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Abstract Abstract: In most epithelia ion transport i&now, epithelial Nachannels [12, 53], and its magnitude
tightly regulated. One major primary target of such regdepends on the shunting of the voltage by the counterion
lation is the modulation of ion channels. The presedi. Because the voltages in CF patients tended to be
brief review focuses on one specific example of idnigher than in normals, they argued that this indicates a
channel regulation by the cystic fibrosis transmembradefect in Ct permeability in these patients. This conclu-
conductance regulator (CFTR). CFTR functions ass#n became popular only after essentially the same find-
CAMP-regulated Clchannel. Its defect leads to the varing was reported by Quinton [61] 15 years later. By that
able clinical pictures of cystic fibrosis (CF), which todayme a more rigorous analysis of the cellular basis for
is understood as a primary defect of epithelial @lan- this impermeability for Cl became possible with the
nels in a variety of tissues such as the respiratory trastailability of new techniques such as the patch clamp
intestine, pancreas, skin, epididymis, fallopian tube, amdthod [31].

others. Most recent findings suggest that CFTR also actsShortly after Quinton’s rediscovery patch clamp anal-
as a channel regulator. Three examples are discussegdiy in epithelia identified an intermediate conductance
which CFTR regulates other Gthannels, K channels, CI- channel, named by ourselves intermediate conduc-
and epithelial Na channels. From this perspective it isance outwardly rectifying (ICOR) [32, 74] Cthannel
evident that CFTR may play a major role in the integréalso named ORDIC or ORCC by others). Some groups
tion of cellular function. have claimed that this type of channel is defective in CF
[23, 37, 52]. Our own findings, however, indicated that
this type of channel is activated only by patch excision,
and that its incidence is equally frequent in excised
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Isobutylmethylxanthine ICOR Intermediate anything to do with CF and argued that it may be tonical-
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The pathophysiological basis of cystic fibrosis (CF) was
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! > -407]
first correctly understood by Schulz and Fromter [67]
some 28 years ago, when they measured the transepithe- o
lial voltage of sweat gland ducts in normals and patients -607
with this disease. Their data is summarized in Fig. 1. The ] * 6
transepithelial lumen negative voltage is generated by -80
rheogenic (electrogenic) Nabsorption via, as we now Confrol Heat  CF  Heat
. . i . Fig. 1 Transepithelial voltage measurements in sweat gland ducts
E' S{:g:;]gn)n ,MK' hﬂ(ilzel\l/lrhgher:(:h D. Ecke - R. Warth from normal individuals ¢pen bars n=6) and patients with CF
Physiologisches Institut, Hermann-Herder-Strasse 7 (hatched barsn=11). Sweat secretion was stimulated by heat ex-
D-79104 Freiburg Gerrﬁany ' posure. Note the significant increase in voltage by heat exposure

(asterisk3. The values in CF patients are significantly higher than
* Supported by DFG: Gr 480/ those in controls (8). (Data summarized from [%7]
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ly inhibited on the intact cell by a cytosolic inhibitor [42degraded there [13, 17, 40, 55, 65, 77]. It must still be
43, 46]. Most groups lost interest in this-@hannel acknowledged that we have little understanding of the
when the gene responsible for CF, the cystic fibrosisrrelation of genotype and phenotype [18] for most of
transmembrane conductance regulator (CFTR), whe more than 400 mutations which have been described
cloned by Tsui’s group [66] 7 years ago, and when it Her this disease. Obviously most puzzling are the muta-
came clear from expression studies that CFTR inducetioas that truncate the protein but show fairly mild clini-
cAMP-regulated Ci current of much smaller conduc-cal symptoms.
tance [5, 24, 65, 72]. This €thannel induced by CFTR  The similarity of CFTR and the multidrug resistance
expression has a linear current voltage curve, a condowtein (MDR) was noted early and has provided the ba-
tance of 6-8 pS or perhaps even less [47], and a condiie-for speculations that CFTR is an ATP-driven pump
tance sequence of 8r Cl->I-. Unlike the ICOR chan- rather than a Cichannel, or perhaps both, and, converse-
nel, it is relatively insensitive to all known blockers dfy, that MDR might act as a volume-activated €than-
Cl-channels [11, 27, 44, 74]. nel [26, 33, 34, 64, 75]. The latter conclusion could not
Very rapidly, overwhelming evidence accumulateide confirmed by ourselves or others [49, 62]. However,
that CFTR is in fact a €lchannel and not a regulatothe similarity of both classes of proteins (extending to
thereof. This evidence can be summarized briefly as fthle whole class of ATP-cassette binding proteins) re-
lows: (a) cRNA or cDNA coding for CFTR and injectednains an intriguing observation and leaves open a wide
or transfected into a variety of cells (HelLa, fibroblastield for speculation and, hopefully, corresponding ex-
SF9, CHO,Xenopus laevi®ocytes) monotonically pro- perimentation.
duce a small cAMP-regulated -Gthannel [24, 65]; (b) One recent suggestion links CFTR function to the
pathophysiologically relevant mutations of CF, such above ICOR (ORCC) type €thannel: it has been pro-
AF508 produce much less if any-Qurrent; (c) muta- posed that CFTR exports ATP, and that ATP, possibly
tions in the 6th membrane spanning domain of CFERough what now would be called a,Peceptor, opens
which, on the basis of modeling, are thought to alter ihminal ICOR type channels [68]. This concept is diffi-
selectivity in fact do so [2, 73]; and (d) the incorporaticzult to reconcile with our own observations that the
of CFTR into lipid bilayers produces the characteristiCOR-type channel is very rarely seen on the cell, even
CI- currents [5]. Many more findings, which cannot bafter stimulation by cAMP [45, 48], and with those of
cited in this context, support this view [24, 65]. Especiaithers showing that the cAMP-activated €bnductance
ly the points (c) and (d) of this list are generally acceptbds properties that differ from the ICOR type channel
strong criteria. Unfortunately, these studies (¢ and [dp]. In addition, most recent findings question the role
have been performed in only a few laboratories. Our o@hCFTR as an ATP-conducting pore [63].
attempts to reproduce two of these studies [2, 73{.in  Another intriguing suggestion has been made on the
laevis oocytes injected with cRNA for wild-type or mu-basis that CFTR is required in endosomes as ahain-
tated CFTR failed in asmuch as all site-directed mutzel to secure their acidification [3]. An acid pH appears
tions in the sixth membrane spanning domain of CFT&be required for appropriate sialylation of proteins, and
examined in our laboratory resulted in similar ion selea-defect in this processing might lead to altered (sulfat-
tivities [35]. This does not disprove the conclusion thatl) surface proteins in respiratory epithelial cells, which
CFTR is a Ct channel, but it does question some of theave a high binding affinity for pathological bacteria
supportive arguments. such asPseudomonas aerugino$a8]. This then would
lead to an invasion of the respiratory tract by hard-to-
treat pathological bacteria.

Current controversies

CFTR is present in many cells of our body. It is not siNew perspectives

prising that it is present in the tissues mentioned above,

which are also affected in disease, but it is puzzling wiBy- channel regulation and exo-/endocytosis

it is also found in other cells, which do not show an obvi-

ous abnormality, such as kidney or heart [25]. Furth&FTR has been implicated in the process of exocytosis

more, knockout mice, of which several types have besmd endocytosis. The evidence for this comes from vari-

developed over the past few years [4, 14, 16, 60, 69, ®]s types of findings: CFTR has been shown to control

show various degrees of abnormality which do not comembrane traffic [9, 29]; activation of QGlurrents by in-

pletely fit to what was expected from experience in hareases in cytosolic @aand by cAMP cooperate inas-

mans. Some even show mucous oversecretion in the gutuch as the Ca effect on conductance is stabilized by
While originally it appeared likely that frequent mutacAMP [1]; increases in cytosolic €aenhance the mem-

tions such addF508 (a mutation in the first nucleotiddorane capacitance in colonocytes abruptly, and cAMP

binding fold) destroyed normal channel function, it watbes so much more slowly [28, 29]; cytoskeletal inhibi-

found later thatAF508 functions quite well as a -Cltors such as cytochalasin D or inhibitors of exocytosis

channel [51], but that the protein is normally held baskich as clostridial toxin C2 attenuate or abolish ClI

in the “quality control” in the endoplasmic reticulum andhannel activation [36]. Figure 2 shows an example of
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Fig. 2 Whole-cell conductances in bronchial epithelial cells didig. 3 Whole-cell patch clamp analysis of a rat distal colonic
lyzed with clostridial toxin (C2, 10 nmol/l, kindly provided bycrypt base cell. ForskolirF¢rsk 10 umol/l, bath) depolarizes the
Prof. Dr. K. Aktories)For, Forskolin, 1qumol/l; ATP, 0.1 mmol/l; membrane voltageclosed circle} very rapidly. The increase in
Hypo, hypotonic solution, 150 mosm/I, all added to the bath to inenductancedpen circle¥ is much slower. In the continued pres-
crease whole-cell conductance. Mean values + SEM (numbereate of forskolin the voltage starts to repolarize, while the conduc-
cells). Open bars controls;hatched barsactivated conductances.tance continues to increase. This suggests that forskolin activates
In the presence of C2 toxin the increase in whole-cell conductatwe types of conductances: first and very strongly, acGhduc-

by all three activating pathways is significantly attenuated. (Datnce and, secondly and less pronounced! adiductance. The
from [36]) effects of forskolin are reversible. (Data from [131)

the effect of clostridial toxin (C2) pretreatment of brory packed Ct channels into the luminal membrane. Fur-
chial epithelial cells. While three types of mechanisntisermore, it must be kept in mind that many laboratories
activate Ct channels under control conditions — (a) hyrave shown a more direct means of €lannel (CFTR)
potonic cell swelling, (b) Ca mobilizing agonists, and activation involving protein kinase A dependent phos-
(c) cAMP — all three mechanisms of activation are defgghorylation [65].
tive after clostridial toxin dialysis via the patch clamp pi-
pette.

It is not clear at this stage how all these findings c&egulation of K channels by CFTR
be put together. One hypothesis which has been put for-
ward by ourselves proposes that CFTR, when activatea interesting type of Kchannel modulation by CFTR
by cAMP, slows endocytosis [28, 29]. One salient asas been suggested recently [59]. In this study CFTR and
sumption in this hypothesis is that exocytosis procee®®MK?2, an inwardly rectifying renal Kchannel of in-
as a Car-activated process. This is in accordance witarmediate conductance, have been coexpresseXl in
the abrupt increments in membrane conductance #amelvisoocytes. This confers an increase in glibenclamide
membrane capacitance induced by‘@aobilizing ago- sensitivity to this K channel. The underlying mecha-
nists. The hypothesis can also explain the slow increasgm is unclear. This is one example of a new concept
in membrane conductance and membrane capacitancsumgesting the interaction of two distinct membrane pro-
cAMP, and it would account for the cooperativity of thieins to generate a functional unit. This concept has very
two messenger pathways @&and cAMP). The most recently gained additional momentum by a study show-
stringent confirmation of this hypothesis is the demoimg that a subunit of a Kchannel and the sulfonylurea
stration that inhibitors of exocytosis also prevent agoniseceptor form an ATP-regulated-ikhannel [39].
induced conductance increases. The acute (20-min) efit has long been known that agonists acting via cAMP
fects of C2 toxin and cytochalasin D seem to support tten lead to biphasic voltage responses in some epithelia
hypothesis [36]. However, corresponding membrane sach as colon and respiratory tract [19, 58, 79]. An ex-
pacitance measurements are still not available. This &mple is shown in Fig. 3. After the addition of forskolin
volves technical difficulties in measuring very smatb activate adenylate cyclase and increase cytosolic
changes in membrane capacitance against the substacfiMP, the membrane voltage of colonic crypt base cells
background noise produced by very substantial increadepolarizes and then repolarizes slightly while forskolin
in membrane conductance [29]. Another issue not easslystill present. During this phase the membrane conduc-
reconciled with this hypothesis regards quantitative dance continues to increase. These data indicate that the
pects. In HT4 colonocytes the agonist-induced increnitial depolarization reflects mostly an increased ClI
ments in membrane capacitance are only 0.3-1 pF (icenductance (CFTR), and in addition the delayed repo-
2-10% of total capacitance), yet the increases in mdarization corresponds to the additional activation ofra K
brane conductance can easily be by 20-40 nS (i.e., temnductance [21].
fold). The exocytosis hypothesis assumes that a veryAnother kind of K channel regulation, as occurs, for
small area of vesicle membrane inserts extremely denseample, in the colonic crypt base cell, has recently been
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Fig. 4 Ussing chamber experi-

ment in rabbit distal colonic Amiloride 1074 mol/l
mucosa. Transepithelial voltage

(Vi) and transepithelial resis- PGE 5 106 mol

tance (voltage excursions for
constant current pulses) are re- A T
corded continuously. The initial 0 — R
lumen negative ) of —26 mV T T [
collapses after the addition of
amiloride to the luminal solu-
tion. Then secretion is stimulat-
ed by prostaglandin KPGE,,
blood side). Successful stimu- -
lation is apparent from the in-
crease in lumen negative volt-
age to —19 mV and the reduc-
tion of transepithelial resis-
tance. The secretory current is
inhibited almost completely by Amiloride 104 mol/l Amiloride 104 mol/l
the Kt channel blocker 293B
(blood side). This effect is re- PGE 5 10 moli
versible.Inset Chemical struc-
ture of the chromanol 293B. -5
(Data from [54]) 293B 107 mol/l
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examined in detail by ourselves [6, 19, 21, 22, 78]. Weostaglandin Ein this case) is easily apparent from
found that the normal resting conductance is determirfad. 4. In this Ussing chamber study the chromanol 293B
largely by a small Ca regulated K channel of approxi- inhibited cAMP mediated €kecretion almost complete-
mately 15 pS. This channel is strongly2€dependent ly. The concept of this regulation of coloni¢ Ehannels
in the physiological range of cytosolic €aactivities is depicted in Fig. 5. These cells possess at least two
([Ca2];) which are in the range of 50-500 nmol/l [6]types of K channels: the small type, activated by?Ca
Agonists such as acetylcholine or carbachol activate taied agonists such as acetylcholine, and the very small
channel strongly by elevating [€§. This channel is in- one, coming into play when €$ecretion is activated by
hibited by B&* but not by the chromanol 293B (see b&eAMP. This concept also can explain quite easily why
low). This type of channel is closed after the addition atetylcholine and cAMP-mediated stimulation act coop-
forskolin because the cytosolic €activity is reduced eratively: (a) acetylcholine enhances cytosoli¢+*Gad
by forskolin. The reduction in cytosolic &aby for- activates the respective*kchannels and (b) probably
skolin in turn is caused by the marked depolarization fiso Ct channels, and (c) cAMP activates-€hannels
19, 78]. During this phase of cAMP-mediated stimuland (d) also, with some delay, another type ofcKan-
tion colonic NaCl secretion would (paradoxically) comeel. The most important conclusion from these studies is
to a halt because the membrane voltage approaglies Ehat CAMP activation of CFTR type €©thannels in itself
and no driving force is left for €lto leave the cells would not suffice to drive secretion if there were not the
across the luminal membrane. In this phase, however, secondary activation of another Khannel which is not
other type of K channel is activated and takes over trdemonstrable under resting conditions. It is unclear how
whole cell K current [54, 78]. This K channel is of cAMP, after CFTR activation, enhances the conductance
very small conductance (probably <3 pS). It appearsdbthis specific type of Kchannel.
share some similarities with the so-called IsK channel Recently this issue has been examinedaenopusoo-
[10, 71]. cytes injected with cRNA for wild-type CFTR &F508

The very small colonic Kchannel is C& indepen- [57]. The basic observation is depicted in Fig. 6. CFTR-
dent and inhibited by a new class of chromanols (Fig.eé¥pressing oocytes have a strongly increased conduc-
related chemically to cromakalim. The pivotal role dance (here depicted as outward current) when activated
this channel in cAMP-mediated lecretion (caused byby membrane permeable cAMP (chlorophenylthio
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Fig. 6 Whole-cell outward currents of. laevisoocytes clamped
Al to a voltage of +30 mV. Data taken from ref. 57. Mean values +
<> SEM (number of oocytesH,O, Water-injected oocytegiF508
CCH AF508 cRNA injected oocyte€FTR CFTR cRNA injected oo-

cytes. Open bars baseline current and -Cturrent; black bars
Fig. 5 Scheme of Cisecretion in a colonic crypt celbolid ar- 293B-inhibitable K current. Note that 293B has little effect in
rows, ion channelsgircle, carrier;circle with ATR (Na*+K*)- water andAF508, injected oocytes. The effect is also small in
ATPase. Clis taken up by the Na@CHK* cotransporter. Krecy- “resting” CFTR-injected oocytes but is increased markedly when
cles via K channels. N&is pumped out by the (N&aK*)-ATPase. CFTR is activated by isobutylmethylxanthine (IBMX, 1 mmol/l).
ClI- leaves the cell via luminal €channels. The luminal €kex- Note also that IBMX enhances the-@bnductance oAF508-in-
trusion and the basolaterat Kecycling generate a lumen negativgected oocytes only slightly, but strongly in wild-type CFTR-in-
voltage, which drives Nathrough the paracellular pathway intgected oocyte:
the lumen. Secretion can be stimulated by agonists such as carba-
chol, acting through inositol 1,4,5-triphosphate and*Gealease
from respective stores. €astore depletion activates aentry Regulation of Nachannels
via respective Cd channels. The increase in cytosolic 2€Ca

([Ca2*];) activates K channels in the basolateral membrane, which
have a single channel conductance of 15 pS [78]. In addition,clhhas been known for the past 10-15 years that the trans-

creased [C&]; also activates Clchannels, which may be differentepithelial voltage and conductance in respiratory epithe-
types of Ct channels [15] or be identical with CFTR [44]. Prostiq of CF patients has an increased amiloride-inhibitable

taglandin B (PGE,) and other agonists such as vasoinhibitor ; ST
peptide enhance 2cytosolic cAMP. This leads to the activation é‘qmponent [7. 8, 41]. Itis concluded from these findings

CFTR type Ct channels. In addition, another type of very smat?‘at the more viscous mucus in the respiratory tract and
conductance Kchannel is activated [78]. This type of khannel the reduced mucociliary clearance of CF patients have
is essential for CAMP driven €tecretion because the depolarizapwo causes: (a) the reduced NaCl and water secretion and
tion caused by the opening of @hannels reduces [€4 and in- (1) the enhanced (amiloride inhibitable) NaCl absorp-
282\@,%5“\%; %ﬁg%wgtggofigg?me" This scheme explains the, More recently these data have found direct support
from intracellular recordings in respiratory epithelial
cells from CF patients [50]. It was found that the amilo-
cAMP) or by the phosphodiesterase inhibitor isobutyiide effect on membrane voltage and membrane conduc-
methylxanthine (IBMX). This conductance is causddnce is higher in cells from CF patients than in those
principally by Ct, as the voltage of activated oocyteBom controls. This is summarized in Fig. 7. The under-
closely follows E- in Ctreplacement studies. Additionlying mechanism is unclear. Two basic explanations
of the K channel inhibitor 293B has little effect on theould account for these findings: the defect in CFTR
voltage and conductance of control oocytes but redu¢ssch asAF508) could upregulate the endogenous amilo-
the conductance by 15-25% and depolarizes the zede inhibitable N& conductance, or wild-type CFTR
current voltage in IBMX-activated oocytes [57]. The davould normally suppress this Naonductance, and de-
polarization of the zero current voltage clearly indicatésctive CFTR loses this effect.
that 293B inhibites a Kand not a Clconductance. Oo-  With the cloning of the epithelial Nachannel [12,
cytes injected with the mutated form of CFTA-608) 53] a more detailed analysis became possible. In one
and pretreated by IBMX show only a very limited instudy CFTR was expressed in MDCK cells and it was
crease in Clcurrent (10-20% of wild-type CFTR) andiound to suppress the cAMP upregulated- Manduc-
no significant 293B inhibitable Kconductance. Thesetance indicating that CFTR has a regulatory influence on
data indicate that cAMP activates not only the exogendua* channels [70]. In another study wild-type CFTR or
CFTR injected into oocytes but also an endogenous AF508 were coexpressed with all three subuwit$(y)
conductance. As with that in colonic crypt cells, this Kof the amiloride inhibitable epithelial Nahannel inX.
conductance is not of the resting type and is inhibited lagvis oocytes [56]. It was found (Fig. 8) that these oo-
the chromanol 293B. cytes possessed the expected amiloride inhibitabte Na
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Fig. 7 Patch clamp studies in nasal epithelial cells from healthy
individuals ppen bary and those from CF patientbldck barg. Con | IBMX
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G in CF patients. (Data from [467
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conductance and the cAMP activated @nductance in 20 f” /

wild-type CFTR, but very little Clcurrent inAF508 in- @ / /

jected oocytes. The surprising finding was that, in stricie 15 /

ly paired studies, the amiloride inhibitable N@nduc- @E / /

tance was reduced sharply when wild-type CFTR was 10 \/ J

activated by isobutylmethylxanthine (IBMX, leading to )
increased cytosolic CAMP). IAF508 expressing oocytes 5 S min
IBMX had no such effect, i.e., the amiloride inhibitable

Na+ conductance was high both, in the absence and pres- ¢ - rENaC + AF508
ence of IBMX. These data allow three interrelated con-
clusions: (a) there is an inverse relationship between Hig 8 Conductance&,) measurements iX. laevisoocytes ex-

_ ~ _ pressing renal epithelial Nachannels rENaC) and wild-type
CAMP-dependent Clconductance and the Naonduc- =35 (WCFTR upper panel or AF508 {ower pane). Con Con-

tance, (b) this finding, when extrapolated to epithelig) conditions;A, amiloride 10umol/l; IBMX, isobutylmethyixan-
with bidirectional N& transport, might explain the deterthine 1 mmol/l. Note the strong reduction in, ®y amiloride in
mination of the direction of NaCl transport (see below)tCFTR-injected oocytes in the absence of IBMX. IBMX increas-

and (c) these data also explain why*ldhsorption might €S G Now amiloride has only a very small effect. AR508-in-
. . . : - ed oocytes IBMX has very little effect on,Gand the amilo-
be enhanced in respiratory epithelia of CF patients as f@cé effect is large and comparable in the absence and presence of

defective CFTR loses the inhibitory effect on*Nd&an- |BMX. This indicates that activated wtCFTR, but mf508, at-
nels. tenuates the coexisting Neonductance. (Data from [567

This function of CFTR may play a pivotal role in the
overall regulation in NaCl-transporting epithelia. It has
long been an open question of whether luminalc@an- Na* current is almost abolished when the same cell is
nels, required for NaCl secretion, and*M&annels, re- pretreated by agonists increasing cAMP, and when CI
quired for NaCl absorption, can exist in one type of cedlecretion is induced [20]. This indicates that, as inthe
or whether they are spatially separated in different tydasvisoocytes expressing both transport proteins, there is
of cells. Recent data suggest that both properties caralreciprocal regulation: whenever CFTR is activated by
found in the same cell or strictly electrically coupledAMP this leads to the “closure” of N&hannels in the
cells of the respiratory tract and the colonic crypt [2Ryminal membrane. NaCl transport is thus redirected
50]. This raises the serious problem of how the directirom the absorptive to the secretory direction.
of NaCl transport can be defined. cAMP activation of
cells possessing luminal Nahannels and CFTR-type
CI- channels residing in the same membrane would céenclusion
tainly enhance NaCl uptake (absorption), but could not
cause NaCl secretion unless at the same time the R&TR functions as a small conductance Channel
channel were be closed. This issue has been examipkasent in a variety of Ekransporting epithelia. In ad-
very recently in the middle part of the rat colonic crypdition, it has a number of other functions which are not
When treated by glucocorticoids (or mineralocorticoidgjet fully understood. The present brief review has ad-
these cells absorb NaCl vigorously [22], and this absofgessed its putative function in membrane traffic, its
tion is inhibited completely when the luminal Nehan- possible function as an ATP exporter, and its close rela-
nels are blocked by amiloride. The amiloride-inhibitablénship to MDR. Most recent and surprising evidence
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points to its role in the regulation of other ion channelka. Cliff WH, Frizzell RA (1990) Separate Gionductances acti-
Two examples have been considered in some detail:vated by cAMP and Cain CI- secreting epithelial cells. Proc

. Natl Acad Sci USA 87:4956—-4960
CFTR, when stimulated by CAMP, upregulates an ISI&B. Colledge WH, Abella BS, Southern KW, Ratcliff R, Jiang C,

type_ K+ channel and downregulat(_as_*NtahanneIs pres- Cheng SH, Mac Vinish LJ, Anderson JR, Cuthbert AW, Evans
ent in the same cell. The mechanistic aspect of this reg-MJ (1995) Generation and characterization @&F&08 cystic

ulation is not clear. While the interaction with Nzhan- fibrosis mouse model. Nature Genet 10:445-452

; i i i . Dalemans W, Barbry P, Champigny G, Jallat S, Dott K, Dreyer
nels could be based on a direct (protein-protein) interdé D, Crystal RG, Pavirani A, Lecocq JP, Lazdunski M (1991)

tion in the same membrane (K.K., unpublished), the up- ajtered chioride channel kinetics associated with AR08
regulation of K channels is more difficult to envisage cystic fibrosis mutation. Nature 354:526-528
because Cland K+ channels are located in opposing8. Dean M, Suntis G (1994) Heterogeneity in the severity of cys-

cell membranes, the €thannel in the luminal mem- ¢ fibrosis and the role of CFTR gene mutations. Human Gen-
brane and the Kchannel in the basolateral membranqg_ Ecke D, Bleich M, Greger R (1996) Crypt base cells show for-

At this stage it would not come as a surprise if CFTR skolin-induced Ci secretion but no cation inward current.
were to interact with as yet other membrane transport Pfluegers Arch 431:427-434
proteins. 20. Ecke D, Bleich M, Greger R (1996) The amiloride inhibitable
Na* conductance of rat colonic crypt cells is suppressed by
forskolin. Pfluegers Arch 431:984-986
21. Ecke D, Bleich M, Lohrmann E, Hropot M, Englert HC,
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