorentzian
noise in the short-circuit current across the intact mono-
layer. This Cl− channel signature depends on activation
by the cAMP second messenger route as suggested by
the stimulatory action of oxytocin, arginine vasotocin,
caffeine, forskolin and a membrane-permeant cAMP
analogue. The stimulus-induced rise in tissue conduc-
tance is mirrored by a synchronous increase in epithelial
electrical capacitance which points to the involvement of
exocytosis in Cl− current activation. Short-circuit cur-
rent and Lorentzian noise are strictly dependent on the
presence of basolateral Cl−. In the presence of the Cl−

channel blocker, flufenamate,Isc can be suppressed
whereas the noise appears to result from an interaction
with the channel.

Materials and Methods

CELL CULTURE

A6 cells obtained from Dr. J.P. Johnson (Univ. of Pittsburgh, PA) were
cultured as described before (De Smet et al., 1995). Tissues were
grown on permeable culture inserts (Anopore, Nunc Intermed, Rosk-
ilde, Denmark) and used after 15 to 30 days of growth (passages
103–113) in culture medium.

ELECTRICAL MEASUREMENTS

Transepithelial DC-Measurements

Monolayers attached to the filter support were mounted in a modified
Ussing-type chamber as already described (Smets et al., 1998) and

continuously perfused on both sides. Voltage-clamp was performed
with a low-noise equipment (Smets et al., 1998) using the 4-electrode
constellation with KCl-agar bridges. Short-circuit current (Isc) and
transepithelial conductance (Gt) were registered (Gt as ratio of current
deflection in response to a small voltage pulse).

Noise Analysis

The fluctuations inIsc were subjected to Fourier analysis and the re-
spective power spectra were normalized to the membrane area. Details
may be found elsewhere (Smets et al., 1998). In case of the appearance
of Lorentzian noise, the data were fitted by a sum of a linear back-
ground plus a single Lorentzian component, yielding as fit parameters
the Lorentzian plateau value (So) and the corner frequency (fc). The
latter parameter (2p fc) represents the sum of opening and closing rates
for ion channel fluctuations, whileSo is a function (Van Driessche,
1994) of several parameters:

So 4 2 Mi2 Po (1 − Po)/pfc (1)

whereM is the channel density,i the single-channel current andPo the
channel open-probability.

For channel blockers (like flufenamate, FFNM) with first-order
kinetics, a Lorentzian noise in addition to that from spontaneous chan-
nel fluctuations can be obtained. The latter will, however, be much
depressed in the presence of the blocker so that a sufficiently clear
analysis of the former is mostly possible (Van Driessche, 1994; Smets
et al., 1998). Then, the corner frequency of the blocker-induced noise
should increase linearly with the drug concentration.

2pfc 4 kon [FFNM] + koff (2)

where kon and koff are the respective rate constants for the blocker
association with, and dissociation from, the open channel. Their ratio,
koff/kon, equals the Michaelis constant of current inhibition,KF.

Capacitance Measurements

Epithelial capacitance (Van Driessche, 1994) was measured with 5 sine
waves that were repetitively imposed to the epithelium. The frequen-
cies used for these measurements were: 2.0, 2.7, 4.1, 5.4 and 8.2 kHz.
In this frequency range, the AC characteristics of the epithelium can be
described by a lumped RC network consisting of the parallel arrange-
ment of a capacitor (CT) and a resistor (RT) in series with a resistance
(Rs) attributed to the bathing solution between the voltage electrodes.
Rs was determined as the extrapolated intercept of the impedance func-
tion with the real axis in the Nyquist diagram. In this frequency range
CT equals the equivalent capacitance of the series arrangement of the
apical (Ca) and basolateral (Cb) membrane:]

CT 4 Ca/(1 + Ca/Cb) (3)

Since the basolateral membrane capacitance in A6 epithelia is about
10–12 times larger than those of the apical membrane (Erlij, De Smet
& Van Driessche, 1994),CT is mainly determined by the apical mem-
brane capacitance. Within this configuration, increases ofCT in the
order of 10% as found in this study can only be attributed to the apical
border. Within the frequency range used (2–8.2 kHz)CT did not no-
ticeably change with frequency. This observation validates the use of
membrane capacitance as index for membrane area.
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SOLUTIONS AND CHEMICALS

The basolateral solution contained (in mM 135 NaCl, 2.5 KHCO3, 1
CaCl2 (pH 8, 260 mOsm/kg H2O). When Cl− was substituted by sul-
fate, the osmolality was adjusted with sucrose. The apical solution was
NaCl-free and contained instead 69 mM N-methyl-D-glucamine-
sulfate, [(NMDG)2SO4; 180 mOsm/kg H2O]. Inorganic chemicals
were obtained from MERCK, all others were purchased from SIGMA.

Basolateral drugs: arginine vasotocin (AVT) at 100mM; oxytocin
(Oxy) at 0.1 I.U./ml; caffeine (Caf) at 1 or 10 mM; forskolin (Fsk) at 5
mM; 8-(4-chlorophenylthio)-cAMP (CPT-cAMP) at 1 mM. Apical
drug: flufenamate (FFNM; stock solution in dimethyl-sulfoxide) in
concentrations up to 150mM.

STATISTICS

For pooled data, mean values (±SEM) were calculated for n independent
experiments, i.e., different tissues. Statistical significance was evalu-
ated using Student’st-test.

Results

HORMONAL STIMULATIONS OF SHORT-CIRCUIT CURRENT,
TRANSEPITHELIAL CONDUCTANCE AND NOISE

It had been reported (Yanase & Handler, 1986; Chalfant
et al., 1993) that, in the presence of NaCl-Ringer on both

sides, A6-cell treatment with antidiuretic hormones, or
their major second messenger, cAMP, elicited a biphasic
response in short-circuit current: a very fast initial peak
was followed by a current decline which subsequently
developed into a slower increase. The initial transient
phase was shown (Yanase & Handler, 1986) to represent
active, electrogenic Cl− secretion whereas the slower in-
crease was due to a rise in active Na+ uptake. In the
absence of apical NaCl (replaced by (NMDG)2SO4), the
addition of the ‘‘natural’’ amphibian antidiuretic hor-
mone, arginine vasotocin (AVT), to the basolateral
NaCl-Ringer (Fig. 1A) causedIsc to rise rapidly from
zero to a high peak, which was followed within a few
minutes by a sharp and more than 70% decline to a
plateau. ThisIscwas abolished when basolateral Cl− was
replaced by sulfate.Gt behaved in a roughly similar
way, although clearly slower in uprise and decay. Cur-
rent noise analysis revealed at both, peak and steady-
state of the current, a ‘‘spontaneous’’ Lorentzian noise
component the plateau of which closely followed theIsc

magnitude and vanished after Cl− withdrawal (Fig. 1B).
Mean values forIsc, Gt, So (Lorentzian plateau value) and
fc (corner frequency) at the respective positions 1 and 2
as indicated by numbers in Fig. 1A are listed in Table 1.
Washing out the hormone in presence of basolateral
chloride abolished the Cl−-related parameters inIsc, Gt or

Fig. 1. Activation of Cl− secretion by AVT or cAMP. (A) Time course ofIsc and Gt after addition of basolateral AVT (0.1 mM). At the end,
basolateral NaCl was replaced by Na2SO4-Ringer. Apical solution: NMDG2SO4 Ringer. (B) Power spectra of the current noise at times indicated
in A. Lorentzian components:① So 4 4.89z 10−21 A2 sec/cm2, fc 4 46.8 Hz.② So 4 0.54z 10−21 A2 sec/cm2, fc 4 57.7 Hz. (C) Time course of
Isc andGt after addition of basolateral CPT-cAMP (1 mM). Solution conditions as inA. (D) Power spectra of the current noise at times indicated
in C. ② So 4 4.69z 10−21 A2 sec/cm2, fc 4 47.7 Hz.③ So 4 1.39z 10−21 A2 sec/cm2, fc 4 61.4 Hz.

171W. Zeiske et al.: Chloride Channels in A6 Epithelia



the current noise within a few minutes. With oxytocin as
stimulant, we generally obtained a similar picture (see
for instance Fig. 3 and Table 2). It was a general finding
that theIsc peak heights obtained with the hormones at
the defined concentrations (AVT: 0.1mM; oxytocin: 0.1
I.U./ml) were quite similar whereas the plateau value
was lower in case of AVT as compared to oxytocin.
Like with AVT, all Cl−-related signals induced by oxy-
tocin disappeared upon withdrawal of basolateral Cl−.

RAISING THE SECOND MESSENGER CAMP:
SHORT-CIRCUIT CURRENT, TRANSEPITHELIAL

CONDUCTANCE AND CURRENT NOISE

For a variety of tight epithelia it has been suggested that
antidiuretic hormones act via a G-protein-coupled rise of
cAMP after activation of adenylate cyclase. There is
also evidence that this type of stimulation elicits apical
exocytosis (Garty & Palmer, 1997) which mostly re-
quires an increase in cytoplasmic Ca2+ (Cac) (Burgoyne
& Morgan, 1993). So, our next attempt was to try to
mimic the action of AVT and oxytocin by either directly
activating the adenylate cyclase using forskolin, or by
applying a membrane-permeant nonhydrolyzable cAMP
analogue (CPT-cAMP), or else, by preventing the de-
struction of endogenous cAMP using phosphodiesterase
inhibitors.

With CPT-cAMP (1 mM), the current peaked as with
the hormones (but at lower level) and the peak-to-plateau
ratio is estimated to 1.6 (Fig. 1C). Most remarkable,
however, was thatGt did not peak but remained high as
long as basolateral Cl− was present. The averaged pa-
rameters for this type of experiment are given in Table 1.
cAMP generated also a Lorentzian noise (Fig. 1D) whose
magnitude was comparable to that obtained with AVT
although theIsc response with cAMP is much smaller.
However, since dose-response relationships were not
systematically established for the different stimulators, a
strict quantitative comparison of e.g., AVT with cAMP
may be premature.

We also tested the effect of forskolin, and the be-
havior of Isc, Gt (Fig. 2A) and current noise (Table 1)
after stimulation was comparable to that obtained with
cAMP. Forskolin or cAMP seem to work synergically
and each may be used alternatively. Further addition of
the phosphodiesterase blocker 3-isobutyl-1-methyl-
xanthine (IBMX) to the forskolin-containing solution did
not augment the response (not shown).

Also the naturally occurring diuretics, theophylline
and caffeine, are known to inhibit the phosphodiesterase
and are therefore thought to maximally raise the cytoso-
lic cAMP content. Figure 2B and C illustrates caffeine
as representative case. While it may be anticipated that a
higher dose of stimulant augments the responses of con-
ductance, current and Lorentzian magnitude, the finding
of a clear and considerable upwards shift infc (Fig. 2C)
was unexpected. One mM caffeine led to only a smallIsc

peaking and an equally small increase inGt (Fig. 2B)
although a Lorentzian noise was clearly obtained (Fig.
2C). Caffeine washout quickly resulted in a decrease of
Isc andGt to the levels before the addition of the stimu-
lant, while the Lorentzian noise component disappeared.
A 10-fold higher caffeine concentration in the same tis-
sue not only produced larger responses in current and
conductance but also a very marked and rapidly attained
peak followed by a sharp decay, much reminding theIsc

time course obtained with AVT. In contrast, the final
Lorentzian noise was somewhat (Fig. 2C) or markedly
(Table 1), but always smaller at 10 mM than at 1 mM

caffeine. Considering the inverse relationship between
So and fc (Eq. 1), this could be related to the increased
corner frequency recorded at 10 mM caffeine. Similar
observations (not shown here) were made with theoph-
ylline as stimulant.

REPETITIVE STIMULATION WITH HORMONE:
REFRACTORYRESPONSES

The reversal of Cl− secretion after removal of the stimu-
lants, shown e.g., in Fig. 2B, suggests fast and complete

Table 1. Cl− secretion stimulated by AVT, CPT-cAMP, forskolin and caffeine

Isc

(mA/cm2)
Gt

(mS/cm2)
So ? 1021

(A2 sec/cm2)
fc
(Hz)

n

AVT Peak 8.00 ± 0.81 0.16 ± 0.02 2.26 ± 0.56 49.50 ± 2.17 6
Steady state 2.43 ± 0.36 0.11 ± 0.02 0.52 ± 0.06 52.33 ± 1.58

CPT-cAMP Peak 6.30 ± 0.88 0.15 ± 0.01 2.31 ± 0.53 51.50 ± 1.34 6
Steady state 5.30 ± 0.78 0.14 ± 0.01 1.01 ± 0.13 60.50 ± 2.47

Fsk Peak 6.35 ± 0.50 0.10 ± 0.02 2.71 ± 0.33 41.55 ± 2.06 7
Steady state 5.48 ± 0.59 0.12 ± 0.02 0.99 ± 0.10 51.18 ± 1.29

Caffeine Peak4 1.03 ± 0.15 0.09 ± 0.01 0.94 ± 0.43 46.15 ± 3.96 5
(1 mM) Steady state
Caffeine Peak 5.03 ± 0.77 0.11 ± 0.02 1.33 ± 0.51 63.12 ± 3.32 5
(10 mM) Steady state 2.04 ± 0.36 0.11 ± 0.02 0.36 ± 0.08 70.85 ± 4.92

Mean values ±SEM for peak and steady-state values ofIsc, Gt and the Lorentzian parametersSo and fc.
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recovery from stimulant-induced parameter changes.
However, repetitive hormonal stimulation (Fig. 3) inter-
rupted by a washout period of 10 min, demonstrated a
general refractory behavior. Interestingly, the peak-to-
plateau ratios do not appear to change much throughout
the series of stimulations. After four repetitive stimula-
tions, even an increased washout time of about 1 hr leads
to no recovery from this refractory behavior. For 6 tis-
sues, the data from repetitive stimulation have been
pooled in Table 2.

A dramatic and unexpected result was obtained (Fig.
4) when, after repetitive stimulation with oxytocin and
fully developed refractory behavior, additional forskolin
was given after the fourth challenge with the hormone:
the almost abolished response to oxytocin could be com-
pletely overcome, and the current height obtained in
presence of forskolin was similar to the one attained with
the first hormonal challenge.Gt behaved identically; op-
posite to previous findings (Fig. 2), the current showed
no clear peak with forskolin. Also, the Lorentzian pla-
teau in the presence of forskolin was markedly aug-
mented whilefc remained unchanged. This experiment
is representative for a total of seven tissues treated the
same way (seeTable 3).

MONITORING THE ELECTRICAL CAPACITANCE DURING Cl−

SECRETIONSTIMULATION

Measurement of membrane capacitance is a convenient
approach (Van Driessche, 1994) to correlate changes in
membrane surface area with alterations in membrane
conductance, e.g., evoked by endo-/exocytosis of ion
channel- or ion pump-containing vesicles. Figure 5 de-
picts the simultaneous recording ofIsc, Gt and transepi-
thelial capacitance (CT). Starting from a value of 0.83
mF/cm2 in standard nonsecreting conditions, addition of
AVT (Fig. 5A) caused an immediate rise inCT by about
8% with, however, a delay in reaching the maximum
when compared to the maxima ofIsc and Gt. Washing
out the stimulant led to a fast restoring ofIsc andGt to
their previous values before stimulation. Likewise,CT

started to decrease but at a slower pace. With forskolin
as stimulant (Fig. 5B) we obtained roughly the same
feature however, without the pronounced current and
conductance peaks. Also here, theGt increase (about
70%) and theCT increase (about 8%) occurred simulta-
neously, and both showed no peaking. The forskolin
washout has features comparable to the washout of AVT.
Pooled data in Table 4 show that AVT and forskolin
augmentedCT significantly (P < 0.05) by 8.8 and 9.4%,
respectively. Thus, it is tempting to assume that an api-
cal membrane area change, as documented in each ex-
periment by the parallel increase of conductance and
capacitance, is a major factor in the Cl− current responses
to stimulants of even a different nature.

Cl− CHANNEL BLOCKERS

5-nitro-2-(3-phenylpropylamino)-benzoate (NPPB;see
Ling et al., 1997; Niisato & Marunaka, 1997) and mef-
enamate (De Smet & Van Driessche, 1992) dose depen-
dently abolish the stimulant-induced Cl− secretion by A6
cells. Here, we report experiments using another Cl−

channel blocker, flufenamate (FFNM) (White & Aylwin,
1990). Figure 6A shows one of 7 experiments (summa-
rized in Table 5) where, after stimulation with oxytocin
and reaching theIsc plateau value, apical addition of
flufenamate and successive increments of its concentra-
tion reducedIsc andGt in a dose-dependent and quickly
reversible manner. 50% current reduction was achieved
with 75 mM, full current suppression with 150mM

FFNM. Omission of the blocker caused a quick return of
Isc, Gt and the Lorentzian plateau to their former values
in the absence of the drug. Since FFNM is a membrane-
permeant substance, an intracellular location of its site of
action may be considered. Current-noise analysis re-
vealed that the spectrum was still satisfactorily fittable
with a single Lorentzian (plus linear background). In the
presence of the Cl− channel blocker, bothSo as well asfc
were higher; with rising drug concentration, the former
increased transiently (Table 5), the latter continuously
and linearly (Table 5; Fig. 6B). According to Eq. 2, this

Table 2. Parameters changes at different periods of repetitive stimulation with oxytocin

Stimul.
period

Isc

(mA/cm2)
Gt

(mS/cm2)
So z 1021

(A2 sec/cm2)
fc
(Hz)

n

1 Peak 8.00 ± 0.81 0.16 ± 0.03 3.12 ± 0.46 46.70 ± 2.03 6
Steady state 3.55 ± 0.45 0.13 ± 0.02 0.84 ± 0.09 53.53 ± 3.27

2 Peak 4.32 ± 0.67 0.12 ± 0.02 1.68 ± 0.29 46.12 ± 2.13
Steady state 2.83 ± 0.41 0.11 ± 0.02 0.73 ± 0.06 51.10 ± 1.36

3 Peak 2.63 ± 0.51 0.10 ± 0.01 1.51 ± 0.19 41.05 ± 1.74
Steady state 2.19 ± 0.33 0.10 ± 0.01 0.72 ± 0.08 48.87 ± 2.10

4 Peak 1.70 ± 0.44 0.10 ± 0.01 1.20 ± 0.22 38.57 ± 2.10
Steady state 1.45 ± 0.34 0.11 ± 0.02 0.62 ± 0.06 45.66 ± 1.86

Mean values ±SEM for peak and steady-state values ofIsc, Gt and the Lorentzian parametersSo and fc.
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could be interpreted as the fingerprint of blocker-induced
channel noise (Van Driessche, 1994). For a pool of 3–7
tissues that were studied with flufenamate, the meanfc of
the spontaneous Lorentzian noise at zero [FFNM], was
clearly — although not much — lower (10 to 20%) than
the extrapolated straight line ordinate intercept. For a
first-order channel block, the ratio of ordinate intersec-
tion and slope in thefc-[FFNM] graph should equalKF,
the drug concentration for halfmaximal current inhibition
(cf. Materials and Methods). From the fluctuation kinet-
ics of 7 tissues, we obtain aKF of 269.0 ± 36.4mM which
is, however, 4 times higher than the value found from the
current inhibition, 67.6 ± 7.8mM, thus in clear contrast to
theory.

Most remarkably, it should be stressed that linear
extrapolation of thefc-[FFNM] relationship to zero drug
concentration (i.e., the situation where only the sponta-
neous channel noise will be visible) gave, for two out of
seven tissues, exactly the samefc which had been ob-
tained for the ‘‘spontaneous’’ Lorentzian noise before
the use of the blocker. This, of course, could be fortu-
itous. It might be, on the other hand, that the linearfc
increase with increasing FFNM concentration may in
this case not be indicative of a first-order channel block
but rather represents a shift of the ‘‘spontaneous’’ chan-
nel conductance fluctuations to higher frequencies.

Discussion

Cl− CHANNEL PROPERTIES

As can be seen in the present figures, the transepithelial
conductance is usually small and the short-circuit current
is close to or equals zero in the absence of stimulators
like hormones, indicating a negligible passive ion per-
meation through the tight junctions under conditions of
asymmetrical solutions. Most recently, Ling et al.
(1997) showed the apical route for Cl− secretion by

Fig. 2. Activation of Cl− secretion by forskolin or by caffeine. (A)
Time course ofIsc andGt after basolateral addition of forskolin (Fsk)
(5 mM). Solution conditions as in Fig. 1. (B) Time course ofIsc andGt

after basolateral addition of 1 or 10 mM caffeine (Caf). Solution con-
ditions as in Fig. 1. (C) Power spectra of the current noise at times
indicated in B. Lorentzian components:① So 4 0.32 z 10−21 A2

sec/cm2, fc 4 46.7 Hz.② So 4 1.70z 10−21 A2 sec/cm2, fc 4 68.0 Hz.
③ So 4 0.26z 10−21 A2 sec/cm2, fc 4 81.6 Hz.

Fig. 3. Repetitive addition and removal of oxytocin to the basolateral
bath. Time course ofIsc and Gt. Periods of repetitive addition of the
hormone (0.1 I.U./ml) are indicated by numbers and shaded bars.

Fig. 4. Repetitive addition and removal of oxytocin and subsequent
forskolin. Time course ofIsc and Gt during serial application of 0.1
I.U./ml oxytocin (shaded bar) followed by addition of 5mM forskolin
to the hormone-containing bath. Other conditions like in Fig. 1.
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A6 cells to be CFTR and to be stimulatable e.g., by
forskolin. Our experiments were performed with apical
(NMDG)2SO4 and basolateral NaCl Ringer in order to
avoid current- and noise interference from Na+ transport,
and to maximize serosa to mucosa Cl− flux. Under such
conditions, the noise spectrum seems to be fitted satis-
factorily by the sum of a linear background plus one
Lorentzian noise component which is consistent with the
assumption of a single Cl− channel type. For different
stimuli, the ‘‘fingerprint’’ fc values were quite compa-
rable. However, we have to notice a tendency (seefig-
ures and tables) for a somehow inverse relationship be-
tweenfc and current magnitude, as obvious from peak-
plateau time courses, but especially in the experiments
with rising caffeine doses.

Of the membranes in question, Lorentzian noise will

be prominent from that membrane which has the highest
resistance (Van Driessche & Go¨gelein, 1980; Van
Driessche, 1994). In A6 cells (Grantizer et al., 1991) as
in most epithelia, this is the apical membrane. Here,
regulatory rate-limiting transport mechanisms should be
expected. Just like high resistances in series with the
noise source, also low resistances in parallel will tend to
attenuate the fluctuating Lorentzian signal (Van Driess-
che & Gögelein, 1980). In preliminary experiments (un-
published) we introduced such parallel low-resistance
apical pathways by creating poorly selective ion pores
through apical incorporation of the antibiotic amphoteri-
cin B. Indeed, as predicted for an apical noise source, its
magnitude was attenuated to such an extent that it
merged with the background noise.

Generally, the Lorentzian plateaus seem to follow
the time course of he current but it must be kept in mind
that the former parameter is not only reflecting the net
apical current but rather depends on the square of the
single-channel current as well as on the channel fluctua-
tion kinetics (cf. Eq. 1). This allows only a semiquanti-
tative comparison of conductance, current and current-
noise parameters. Unfortunately, no detailed informa-
tion is presently available about the fluctuation kinetics
as well as about the time- and stimulant-specific changes
in the driving forces, so further analyses of the measured
parameters (e.g., in terms of single-channel current- or
conductance, or channel density) are currently impos-
sible.

The fluctuations as observed in apical patches con-
taining CFTR (Schultz et al., 1996; Ling et al., 1997) are
quite slow, around a few Hz. However, fast flickering of

Table 3. Parameter changes from last repetitive stimulation with oxytocin and subsequent addition of
forskolin

Isc

(mA/cm2)
Gt

(mS/cm2)
So z 1021

(A2 sec/cm2)
fc
(Hz)

n

During last oxytocin stimulation 2.55 ± 0.30 0.11 ± 0.02 0.62 ± 0.09 47.89 ± 4.04 7
Addition of forskolin 7.42 ± 0.49 0.16 ± 0.02 0.95 ± 0.11 52.78 ± 2.65

Mean values ±SEM for steady-state values ofIsc, Gt and the Lorentzian parametersSo and fc.

Fig. 5. Time course ofCT, Isc andGt during stimulation with AVT or
forskolin. (A) Effect of stimulation by AVT (0.1 mM). Other conditions
like in Fig. 1. (B) Effect of stimulation by forskolin (5mM).

Table 4. Transepithelial capacitance (CT) before or after stimulation of
Cl− secretion

CT (mF/cm2) before
stimulation

CT (mF/cm2) after
stimulation

n

AVT 0.80 ± 0.02 0.87 ± 0.03 3
Forskolin 0.85 ± 0.04 0.93 ± 0.04 6

Mean values ±SEM of CT before and after stimulation of Cl− secretion
with AVT and forskolin. Paired Student’st-test was used to determine
the significance of difference between the control and experimental
periods: data are significantly different withP < 0.05.
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the non-blocked channel has been described most re-
cently (Larsen et al., 1996) with a fluctuation frequency
in a range of that described in the present paper. Our
method cannot clearly distinguish a low-frequency
Lorentzian from the large linear background noise so that
we will probably miss the expected, slowly fluctuating
Lorentzian component in the power spectrum of our Cl−

current noise. Thefc range as observed in our experi-
ments deserves special attention: (i) as mentioned above,
a ‘‘systematic’’ inverse relationship betweenIsc and fc
seems to exist; (ii)fc increased with the caffeine as well
as with the theophylline concentration; (iii) a clearly dis-
criminating point is hard to make whether the shift offc
in the presence of flufenamate represents ‘‘true’’ blocker
kinetics of merely a drug-dependent acceleration of the
spontaneous fluctuations. One possible explanation for
these difficult to interpret findings could be that the
‘‘spontaneous’’ fc is voltage-dependent. For instance,
membrane potential changes after apical Cl− channel
block may be expected, or voltage shifts may underlie
the peak-to-plateau current transients.

Despite the primary assumption of the stimulants
caffeine and theophylline to be phosphodiesterase inhibi-

tors, additional messenger pathways cannot be excluded
(Fredholm, 1995), so the finding that a tenfold change in
their concentration shifts the spontaneous Lorentzian to
higher frequencies by doubling thefc may indicate that
additional intracellular factors (other than cAMP) influ-
ence the channel fluctuation.fc changed also linearly
with increasing concentrations of the Cl− channel blocker
flufenamate but, despite this normally typical sign for a
first-order rate channel blockade (Van Driessche, 1994),
the blocker inhibition constants derived from current-
and from noise kinetics, respectively, differ by a factor of
four. Moreover, and contrary to other findings obtained
with high-rate blocker noise on CFTR (Schultz et al.,
1996), fc at the lowest blocker concentrations is in our
case quite close to that recorded in the absence of fluf-
enamate, and the case cannot convincingly be made that
fcs in the absence and in the presence of the blocker are
of distinct nature. In this context, it is important to recall
that protonated FFNM and other diphenylamine carbox-
ylates are quite membrane-permeant, so a cytosol acidi-
fication could occur after membrane passage (Brown &
Dudley, 1996). Since this is known to impair epithelial
K+-permeable channels (Harvey, 1995) a so-obtained de-
polarization of the cell could reduce the Cl− current and
noise, which would then be misinterpreted as a direct
chloride channel block by FFNM.

Many apical Cl− channels including the one dis-
cussed here have been shown to be subject to regulation
by cAMP which, after more differential analysis, classi-
fied them as CFTR-type channels (Cliff & Frizzell, 1990;
Frizzell & Morris, 1994). In A6 cells, CFTR has been
located (Ling et al., 1997) in intracellular vesicles as well
as in the apical membrane. Treatment with antisense oli-
gonucleotide reduced the allover current response to for-
skolin, the immunologically detectable apical CFTR ex-
pression as well as the Cl− channel activity at the single
channel level (Ling et al., 1997).Po became virtually
zero. This would be consistent with a role of vesicle
shuttling in the response to the stimulant. Cell-attached
patch clamp experiments have shown that the 8pS
(CFTR) apical A6 Cl− channel (Ling et al., 1997; Ma-
runaka & Eaton, 1990) is blocked by NPPB. It was fur-
ther demonstrated (Shintani & Marunaka, 1996) that
cAMP left the open probability of the 8pS channel un-
affected at 0.4. On the other hand, the channel number
per patch was augmented 6-fold. Only the channel num-
ber decreased with brefeldin which points to a role of
cAMP in Cl− channel exocytosis.

Within a given experimental and analytical frame,
capacitance measurements will reflect cell membrane
surfaces (Van Driessche, 1994). Their series arrange-
ment as in epithelia dictates that the smallest area, i.e.,
the apical membrane, determines the entire capacitance
signal. cAMP as well as cell Ca2+ (Burgoyne & Morgan,
1993), following stimulation by secretagogues, will con-

Fig. 6. Inhibitory effect of apical flufenamate (FFNM) on electrical
parameters after stimulation by oxytocin. (A) Time course ofIsc andGt

for Cl− secretion stimulation by oxytocin (Oxy; 0.1 I.U./ml). Flufena-
mate (FFNM) concentrations are given inmM. Other conditions as in
Fig. 1. (B) Pooled diagram of linear relationship between corner fre-
quency in the presence of different concentrations of flufenamate, and
comparison to the ‘‘spontaneous’’fc before addition of the drug. In
parentheses number of tissues. Mean values offc ± SEM.
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tribute to rate-limiting mechanisms that evoke exocytosis
and therefore an increase inCT like it has been shown for
similar processes of Cl− secretion where CFTR is in-
volved (Greger et al., 1996; Takahashi et al., 1996). In
our experiments using forskolin the increases of total
conductance and capacitance occurred with about the
same time course which was, however, somewhat slower
than the development of the peak current, a phenomenon
ascribed further below to the possible dominance of the
driving force in generating the peak. But no such corre-
lation could recently be found in CHO cells overexpress-
ing CFTR (Hug et al., 1997). In the case of AVT, a
synchrony ofGt andCT appears to exist only in the very
initial phase of stimulation. The peak phase in both,Gt

and current, precedes the peak inCT which increases
monotonically just as observed with forskolin. There-
fore, the initial increase inGt andIsc may, at least partly,
reflect the activation of previously silent apical Cl− chan-
nels, whereasCT rather monitors subsequent exocytosis
and activation of a further CFTR population.

WHICH SECOND MESSENGERROUTE?

Equally complicated may be the answer which second
messenger has a dominant function at which point in
time. The case seems clear for forskolin and cAMP
stimulation; however, a number of reports (Perez-
Reyes et al., 1994; Yuan & Bers, 1995) have appeared
lately that indicate that cAMP, also in A6 cells
(Niisato & Marunaka, 1997), might generate a Ca2+-
influx. Equally, the Na+ uptake-stimulating antidiuretic
hormone (Hayslett et al., 1995) was reported to raise cell
Ca2+ as well as cAMP. At the same time interference
with the cAMP pathways had no effect on Na+ uptake
whereas impairment of the Cac reaction chain had.

Methylated xanthines (caffeine, theophylline,
IBMX) have given evidence (Fredholm, 1995) to stimu-
late purinergic receptors which would possibly qualify
them as agents that rise cell Ca2+, like antidiuretic hor-
mone or ATP (Mori et al., 1996), in addition to their
effect on the cAMP system. As putative link between
Ca2+ and cAMP it has been proposed (Shintani & Ma-
runaka, 1996; Niisato & Marunaka, 1997) that cAMP
opens Ca2+ channels via protein kinase A (PKA) phos-

phorylation which could provide Ca2+ even in the ab-
sence of the vesicular Ca2+-mobilizing IP3 pathway: con-
sistently, current peaking was much reduced by PKA
inhibitors, and treatment with the Ca2+ ionophore iono-
mycin resulted in a sharp current peak that decayed to
zero within a short time. However, this view completely
ignores an involvement of exocytosis. In fact, a recent
study in the rectal gland (Warth et al., 1998) provided
evidence that cAMP enhances Ca2+ influx but not Ca2+

release.

THE STIMULUS-INDUCED CURRENT TRANSIENT

In the case of stimulation by hormones but also by caf-
feine,Iscrises and also decays faster as the corresponding
time course of the conductance. This may suggest a ma-
jor and rapid contribution of the driving force to the
shape of the current response. However, treatment with
forskolin or cAMP rather gives the impression that the
development in time of conductance and current is more
congruent. It may be speculated that hormones and caf-
feine — contrary to cAMP and forskolin — only tran-
siently increase apical Cl− conductance. Following the
speculation of others (Niisato & Marunaka, 1997) Ca2+ is
involved in the generation of theIsc peak after Cl− se-
cretion stimulation. The subsequent decrease in driving
force (Isc decay) seems to be common to most stimula-
tors and may be due to a change of the cell potential at
short-circuit that could predominantly reflect — as in
other Cl−-secreting systems (Greger et al., 1997) — the
activity of a K+ conductance.

Our results suggest initial effects (stimulating and
then inhibiting) on the apical Cl− conductance and pos-
sibly on the establishment of an electrical driving force
(K+-permeable channels) whereas the dominant long-
term effect of cAMP seems to be the creation of a con-
stant apical conductance and provides stable conditions
for efficient Cl− secretion. Most recently, we found
strong evidence (Zeiske, Atia & Van Driessche, 1998)
[and manuscript in preparation] that vesicular Ca2+, re-
leased by extracellular ATP, generates sharply peaking
CFTR channel current and -noise in A6 cells, which will
put this inorganic ion into focus as second messenger in
addition to cAMP.

Table 5. Parameter changes with 75 and 125mM FFNM after stimulation with oxytocin

FFNM
(mM)

Isc

(µA/cm2)
Gt

(mS/cm2)
Soz1021

(A2sec/cm2)
fc
(Hz)

n

0 2.84 ± 0.29 0.18 ± 0.03 3.67 ± 0.30 50.57 ± 1.22 7
75 1.76 ± 0.20 0.16 ± 0.03 4.82 ± 0.75 81.08 ± 1.85

125 1.49 ± 0.30 0.16 ± 0.03 4.07 ± 0.68 91.63 ± 1.40

Mean values ±SEM of Isc, Gt and the Lorentzian parametersSo and fc for different concentrations of
FFNM after stimulation with oxytocin.
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