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Abstract. The regulation of the voltage-activated chlo- data are discussed in the frame of a working model for
ride current conductancesg,)) in toad skin was inves- the voltage-activated Clpathway, that contains two
tigated by the use of the SH reagents N-ethylmaleimideprinciple components, i.e., an anion-selective permeation
(NEM) and p-chloro-mercurichenzenesulfonic acid path which is controlled by regulatory protein(s).
PCMBS. This anion pathway is controlled by a voltage-

sensitive gating regulator. Mucosal application of NEM key words: cAMP — Theophylline — PCMBS — Na
decreased the voltage-activation in a time and concenransport —Bufo viridis — Graphical model

tration dependent manner, half-maximal inhibition being

exerted at a concentration of 304 within 20 min. At

concentrations higher than 1Q0, the voltage-activated Introduction

G¢ was near-completely and irreversibly inhibited in

less than 10 min. Resting, deactivated conductance wapransport of chloride across amphibian skin is to a large
essentially unaffected. NEM had no effect on active soextent passive. Itinvolves a chloride-specific conductive
dium transport (measured kg) under conditions, which  pathway and must be localized in morphological struc-
fully dissipated the voltage-activate@c,. After com-  tures other than the principal, sodium transporting cells
plete inhibition of the voltage-activateds, with NEM, of the epithelium ¢eelarsen, 1991; Katz & Nagel, 1994
chloride conductance could still be stimulated by CPT-for recent reviews). The path for chloride passage has to
CAMP as in control tissues. Under these conditionsbe equipped with the characteristic elements of mem-
NEM at concentrations above 1mmdecreasedsc re-  prane channels to determine the ion selectivity and to
versibly. Mucosal application of PCMBS at 501 in-  establish the specific permeation pattern. A particularly
hibited the activated conductance by 35%, which wasnteresting property of the transepithelial chloride pas-
slightly reversible. Inhibition of voltage-activaté@.,,  sage is a remarkable rectification, due to strong voltage-
which was observed after mucosal addition of the memsensitivity of some structure, which is activated by se-
brane-impermeable NEM analogue, eosin-5-maleimideyosa-positive clamp potentials; reversed polarity turns off
was completely reversible after washout. This suggestghe activated conductive state (Larsen & Kristensen,
that the binding site for the maleimide is not accessible1978). Site and nature of the subelements involved in
from the external face of the apical membrane. Briefthe regulation of selectivity and permeability of the chlo-
application of NEM at lower concentrations (1-3 min, ride path are unknown. Supposing that chloride trans-
<100 pm) led to partial inhibition ofGg,, followed by  port occurs via membrane channels in the apical mem-
occasionally complete recovery upon washout of NEM.prane of mitochondria-rich cells, a voltage-sensitive gat-
Recovery of voltage-activate@c, was progressively at- ing mechanism in these channels has been proposec
tenuated and eventually disappeared after subsequeqWillumsen & Larsen, 1986). Furthermore, control of
brief applications of NEM. This could reflect recruit- this gate by cAMP has been suggested, mainly based or
ment of permeation/control sites from a finite pool. Thethe observations that inhibitors of the phosphodiesterase
as theophylline or IBMX increased the voltage-activated
chloride conductance (Katz & Van Driessche, 1988,
I Kristensen & Larsen, 1978) and that the voltage-
Correspondence tow. Nagel sensitivity of the conductive pathway was shifted to
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Fig. 1. Effect of mucosal application of NEM at three concentrations on the voltage-actigatétbad skin. Tissue pieces from the same animals
were perfused with 10, 30, and 1@® NEM on the mucosal side during the periods as indicated by the bars. In each case, NEM was added
the inactivated state, 1 min before a voltage perturbatipmas rhythmically changed between -30 and +80 mV from. Amiloride M) was
present throughout.

lower potential values by cAMP—anangues (Willumsen,perfuseq_on poth sides with aerated Ringer §o|ution of the following
Vestergaard & Larsen, 1992). Evidence from recentgomposition (in m): Na® 115, K' 2.5, C&" 1, CI" 117, Hepes 3.5; pH
studies in our Iaboratory (Katz & Nagel 1995) indicates7'6' N& transport was eliminated by addition of amiloride (1) to

: . the mucosal fluid.
that the effect of CAMP is more complex than previously Transepithelial currenty) and small pulse tissue conductangg (

proposed, eliminating the voltage-sensitivity of the pathyere determined using a custom-made voltage clamp device with
at low concentrations and progressively converting th&ample & hold circuitry (Nagel, Garcia-Diaz & Essig, 1983) connected
permeation barrier to a permanently open conformatiorvia a 14 bit AD/DA-interface (Industrial I/O Card, Taipeh, Taiwan) to
at higher levels. Our results furthermore suggest that thé PC-class computer. Recordsl@éndg, vs.time were produced from
effects of inhibitors of the phosphodiesterase on Chloridéhese files using standard graphics software (Origin, MicroCal Soft-

conductance are not related to the presumably induce\eiare, Northampton MA). Transepithelial potential differens) (s
referred to the mucosal side of the tissuigis considered positive for

increase in cellular CAMP. anion flux from mucosa to serosa. Between voltage-activation by per-
In the present study, we have attempted to furthekyrhation ofv, to +60 or +80 mV, the preparations were maintained at
characterize the voltage-activated chloride path with the-30 mv to ensure deactivation of the voltage-sensitive-splecific
aid of SH-group reactive agents as NEM and PCMBS conductanceGg, (Larsen & Kristensen, 1978). Time constants for the
Although the diversity of potential reactions after theseactivatic_)n of Gc_| after yoltage p_erturbation were obtained from the
agents generaly impede specifc conclusions on afecteffessn Ine 1 semloquitme psafve e
sites a.nd structures, hints on d.lfferent components mlghvtvas obtained from Molecular Probes, Oregon. Other drugs were pur-
be qe”VEd from the concentration dependency of effeCtSchased from Sigma. Experiments were performed at room tempera-
It will be shown that NEM can be used to analyze andure. Where appropriate, mean values are reporsedsignificance of
distinguish between the proposed permeation elementsiference was calculated using Studetest consideringR2 < 0.05 as

of the chloride conductive pathway. significant.

Materials and Methods Results

Toads Bufo viridis) were collected in Israel. They were kept at the The effect of NEM on voltage-activated chloride con-

laboratory with free access to tap water and were fed mealworms ever¥j | S f h
second week. The animals were sacrificed by doubly pithing, and ab-* UCtancec"CIv was ana yzed in tissues from more than 40

dominal skins were carefully dissected. They were mounted in a modifoads. Figure 1 shows the results a typical experiment
fied Ussing type chamber (Helman & Miller, 1971) and continually illustrating the response @, on mucosal application of
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NEM at three different concentrations. Voltage- Table 1. Effect of mucosal application of NEM on voltage-activated
activated chloride current was in each case induced re!” conductance of toad skin

peatedly before the deplcteql per_lod and had assumeg zomv Gey NEM NEM  NEM NEM  NEM
constant pattern. Baseline, inactivated conductance &is/cnt ms/en? <20 pM <50 pM  <200puM 500pM  1-2 nMm
-30 mV was less than 0.2 mS/émAfter voltage per-
turbation to +80 mV g, started to increase immediately 0.39 2.87 0.60 0.30 0.16 0.12  0.04
and approached steady-state values slightly above 2 m&@-17  £1.85  $0.18  £0.19 025  £0.09  £0.04
cm? within five min. NEM at concentrations of 10,30 0or " =26 n=26 n=8 n=11 n=7 n=6 n=7

100 pm was applled from the mucosal Sl_de as Indlc‘rﬂedThe values of5, represent the steady state increase of tissue conduc-

by the hatched bars. Voltage perturbation was done Jgnce after voltage perturbation from —30 to +80 mV. Control values

min after addition of NEM and it is evident that activa- represent the average of 2-3 readings; experimental data were obtaine

tion of G was reduced at that time already in all cases.20-40 min after addition of NEM at the indicated concentration and are

Essentially fully response was achieved at i@0within qormalizgd to thg respective values@, of the control period. Base-

5 min, whereas inhibition Ogc| became progressively line inactivated tissue c_onductance at —30 mV was not notably affected
. . . by NEM. Values are given sp.

larger with time at the lower concentrations of NEM.

In all cases, baseline conductance was not notably af-

fected by NEM. In the depicted experiment, reversibility | side led t | . i similar to th
after washout of NEM was poor at the concentration of>a! Side 1ed 10 a farge Increase gy simiar to the re-
sponse in untreated control tissues. Likewise, the pattern

10 uwm and is hardly detectable at 30 and 1Q6. In . . . )
other experiments, in particular at low concentrationsOf vaitage induced change i under the combined in-

and after brief application of NEM, certain recovery of fluence of NEM and CPT-cAMP were not different from

: . that in tissues which were exposed to CPT-cAMP alone;
Gg) was observedsge belol With concentration of . both . d al . v aft
more than 20Qum NEM, the voltage-activate®, was in both casesg, increased almost instantaneously after
T I . cl voltage perturbation, which is fundamentally different
completely eliminated within 10-15 min and was not

from control conditions where activation @ occurs
gi((:)c\)l?l/sred when NEM was thereafter washed away ( with discrete time dependency. Stimulation of baseline

. . conductance with CPT-cAMP was possible also after
Table 1 summarizes the mean values for the influ-

) . o preceding inhibition with higher concentrations of NEM,
ence of NEM observed in 26 experiments. Inhibition Ofprovided NEM was removed after the apical solution.

g: was complete within 20 min at concentrations aboverhis is shown in the middle panel of Fig. 2, where CPT-
100 pm; response at concentrations below 5 was  cAMP was ineffective with 2 m NEM in the solution,
usually not complete before 40 min. Due to this combi-p ;¢ had the usual effect briefly after washout of the ma-
nation of time and concentration dependence, it is NOfgimide. The slow onset of the CPT-cAMP-induced
possible to obtain an absolute value for half max'malstimulation might be due to delayed washout of the high
effect of NEM. On the average, NEM at a concentrationconcentration of NEM used. Finally, reversible inhibi-
of about 30pm decreased the voltage-activatgdby  tion of g, was observed with concentrations aboverd m
50%. NEM at any concentration did not affect the base-NEM as shown in the lower pane| of F|g 2. The gain in
line inactivated conductance at ~30 mV. The time con-haseline conductance during CPT-cAMP was compa-
stant of conductance activation was slightly longer afterrgple in tissue pieces whether they were exposed or not
NEM than in the corresponding control experimentsto low concentrations of NEM. Thug, increased by 3.1
(1.87 £ 0.87 minvs. 1.54 £ 0.46 minn = 14), butthe  mS/cnf in untreated pieces (5 observations), whereas it
difference is not significant > 0.5). increased by 2.5 mS/chin skin samples from the same
Application of NEM below 10Qum from the serosal  animals pretreated with 50-2G0v NEM (11 observa-
side was ineffective during exposure times up to 60 mintions).
At a concentration of 50Q.m, NEM reducedy; by about The effects of increasing the intracellular level of
50% within 20 min; with longer duration, however, and cAMP with the phosphodiesterase inhibitor, theophylline
even more at higher concentrations, essentially all of thavere different from those after CPT-cAMP. This could
voltage-activated gain iig, was dissipated by 500.m be revealed after partial inhibition @, with NEM as
serosal NEM. shown for a typical experiment in Fig. 3. In this case,
Inhibition of CI™-related conductance by NEM was theophylline did not affect the baseline inactivated con-
limited to the voltage activated component as shown forductance; in other tissues, very slight increasg, rtould
3 different experiments in Fig. 2. In the experiment de-be observed. In contrast, the partly inhibit@gd, is no-
picted in the upper pannel, more than 80% of voltagetably increased after addition of theophylline. The effect
activated gain irg; was lost after 25-min incubation with of theophylline was always fully reversible and, in rela-
500 um NEM on the mucosal side. After washout of tive terms, not different from the stimulatory action of
NEM, application of 30Qum CPT-cAMP from the sero- the xanthine orG, under control conditions.
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9; [ 3004M CPT-cAMP with little change in current. On the average of 4 experi-
4 ments, thd . was reduced by less than 20% during ap-
plication of NEM for 10 min at a concentration of 100
uM; Gg, was, at this time, always completely eliminated.
In 4 other experiments, where NEM was applied at con-
centrations between 10 and p1, thel,. remained es-
sentially unchanged, where&, strongly decreased.
Above 1 mv, NEM caused incomplete and irreversible
decrease of thé,. Under these conditions, the tissues
g I S — | Wergr ri]nsenTtitivite to gmiioride. tionshit of the ch
e voltage-conductance relationship of the chlo-
: S ride-specific conductive pathway under control condi-
tions and after partial inhibition with NEM was analyzed
mS/em? in 6 experiments. Figurestsshows the original record of
a typical experiment. After a sequence of voltage per-
turbations under control conditions, 50 NEM was
applied whileV, was maintained at 80 mV. During the
incubation with NEM for 5 min, about 50% of the acti-
vatedg; was dissipated; after washout of NEN],recov-
ered slightly éee beloywand remained then almost con-
g, I stant. Due to the reduced _magnitudegpfthe following
. P T-cAMP series of voltage perturbations could be done ug,te-

150 mV. The relation betwee¥, and g, derived from
these data is depicted in Fig;5t indicates that only the
maximal level but not the shape of the voltage-sensitivity
of g, was affected by NEM. Similar results were ob-
tained in the other experiments of this kind.

o e When NEM was applied at lower concentrations and
A o o for brief periods of time, response pattern as shown for
two typical experiments in Fig. 6 were obtained. The
upper pannel shows that application of 0@ NEM for
Fig. 2. Effect of serosal application of supramaximal concentrations of 1L min during inactivated state reduced the subsequent
CPT-cAMP after preceding inhibition with NEM. Upper pannel: Effect activation of G, to about 50%. Within 30 min, how-

of 300 um CPT-_cAMP ong, after inhibition ofvoltagejac?tivate(}CI by ever, G, returned almost to the level before NEM. A
0.5 mv NEM with subsequent washout of the maleimide. Middle pan- second treatment with 100 NEM for 1 min during the

nel: Effect of 200um CPT-cAMP ong, during and after the presence .
of 2 mv NEM in the mucosal bath, Lower pannel: Effect of 2um activated state decreas€&qd, as before but the recovery

mucosal NEM after stimulation of baseline conductance with CPT-Was now only incomplete. Subsequent application of
CAMP in the serosal bath. Voltage sensitivitygfwas not completely NEM for 3 min lead to strong decrease Gf;, with
lost during CPT-cAMP alone, but completely lacking during and after essentially no recovery. Similar observation from an-
washout of NEM. Voltage pertur_bat_ions from the_holds poten}ial of other experiment is shown in the lower pannel, where 50
-30 mV were done to +80 mV as indicated by t‘he light gray bars® 10 uM NEM was applied for 2 min. In this case, recovery
M amiloride was present throughout. Note the instantaneous change i . S
g, in the presence of NEM and CPT-CAMP. was lacking already after the second application of NEM.
Partial reactivation of the inhibite@., was observed in
all experiments, if NEM at concentrations100 um was

The effect of NEM on Natransport of toad skin is applied for brief periods of time (less than 5-6 min) and
shown in Fig. 4. After each application of NEM at the could occasionally be induced during several brief ap-
concentrations of 10Qum, a slight, albeit notable de- plications of NEM. No difference was apparent whether
crease in the magnitude of at short-circuit ) was  NEM was applied in the inactivated state or during volt-
observed. However, the sensitivity of the Naathway age-activation. The magnitude of reactivation decreased
to amiloride remained completely unchanged. In con-with each consecutive addition and eventually disap-
trast to this moderate effect, voltage-activatiorGefi as  peared. At higher concentrations of NEM and after in-
indicated by the response &f and g, during voltage cubation for more than 10 min, reactivation @, was
perturbation to +80 mV decreased drastically and wasever observed.
virtually eliminated briefly after addition of 10GuMm The effect of two membrane-impermeable SH-
NEM. As in the above experiments in amiloride-treatedreactive agents, eosine-5-maleimide and PCMBS on
tissue, CPT-cAMP led to a large gain @, after NEM  voltage-activatedG, was tested in additional experi-
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Fig. 3. Response 065, on mucosal application of
2 mm theophylline after partial inhibition with
NEM. Light gray bars indicate periods of voltage
perturbation from —30 to +80 mV. Amiloride
(10°° m) was present throughout.
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Fig. 4. Effect of mucosal application of 10@m
9¢ NEM (indicated by bars on top of the record) on
16 Na" transport [, during short-circuit) and voltage
activation ofGg, in toad skin. Transepithelial
voltage was altered between short-circuit and 80
08 mV, as indicated by the light gray bars. Mucosal
application of 10° m amiloride is shown by the
hollow bars. Note that positive values kfare
0.0 plotted ona Iogarithmic scale to pronounce the
g . l B | | | presentation of negative valueslgfi.e., thelg.
30 60 90 120
time [ min]
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ments. The membrane-impermeable analogue of NEMEMA was not observed. No effect could be detected
eosine-5-malemide (EMA) was used in 8 experimentsafter serosal addition of EMA at concentrations up to
The typical experiment is shown in Fig. 7. EMA applied 200 pm. Mucosal application of 50Qum PCMBS de-

at a concentration of 100m from the mucosal side inthe creased the activate@q, by 35% in 30 min (8 experi-
activated state, decreas€d, rapidly to values close to ments). A slight recovery was obtained upon washout of
those at inactivation. After washouGg, quickly re- PCMBS. Serosal application of 50« PCMBS slowly
turned, in this experiment, to about 70% of the controldecreaseds.,. Both SH-reactive agents had no detect-
level. In other cases, reversibility was even more com-able effect on the cAMP-induce@,.

plete. The response on application of 0@ NEM for

1 min is shown at the right hand of Fig. 7. Here, the less _

pronounced inhibition is only slowly and slightly revers- Discussion

ible. In all other experiments with EMA between 20 and

200 M at the apical side, inhibition db, ranged be-  Previous studies have shown that chloride movement
tween 30% at 2@Qum and almost 100% at 200m EMA. across amphibian skin occurs mainly by electrodiffusion
Recovery was prompt ranging between 70 and 100%and must be cellularly separated from the sodium trans-
Progressive loss of activation after repeated addition oporting compartment (for revieweelLarsen 1991; Katz
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Fig. 5. Voltage sensitivity of the Clpathway before and after brief application of g NEM from the mucosal sidea) Reproduction of the
original record, showing the transepithelial clamp potential and the tissue conductance. NEM was applied for 5 min and thereafter rapidly wa
away. Nd transport was throughout blocked with“E04 amiloride @) Relation betweery, andV, from the data in &).

¢1min ¢1min ¢3min ¢5min

60 90 120 150
time [min] Fig. 6. Response of voltage-inducé&s}, on
9, repeated, brief application of NEM at low
‘ 2 min t 2 min concentration(50 or 10f.m, mucosal side).
Voltage activation oG, which is initially
3 completely regained after brief inhibition with
mS/cm? NEM, remained depressed after repeated use
2 of the SH-agent. Light gray bars below the
record indicate periods of voltage perturbation
14 to +80 mV from a hold voltage of —=30 mV.
g NEM was added at the arrows for the
indicated duration. Amiloride (I8 m) was
present throughout.

40 70 100

time [ min]

& Nagel, 1994). The voltage-activated chloride conduc-forms the transmembrane anion conductive path. A volt-
tance pathway(c, across amphibian skin, seems to beage-sensitive controlleM] that can be affected by vari-
composed of two components, i.e., a conductive patlous agents, governs a gat8){ which is furthermore
(channel), which is controlled through a voltage- regulated through a cAMP-sensitive regulatgy. (Volt-
sensitive Cl-dependent regulatory gating mechanism.age activation of the gate occurs with comparatively
In the present study we used NEM to investigate theslow time constants (min) only by serosa positive volt-
mechanism of control of this pathway. A graphical ages, i.e., under conditions which favor influx of the
model of this pathway, which is based on the one prepermeable anion into the path, and thus resembles the
sented by Imai et al., (1994) for the putative™Cl characteristics of inward rectifying Clchannels. The
regulated channels in the loop of Henle, is depicted involtage-activated gating mechanism requires, in addi-
Fig. 8. The model envisages a membrane protein, whickion, the presence of Clor Br") on the external side of
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Fig. 7. Effect of 100um eosin-5-maleimide (EAM, hatched bar) at the mucosal side on voltage-in@géa toad skin (left panel) in comparison
to the response dB, on mucosal addition of 10Qm NEM (right panel, dark bar). Note the brief duration of NEM application. Light gray bars
below the record indicate voltage perturbation from -30 to +80 mV. Amiloride®() was present throughout.

%‘rﬁ SCN" I NO; voltage-sensor (Katz & Nagel, 1995). The maximal con-
: NEM ductance obtained with cAMP did not differ significantly
>\ from the maximal value during voltage activation. Also,
 __Theophylline closer examination of Fig.Bin Willumsen et al. (1992),
' Procaine shows in fact, that the time-dependent response was dis:

sipated similarly in their preparation upon application of
cAMP, although the maximal conductance did not in-
crease significantly. Both observations are difficult to
reconcile with physically separated voltage-activated and
cAMP-induced chloride pathways, but rather suggest a
single ionic channel with two regulatory sites. Anionic
selectivity of the conductive path can be revealed only
when the path is opened, either through maximal voltage

Fig. 8. Simplified graphical model of the voltage-activated @ans- activation, or in the presence of cCAMP (Larsen, 1991;
port pathway of amphibian skin. A voltage-sensitive controly ( Katz & Nagel 1994)

governs a gate®) of an anion-selective conductance path. Regulation .
of the pathway can be achieved by phosphorylation through a cAMP- The eXpe”memal results of the present StUdy can be

sensitive regulatorR). The voltage sensolj may also be influenced  €XPlained in the constraints of the above model. In this
by the cAMP-sensitive regulatoR]. The voltage-sensitive controller Simple interpretation we consider a single voltage-
requires the presence of Gbr Br’) at an external site. This is blocked activated chloride pathway, where the inhibitory effects
by NO;, SCN" and T The fully activated anionic path (CPT-cAMP  of NEM reveal two sites of regulation with drastically
stimulated) can conduct Ck- B > NO; > 1I”. NEM at low concen- yitarant affinity for this SH-specific group reagent. One
tration excerts its inhibitory effects on the voltage-sensitive controller L .
(broker line arrow). of them, the voltage-sensitive cpntrolley(in Fig. 8) of

the gate, can be blocked by brief application at concen-

trations below 10QuMm. In these conditions, NEM has
the tissue (Larsen & Kristensen, 1978). If"dk dis-  virtually no inhibitory influence on the permeability of
placed by certain other anions (§GSCN, I") that have  the conductive path after its transformation into the per-
higher affinity for this site, the gate cannot be activated,manently open state in the presence of CPT-cCAMP. The
and the pathway remains closed (Harck & Larsen, 1986¢onductance-voltage relations indicate that NEM does
Katz & Nagel, 1995). The anion conductive path itself is not affect the sensitivity of the voltage sensor to voltage.
a simple diffusive path and does not show any rectifica-Rather, the maximal level of conductance is decreased by
tion. The cAMP-sensitive regulator was suggested to acthe irreversible binding of NEM. This inhibition, how-
as a physiological control of the voltage-sensitive siteever, can be overcome in the presence of CPT-cAMP,
(Willumsen et al., 1992), but this interference seems tawvhich eliminates the influence of the voltage sensor of
be more complex as higher concentrations of cAMPthis component (Katz & Nagel, 1995), presumably
eliminated control of the anion conductance path by thehrough phosphorylation of a distinct site, transforming
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the path to a permanently open state. Inhibition in thisrelation of G, unchanged, is most likely unrelated to
conformation requires concentrations of NEM higherpossible changes of intracellular cAMP due to inhibition
than 1 mu, but is often imperfect or occasionally even of the phosphodiesterase and depends in magnitude or
lacking, despite the rather high concentration of the mathe activity of G¢,, remaining after NEM. CPT-cAMP,
leimide. Furthermore and unlike the influence on thein contrast, is able to fully activate the Gbathway ir-
voltage-sensor, the inhibitory effect of NEM on the con- respective of the state of the voltage-sensitive control
ductive path is reversible. It must be concluded that thissite, which could indicate that the Tpathway is com-
effect is not related to the covalent, and thus irreversibleposed of physically separate fractions. Further analysis
binding of NEM to proteinic SH-groups. Similarly, the is necessary to identify these properties.
strong inhibition of G, after application of the mem- SH agents, such as NEM are widely used to analyze
brane-impermeable eosin-5-maleimide (EMA), whichthe chemical basis of a variety of biological activities.
would at face value suggest some reactive element(s) dthe concentrations commonly used are higher than 0.5
the extracellular side of the apical membrane, is evi-mm, and inhibition of metabolic activity due to the in-
dently not due to reaction of the maleimide-group, sincefluence on mitochondrial ATPases or other nonspecific
the inhibition is rapidly reversible. Indeed, unpublishedeffects must often be suspected. In our experiments,
own experiments indicate th&, is also inhibited by NEM was effective at fairly low concentrations and
eosin at similar concentrations as with EMA. The origin within a time frame, which makes notable influence on
of these inhibitory effects requires further experimentalthe supply of metabolic energy unlikely. This notion is
work. supported by the observation that active transepithelial
The precise location of the site which is affected by Na* transport was little affected at NEM concentrations,
NEM cannot be verified with any certainty at present, which led to complete dissipation &,. Since voltage-
since the membrane permeability of NEM is finite. The activated CI flux is passive, metabolic deficiency is ex-
ineffectiveness of the membrane-impermeable mapected to show up even less than for activé Mansport.
leimide, EMA, as well as the weak inhibition @, by  Furthermore, the prompt response@, on additions of
the organo-mercurial PCMBS, which has only low mem-CPT-cAMP with essentially control-like increase in"Cl
brane permeability, suggest that the sensitive site of theonductance, indicates that the” Qlathway itself re-
voltage sensor cannot be located at the extracellular faceained intact. Accordingly, we suggest that the ob-
of the apical membrane. Accordingly, modification of served inhibition of voltage-activat€s;, by NEM is the
intracellular SH-groups involved in regulation of the CI result of a specific interference of the maleimide with
pathway could explain the inhibition by NEM. In view proteinic groups of the permeation pathway, notably one
of the rapid onset of the inhibitory effect after mucosal of the control sites and may help to identify the molecu-
addition of NEM and the quick termination after wash- lar entity involved in this transepithelial transport func-
out, when low concentrations of NEM were applied for tion. Imai et al., (1988) studied similar behavior in the
brief periods of time, it appears likely that these sites areeffect of NEM on CI conductance in the thick ascending
located close to, or even inside the apical membrandimb (TAL) of the hamster kidney. NEM, applied at the
This would also agree with the delayed and modest intather high concentration of 1nm irreversibly inhibited
hibitory action, observed after serosal application ofthe chloride conductance of TAL; after complete devel-
NEM at higher concentrations. opment of this inhibition, reapplication of NEM stimu-
Brief incubation with NEM at concentrations below lated G,. In view of the reversibility, however, this
100 wm, which rapidly dissipated some 40—-60% of the seems to be unrelated to covalent binding to SH-groups,
activatedG,, was usually followed by a slow partial and could be similar, although opposite in direction, to
return of the voltage sensitivity of the Tpathway. As the reversible inhibition of the cAMP-induce@,, ob-
it appears very unlikely that binding of NEM to proteins served in the present study.
could be reversible within the present time scale, return  In conclusion, we have found that NEM at low con-
of the voltage-activation could indicate that new reactivecentrations inhibitselectivelythe voltage-activated ClI
sites (channels or part thereof) are inserted in the Clconductance across toad skin epithelium, at a site sepa
pathway, or that previously inactive sites, which wererate from the cAMP-sensitive regulator. At higher con-
inaccessible to the inhibitory action of NEM, are acti- centrations, the binding site which might be the voltage-
vated. Our observations suggest that the total amount afensitive gate of the pathway or part of it, is fixed by the
modifier molecules is limited and can be used up bymaleimide in a voltage-insensitive configuration, but is
repeated inhibition of the accessible fraction with NEM. still amenable to the activation by cAMP.
It is interesting to note that—similar as under control
conditions—the partly inactivateGc, is reversibly in- This study was supported by grants from the Deutsche Forschungsge-
creased after addition of theophylline. This activation, meinschaft and through the Fund for Basic Research at the Technion
which keeps the time course and the voltage/conductanaglaifa, Israel).
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