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Abstract. Vasopressin stimulates the activity of the ep- Introduction
ithelial Na channel (ENaC) through the cAMP/PKA

pathway in the cortical collecting tubule, or in similar The epithelial Na channel (ENaC) is a heteromeric chan-
amphibian epithelia, but the mechanism of this regula—ne| made of three subunits B andy and is localized in
tion is not yet understood. This stimulation by cAMP the apical membrane of epithelial cells (Garty & Palmer,
could not be reproduced with the rat ¥enopusENaC  1997). Sodium transport across the apical membrane
expressed inXenopusoocyte. Recently, it was shown through the Na channel is the rate-limiting step in so-
that the a-subunit cloned from the guinea-pig colon dium reabsorption by the epithelial cells of the distal
(agp) could confer the ability to be activated by the nephron, distal colon, and in airways. ENaC thereby
membrane-permeant cAMP analogue 8-chlorophenylpjays a key role in the regulation of the sodium balance,
thio-cAMP (cpt-cAMP) to channels produced by expres-extracellular fluid volume and blood pressure by the kid-
sion of agp, Brat andyrat ENaC subunits. In this study ney, and in the controlled fluid reabsorption in the air-
we investigate the mechanism of this activation. FOfSkOWays_ The activity of ENaC is regu|ated by several hor-
lin treatment, endogenous production of CAMP by acti-mones such as aldosterone and vasopressin but the
vation of coexpressefl adrenergic receptors, or intra- mechanisms of these regulations are not yet completely
cellular perfusion with cAMP did not increase the amilo- ynderstood. Vasopressin evokes a rapid increase of Na
ride-sensitive Na current, even though these maneuvergabsorption in amphibian epithelia (toad bladder, frog
stimulated CFTR (cystic fibrosis transmembrane con-skin and A6 cells) (Krattenmacher & Clauss, 1988; Ver-
ductance regulator)-mediated Cl currents. In contrastyey, 1994) and in rat collecting tubule (Canessa & Scha-
extracellular 8-cpt-cAMP increaseegp, Brat andvyrat  fer, 1992; Schafer & Hawk, 1992) but not in mammalian
ENaC activity but had no effect on CFTR. Swapping distal colon or urinary bladder (Garty & Palmer, 1997)
intracellular domains between the cpt-cAMP-sensitiveand several of these studies have demonstrated that this
agp and the cpt-cAMP-resistantrat-subunit showed activation is mimicked by permeable cAMP analogues
that neither the N-terminal nor the C-terminalcoENaC and activators of adeny|ate Cyc|ase_ Two types of regu-
was responsible for the effect of cpt-cAMP. The mecha-atory mechanisms have been proposed: an increase in
nisms of activation of ENaC by cpt-cAMP and of CFTR the number of Nachannels in the apical membrane by
by the cAMP/PKA pathway are clearly different. cpt- recruitment of additional Nachannels from sub-apical
CAMP seems to increase the activity of ENaC formed bymembrane vesicles and/or the activation of quiescent
agp andByrat by interacting with the extracellular part channels already present in the apical membrane. The
of the protein. nature of these mechanism is not yet clear, even though
a phosphorylation in the C-terminus @f or v ENaC

Key words: ENaC — Amiloride — Protein kinase A — subunit has been proposed (Shimkets, Lifton & Canessa,

CAMP — cpt-cAMP — Cut-open oocyte 1998). In Xenopusoocyte, expressed rat c)(en_opus
ENaC could not be stimulated by cAMP and its ana-

logues (Awayda et al., 1996). However Liebold et al.

(1996) have shown that mRNA from distal colon of

Correspondence tal.-D. Horisherger guinea pig injected intoXenopusoocyte, generated an
Jean-Daniel Horisberger@ioharm.unil.ch amiloride-sensitive Naconductance that could be con-
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siderably increased by a membrane-permeable analogwge-clamp technique by means of a Dagan TEV voltage-clamp appa-
of CAMP, 8-chIorophenyl-thio-cyclic-adenosine- ratus (Da}gan, Mmqeapohs, MN),' at room _temperat'ur.e (22—25°C) and
monophosphate (Cpt-CAMP). Recently, Schnizler et al_at a holding potential of =60 mV in a solution containing (im)r.00
2000) h | d DNA di thesubunit Na gluconate, 0.4 Cagl10 Na-HEPES (pH 7.4), 5 Baghnd 10
( ) ave ‘?One _a c encoding su l,!nl tetraethyl-ammonium chloride. The current signal was filtered at 20
ENaC from guinea-pig _C_0|0n: and S_hOWGd that this subyy; ysing the internal filter of the Dagan apparatus, and continuously
unit could confer the ability to be activated by cpt-CAMP recorded on a paper chart. Low chloride concentration ahdhgnnel
to channels produced by coexpressiomugp, frat and  blockers were used to reduce the background membrane conduct-
vyrat ENaC subunits. ance. cAMP-stimulated Clcurrents were measured between —60 and

In this study, we have evaluated the mechanism of 80 mV.
this activation by testing several procedures activating
the cAMP/P_KA pathway. We first recqrded the effects | oy CURRENT MEASUREMENT IN THE CUT-OPEN
of epmephrln.e on oocytes coexpressing thgpB3rat- O0CYTE TECHNIQUE
vyrat ENaC with the humaf, adrenergic receptor. To
obtain a precise and rapid control of the intracellularamiloride-sensitive currents and cAMP-stimulated” Glirrents were
medium to test the effects of intracellular factors, wealso measured by using the cut-open oocyte technique, as described
used the “cut-open” oocyte technique. We also ex-earlier (Abriel & Horisberger, 1999). Briefly, Xenopusoocyte was

i i i i i _ ted in the cut-open oocyte chamber and the pipette for perfusion

pressed chimeric constructs in which either the N-Moun _ : : :
terminal, the C-terminal or both intracellular domains of and voltage record_lng was inserted into the animal pole of the oocyte
h d . . buni d d and advanced to just below (100-3Q®n) the exposed membrane.
the ,rat and guinea pige subunit were swa}ppe » @A 1he solution was perfused at a flow rate of abowtl/min by means of
studied the effect of cpt-cAMP on these different con- 4 precision syringe pump (Infors AG, Basel, Switzerland). The flow of
structs. solution removed almost all visible yolk platelets below the studied

Our results indicate that the mechanisms of activa-membrane. In order to minimize the dead space when the perfusion
tion of ENaC and CFTR by the cAMP/PKA pathway are solut@on was chgnged, we i_ntroduced two t_hin cgpillaries by which test
clearly different and they suggest the hypothesis thafolutlons were introduced into the perfusion pipette close to _t_he tip.
cpt-cAMP increases the activity of the channel formedMembrane currents were recorded under voltage-clamp conditions by

. . . means of a Dagan cut-open oocyte voltage-clamp apparatus (Model
by agp and Byrat ENaC_by Interacting with the extra- CA-1 High Performance Oocyte Clamp). Data acquisition and analysis
cellular part of the protein.

were performed using a TL1 DMA digital converter system and the
pCLAMP software package (Axon Instruments, Foster City, CA, USA;
version 5.5). For the measurement of amiloride-sensitive currents the
holding potential was —60 mV and alternating between —40 and —-80
mV for the measurement of the cAMP-stimulated €bnductance.

Materials and Methods

ExPrEssION oFENaC N XENOPUSOOCYTE

In vitro-transcribed cRNA for thex-, 8- and y-subunits of rat ENaC ~ SINGLE-CHANNEL RECORDINGS

(ar, Br, yr) and guinea pigcENaC @gp) were injected into stage V/VI

Xenopuocytes (0.1 ng of cRNA of each subunit in a total volume of Before patch-clamp experiments the oocytes were placed for 3-5 min
50 nl) as described earlier (Canessa et al., 1993, 1994; Puoti et algt room temperature in a hypertonic medium (475 mOsm) with the
1995). Electrophysiological experiments were performed one or twofollowing composition (in nw): K-aspartate 200, KCI 20, Mggl1,

days after cRNA injection. In other experiments 6 ng of in vitro- EGTA 10, Na-HEPES 10, pH 7.4. The vitelline membrane could then
transcribed human CFTR cRNA (clone generously provided by R.be manually removed from the cell using fine forceps (Methfessel et
Boucher), or 6 ng of humap, adrenergic receptor cRNA (clone gen- al., 1986). The oocytes were then immediately transferred to the re-
erously provided by S. Cotecchia) were injected iKEnopusocytes cording chamber.

(Chraibi & Horisberger, 1999). Single-channel recordings were obtained in the cell-attached
patch clamp configuration carried out according to the methods de-
scribed by Hamill et al. (1981) with a List LM EPC 7 patch clamp
amplifier (List Electronics, Darmstadt, Germany), displayed on an os-
cilloscope (Tektronix, Heerenveen, Netherlands) and stored on a digital
tape recorder (Bio-Logic, Claix, France). Borosilicate glass (Corning,

CONSTRUCTION OF CHIMERIC a-SUBUNITS

A BspELl restriction site was introduced into tigp cDNA sequence

by PCR using sense (cggttccggagccgg) and antisense (ccggctcc
gaaccg) oligonucleotides at the amino acid position 585-589. Sacl
restriction sites were introduceddp cDNA sequence position 224—
228; arat cDNA: position 285-290) with sense (caaccgcggaagacg) an
antisense (cgtcttcccgeggttg) oligonucleotides. All constructs wer
cloned into pSDEasy (Puoti et al., 1997).

ELECTROPHYSIOLOGICAL MEASUREMENTS IN
WHoLE OoCYTES

Amiloride-sensitive currents were measured as previously describe

(Canessa, Horisberger & Rossier, 1993) using the two-electrode voltN - Po = gy, fi

ew York, New York, USA) patch pipettes were pulled in two stages
with a PP-83 vertical puller (Narishige, Japan) and fire-polished. They
had a resistance of 10-20(Mand were filled with 100 m LiCl.

:The bath solution was 100 wnKCI buffered to pH 7.4 with 10 m

Na-HEPES.

Current signals were filtered at 200 Hz with an 8-pole Bessel
filter (Frequency Devices Inc., Haverhill, Massachusetts, USA) and
digitized at 1 KHz using a Labmaster analog-digital interface and
Fetchex Software (Axon Instruments). TRe Poproduct N = num-
ber of channelPo = open probability) was calculated as
d
@
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Fig. 1. Effect of cpt-cAMP and epinephrine on the
amiloride-sensitive current in oocytes expressing guinea pig

C——1

IIlIII (MA)

Co cpé-cAMP 7 Co

wherelgy.cis the current due to ENaCH total current minus current
with no channel open) averaged over a 1-min recording iarile
average unitary current.

SOLUTIONS AND CHEMICALS

After injection, the oocytes were kept at 19°C in a low-Na modified
Barth’s saline (MBS) containing (in m): 10 NaCl, 90 NMDG-CI, 5
KCI, 0.41 CaCJ, 0.33 Ca(NQ),, 0.82 MgSQ 10 NMDG-Hepes (pH
7.2) supplemented with penicillin (100 u/ml) and streptomycin (100

a+ rat By ENaC and humai, adrenergic receptorAj
Original current recording in an oocyte expressing
agpRr-yr ENaC. The current sensitive to 104 amiloride
(am) was measured at —60 mV before and after a 3-min
exposure to 10Qum cpt-cAMP. B) Original current
recording in an oocyte expressingp-3r-yr ENaC and
humanp, adrenergic receptor. The current sensitive to 10
wmM amiloride was measured at —60 mV before and after a
10 min exposure to Jwm epinephrine. Epinephrine has no
detectable effect on the amiloride-sensitive current. The
horizontal arrows indicate the zero-current level. The
bottom panels present the mean amiloride-sensitive current
|.m before Co) and after perfusion of cpt-cAMPAj, n =

15, or epinephrineR), n = 10. cpt-cAMP induced a
significant increase it,,, (P < 0.001, paired-test) while
there was no significant effect of epinephrine.

pathway of this activation, we first tested the effect of
epinephrine on oocytes coexpressiagp{3r-yr ENaC

and the humarB, adrenergic receptor. The amiloride-
sensitive current was measured before and after perfu-
sion of epinephrine. In 10 measurements, exposure to 1
wm of epinephrine has no detectable effect on ENaC
activity. The mean values df,, before and after epi-
nephrine are shown in FigBL As a positive control, we
co-expressed human CFTR and the hudaadrenergic

mg/ml). The extracellular solution for the cut-open oocyte experimentreceptor. As shown in Fig. 2, in these oocytesuit

had the following composition (in mr): 80 Na-gluconate, 10 TEA-CI,
5 BaCl,, 1 MgCl,, 0.5 CaC}, 10 HEPES-NMDG (pH 7.5). The solu-
tion used for the intracellular perfusion in the “cut-open oocyte” ex-
periments contained (in m) 10 TEA-CI, 5 BaC}, 1 MgClL, 0.5 Mg-
ATP, 0.5 CaCJ, 0.2 BAPTA, 10 HEPES-NMDG (pH 7.35), 90 or 50
K-gluconate and 10 or 50 KCI for the measurement of amiloride-
sensitive or cAMP-stimulated Clcurrents, respectively.

Experiments with chimeria-subunit constructs were performed
in a solution containing (in m): 90 NaCl, 1 KCI, 2 CaCl and 5
HEPES (pH 7.4). Amiloride, cAMP, cpt-cAMP and forskolin were
purchased from Sigma (St. Louis, MO). Protein kinase A (PKA) and
the protein kinase inhibitor PKI 6-22 were obtained from Calbiochem
(La Jolla, CA).

Results

EFFeCT OF PERMEABLE CAMP ANALOGUES AND
EPINEPHRINE ON THEMACROSCOPIC
AMILORIDE-SENSITIVE CURRENT IN XENOPUSOOCYTES
ExPrREsSSINGENaCanD CFTR

As shown in Fig. A, 100 pm cpt-cAMP stimulated the

epinephrine induced a significant increase of the mem-
brane conductance within 2 to 3 minutes. In contrast, we
could not detect any effect of 1Q0v cpt-cAMP on the
whole-oocyte conductance even though epinephrine in-
creased the CFTR-mediated conductance in the same oo-
cytes (Fig. B). The effect of epinephrine on the CFTR-
mediated conductance was clearly delayed by 30 to 60
seconds gee Fig. 2A) after the solution exchange, in
contrast to the quasi instantaneous effect of cpt-cAMP on
ENaC mediated currenséeFig. 1A).

We also examined the effects of isobutyl-methyl
xanthine (IBMX) and forskolin on the amiloride-
sensitive current and oocyte conductanc¥émopuo-
cytes expressinggp3r-yr ENaC or CFTR respectively.

As shown in Fig. 3, no effect of 350um IBMX
alone on the amiloride-sensitive current could be de-
tected. In the presence of IBMX, addition of 201 of
forskolin did not change significantly ENaC activity.
Neither did addition of 20Qum cAMP in the extracellu-
lar solution modify the N& current. In contrast, cpt-
CcAMP induced an increase in the amiloride-sensitive

amiloride-sensitive current in oocytes expressing heteroeurrent of approximately three-fold. As a positive con-

meric channels composed of thesubunit of guinea pig
ENaC and the3 and+y subunits of rat ENaCl, in-
creased from 1.14 + 0.22A to 3.30 £ 0.58uA (n = 15,

P < 0.001). This effect was similar to that reported re-
cently by Schnizler et al. (2000). In order to identify the

trol, we measured the effect of IBMX and forskolin on
the whole-oocyte conductance Xenopusoocyte ex-
pressing human CFTR and humpy adrenergic recep-

tor. No significant effect of IBMX alone on whole-
oocyte conductance was detected. On the other hand, the
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Fig. 2. Effect of 1 um epinephrine and 10Qm cpt-cAMP

on whole-oocyte conductance in oocytes expressing human
CFTR and humar, adrenergic receptorAj Original
recording in an oocyte expressing human CFTR and human
B, adrenergic receptor. Whole-oocyte conductance was
measured between —60 mV and —80 mV before and after
exposure to Jum epinephrine. B) Original recording in an
oocyte expressing human CFTR and hunfgradrenergic
receptor. Whole-oocyte conductance was measured between
-60 mV and -80 mV before and after exposure to 100
cpt-cAMP and 1um epinephrine. cpt-cAMP has no

Sl 204 detectable effect on the whole-oocyte conductance.
o T = T T Epinephrine was used as positive control to demonstrate the
=1 16 = 1549 B expression of CFTR. The horizontal arrows indicate the
b e | E zero-current level. The bottom panels present the mean
,_5_' | E 1+ results obtained beforeC) and after perfusion of
é 19 1 _E cpt-cAMP (A), n = 14, or epinephrineR), n = 10.
= £ 54 Epinephrine induced a significant increase in membrane
- ~ conductanceR < 0.001, paired-test) while there was no

8 0 significant effect of cpt-cAMP.

Co epi Co epte-ANMP
A B Fig. 3. Effect of IBMX or forskolin on amiloride-sensitive

current and whole-oocyte conductance in oocytes expressing
M agpRr-yr ENaC or CFTR and humag,. (A) The N& current
4 sensitive to 1Qum amiloride (,,) was measured in oocytes
_ expressingxgp Br yr ENaC before (white baiCo) or after
perfusion with 350um IBMX (n = 6), 10 um forskolin and
100 ™M IBMX (n = 5), 200m cAMP (n = 4), or 100um
cpt-cAMP (h = 10). Results are expressed as relative to the
control valueCo measured in the same oocyte. Only
cpt-cAMP induced a significant increase lig, (P < 0.002,
pairedt-test). 8) Whole-oocyte conductance between -40 and
-60 mV was measured in oocytes expressing human CFTR
and humarp, adrenergic receptor before (white bar) or after
perfusion with 350um IBMX (n = 7), 100™m cpt-cAMP +
IBMX (n = 7), 10 um forskolin + IBMX (n = 7) or 1 pm
epinephrinerf = 13). Results are expressed as relative to the
control valueCo measured in the same oocyte. Forskolin +
IBMX and epinephrine induced a large (>3-fold) and highly significant increase of the membrane conduetan@®1 andP < 0.001,
respectively). In the presence of IBMX and cpt-cAMP, the conductance was slightly lai#@¥o] than in the controlR < 0.05), but not
significantly increased compared to IBMX alone.

I L i
N " ’

Normulized 1,

—
i

Normalized conductance

perfusion of 100um of forskolin in presence of IBMX The channel activity was recorded for 1 min under
increased the whole-oocyte conductance by about 3-foldontrol conditions and then cpt-cAMP 100m was
(seeFig. 3B). added to the bath solution surrounding the oocyte during

3 min and finally washed by control solution during 5
min. TheN - Powas measured over a 1 min period be-
fore, during and after superfusing the oocyte with cpt-
CAMP atV,;, = +100 mV. A highly variable rundown
The effects of cpt-cAMP on the single-channel currentof channel activity N - Po) was observed with, in some
were examined ilXXenopusocyte expressinggp Br yr  cases, a decrease and, in other cases, an increase in
ENaC using the cell-attached patch configuration. Cur-N - Po after cCAMP exposure. The mea¥- Po values
rents in the patches were recorded with a 100 biCl were 2.9 + 0.7 before, 2.0 £ 0.5 during and 0.8 £ 13 (
solution in the pipette, and the value of the single- = 7) after exposure to cpt-cAMP. Thus, no significant
channel conductance measured under these conditiomstivation by cpt-cAMP could be observed although, be-
was 7.9 + 0.2 pS, a value similar to that published earliercause of the large variability of tHé - Povalues and the
(Schnizler et al., 2000). strong spontaneous rundown of channel activity, small

EFFECT OFCpt-CAMP AT THE SINGLE-CHANNEL LEVEL
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Fig. 4. Effect of intracellular perfusion of cpt-cAMP and
cAMP on amiloride-sensitive current in oocytes expressing
agpRr-yr ENaC. @) Original recording of the membrane
current at =60 mV in the “cut open oocyte” technique. The
effect of amiloride &m), added to the extracellular side of
the membrane, was tested in the control condition) (@and
after addition of cpt-cAMP first inside the oocyti) and
then to the extracellular side\(f). (B) Mean values of the
amiloride-sensitive current measured before and after
intracellular {(n) and extracellularqut) perfusion of 100

wmM cpt-cAMP. (C) In another set of experiments, the effect
of intracellular cAMP (1 rwm, cAMP in) was also tested and
compared to the effect of extracellular cpt-cAMP (10@
cpt-cAMP ou). Extracellular cpt-cAMP induced a
significant increase it,,,, (P < 0.05, paired-test), whereas
intracellular cpt-cAMP or cAMP{ = 6,n = 4,
respectively) had no significant effect.

A

{nA)

effects could not be excluded. In any case, the singleept-cAMP (100um) or cAMP (1 nv) was added to the
channel results observed with cpt-cAMP perfusedintracellular solution and,,,, was measured 3 min later.
around the patch-pipette cannot explain the effects ofAs shown in Fig. 4, no effect on the amiloride-sensitive
cpt-cAMP observed for the macroscopic amiloride- current was detected. However, extracellular perfusion
sensitive current. of 100 um cpt-cAMP induced a large increase Igf,,
Because the effects of cpt-cAMP were measured as  Under the same conditions, we then tested the effect
Na currents in the two-electrode voltage-clamp experi-of intracellular perfusion of the catalytic subunit of PKA
ments and as Li currents in the patch-clamp experimentgn the amiloride-sensitive currenitt,,, was determined
the apparent discrepancy between the two results coulbdefore and 20 min after intracellular perfusion of 40 u/ml
be related to the type of permeant cation. To check foiof PKA. As shown in Fig. B, PKA had no significant
this possibility, we also measured the effects of cpt-effect on current carried bygpr-yr ENaC g = 11).
cAMP on the macroscopic Li current (extracellular so- As positive control experiments, we tested the effect
lution with 100 nv Li instead of 100 nu Na) with the  of intracellular perfusion of CAMP or PKA catalytic sub-
two-electrode voltage-clamp technique. In the presencenit on the CT current in oocytes expression CFTR. As
of 100 mm LiCl, cpt-cAMP also induced an increase of shown in Fig. 6, intracellular perfusion with 3 to 1
the amiloride-sensitive current in oocytes expressingnm cAMP or with 40 u/ml PKA induced a strong stimu-
agpr-yr ENaC. The amiloride-sensitive Li current in- lation of the membrane conductance in oocytes express-
creased from 1.7pA + 0.22t0 3.4uA +0.50 P<0.01, ing CFTR. On averag&; (uS) was increased from 0.58
n = 8) a stimulation similar to that observed in presencet 0.18 to 13.12 + 1.911 = 12) and from 0.36 + 0.07(
of Na (seeFig. 1A). = 7)t05.19 £ 1.911 = 7) with intracellular cAMP or
These results indicate that to have an effect onPKA, respectively.
ENaC, cpt-cAMP needs to access the extracellular side
of the membrane close to ENaC rather than activating
distant membrane receptor or reaching an intracellula
site by diffusing into the oocyte.

FFECT OF PKA INHIBITOR

Schnizler et al. (2000) observed that when a protein ki-
nase A inhibitor was injected intagpr-yr ENaC-

EFFECT OFINTRACELLULAR PERFUSION OF PERMEABLE expressing oocytes 20 min before electrophysiological
CAMP ANALOGUES ON THE MACROSCOPIC measurements, the effect of cpt-cAMP on the amiloride-
AMILORIDE-SENSITIVE SODIUM CURRENT sensitive current was inhibited. We tested the effect of

the PKA inhibitor PKI 6-22 on the stimulatory effect of
To obtain a more direct and precise control of the intra-cpt-cAMP using the cut-open oocyte techniqug,, was
cellular cAMP level, we used the cut-open oocyte tech-measured before and after intracellular perfusion with
nique. After mounting arxgp{3r-yr ENaC-expressing 0.5 or 1 mu PKI 6-22. As shown in Fig. B, PKI 6-22
oocyte in the cut-open oocyte chamber, the amiloridehas no effect on ENaC activity. The oocytes were then
sensitive currentl(,) was first measured while perfusing superfused with extracellular solution containing 100
the inside of the oocyte without cyclic nucleotide. Thencpt-cAMP and the amiloride-sensitive current was deter-
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A B
L. - Fig. 5. Effect of intracellular perfusion of PKA and its
_ 4 T inhibitor PKI 6-22 on amiloride-sensitive current in
oocytes expressinggp3r-yr ENaC. @) The
1.2 -

amiloride-sensitive current,) was measured before
and after intracellular perfusion of 40 u/ml PKA. There
was no significant effect of PKA (pairedtest,n = 11).
(B) The amiloride-sensitive current,() measured before
and after intracellular perfusion of 5Qv PKI 6-22,

and after subsequent exposure to 100 cpt-cCAMP.

PKI 6-22 had no significant effect oh,,, and did not
prevent activation by extracellular cpt-cAMP & 5, P

= 0.02, paired-test). |, values are expressed as
relative to the initial control value.

Normalized Imn
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T T Fig. 6. Effect of intracellular perfusion of CAMP
and PKA on whole-oocyte conductanceXenopus
oocytes expressing CFTR and hun@nadrenergic
o receptor. The whole-oocyte membrane conductance
between -40 and -80 mV was measured before and
-~ after intracellular perfusion of cAMP (0.01 to 1vm
o - pooled valuesn = 12) (A) or before and after
intracellular perfusion of 40 u/ml PKAB, n = 7).
Both cAMP P < 0.001, paired-test) and PKAP <
3 - 0.01, paired-test) induced a significant increase in
membrane conductance. Extracellular perfusion of 1
wM epinephrine was used as positive control.
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mined. Figure B shows that we could not abolish the and ar together withgr andyr ENaC-subunits. Either
stimulatory effect of cpt-cAMP omgp3r-yr ENaC by the N-terminus or the C-terminus of the-subunit were
intracellular perfusion of the PKA inhibitor. replaced by the corresponding domain of thgp-

To ascertain the effectiveness of the intracellularsubunit and conversely, either the N-terminus or the C-
PKI perfusion, we tested the stimulatory effect of epi- terminus of thexgp-subunit were replaced by the corre-
nephrine on the CFTR-mediated conductance in pressponding domain of thexr-subunit. The amiloride-
ence of 0.5 mu intracellular perfusion of PKI. The sensitive current was measured at a holding potential of
membrane conductance was measured before and afte60 mV before and 5 to 10 min after treatment with 100
intracellular perfusion with Jum epinephrine and then pm cpt-cAMP and 1 mn IBMX. As shown in Fig. 8
PKI was added to the intracellular perfusion. As shownreplacement of both N-terminal and C-terminal cytosolic
in Fig. 7, epinephrine induced a increase of the €lr-  domains of the guinea pig-subunit by the correspond-
rent and membrane conductance carried by CFTR. Oimg domains from the rat subunit did not abolish the
average the membrane conductance increased from 6.2%fect of cpt-cAMP. The results of all the domain-
+ 1.06 to 14.21 + 3.34.S (h = 6). The intracellular swapping experiments, summarized in Fig. 8, show that
perfusion of 0.5 mn PKI abolished completely the stimu- the sensitivity to cpt-cAMP was not conferred by the
latory effect of epinephrine. The conductance decreasel-terminal nor the C-terminal intracellular domains but
from 14.2 £ 3.310 6.9 + 2.4S (h = 6). rather by the parts of the protein that comprise the ex-

tracellular loop and both transmembrane segments.
DOMAIN-SWAPPING EXPERIMENTS

Discussion
To localize the cpt-cAMP-sensitive motif of thegp-  Vasopressin, acting through its V2 receptor and the
subunit we coexpressed chimeric constructs ofdgp ~ cAMP-PKA pathway, stimulates sodium transport in
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A B

[Ce | «pi loutside] | Epimephrine {out-side} + PKI 12 {in-side)

Conductance (US)

Co epi epi
prI[ - [ - [+ |

Fig. 7. Effect of intracellular perfusion of PKI 6-22 on stimulation of whole-oocyte conductance by epinepljr@riginal recording showing

that intracellular perfusion of 500m PKI 6-22 abolishes the stimulation of the conductance of an oocyte expressing human CHIRdrehergic

receptor with 1um epinephrine. The holding potential was alternated between —40 and —80 mV. The horizontal arrow indicates the zero-current
level. B) Average values of whole-oocyte conductance in initial control conditioo),(with 1 um extracellular epinephrineepi) and with
epinephrine + intracellular perfusion with PKI 6-22. Epinephrine induced a significant increase of the membrane conducta6¢e® « 0.01,
pairedt-test) and this effect was abolished by PKI 6-22.

both mammalian and amphibian tight epithelia by in-cally activate the PKA isoform responsible for the effect
creasing the activity of the epithelial Na channel (Krat-on ENaC, while it would have little effect on another
tenmacher et al., 1988; Canessa & Schafer, 1992; Sch&KA isoform associated with CFTR. This hypothesis
fer & Hawk, 1992; Verrey, 1994). The complete mecha-was not confirmed by two types of experiments. First,
nism of this stimulation is, however, not yet well no significant activation of ENaC resulted from the ap-
understood, maybe in part because this stimulation coulglication of cpt-cAMP around a patch pipette in the “cell
not be reproduced with ENaC expresseXemopuso-  attached” configuration. Second, using the “cut-open”
cytes (Awayda et al., 1996). Recently Schnizler et al.oocyte technique which allows control of the composi-
(2000) showed that thex subunit of the guinea pig tion on both sides of the oocyte membrane, we showed
ENaC, when coexpressed with r@t and y-subunits, that activation of ENaC was specifically produced by
resulted in the expression of functional Na channels thaéextracellular but not by intracellular perfusion with cpt-
could be strongly stimulated by the membrane-permeantAMP. Intracellular perfusion with cAMP was very ef-
and phosphodiesterase-resistant cCAMP analogue, cpficient to activate CFTR under these conditions.
cAMP. In the present work we have investigated the =~ From these experiments, we conclude that cpt-
mechanism by which this stimulation may occur. UsingcAMP but not cAMP itself is able to activategp3r-yr
endogenous production of cAMP by stimulation of a ENaC by some interaction with a receptor site located in
coexpresse@ adrenergic receptor or agents known tothe extracellular side of the oocyte membrane.
increase the cAMP level, we failed to observe an in- Because PKA is an intracellular enzyme, we do not
crease of the current carried lygp-pr-yr ENaC, even expect that it is involved in this response. Indeed, intra-
though our results do not allow us to exclude a smallcellular perfusion with a PKA inhibitor failed to prevent
stimulation that might have been masked by the spontathe effect of extracellular cpt-cAMP, while it prevented
neous rundown of ENaC activity. The same treatmentghe activation of CFTR by maneuvers known to increase
produced a large activation of the chloride conductancentracellular cAMP. These last results differ from those
due to expressed human CFTR, our positive controlreported earlier in which injection of oocytes, with high
similar to what has been described in several experimendoses of the PKA inhibitor inhibited ENaC activity and
tal models (Gadsby & Nairn, 1999). In addition, extra- prevented its activation by cpt-cAMP (Schnizler et al.,
cellular treatment with 10Qum cpt-cAMP consistently  2000). It is possible that other effects of the PKA inhibitor
activatedagp-3r-yr ENaC as reported earlier, while this were responsible for a strong inhibition of ENaC. For in-
treatment failed to activate CFTR. stance, the PKA inhibitor may have affected turnover pro-
We first thought that these results may indicate thatcesses in the oocyte membrane and produced a large de-
different isoforms of PKA with largely different sensi- crease of ENaC surface expression. This would explain the
bilities to various analogues of cAMP would be respon-reported slow but total downregulation of ENaC activity,
sible for the activation of ENaC and CFTR: cpt-cAMP because nagp{3r-yr ENaC would be left in the membrane
would enter the cell through the membrane and specifito be stimulated by extracellular 8-cpt-cAMP.
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Fig. 8. Effect of cpt-cAMP on sodium channels produced by the expression of guinea-gidpunit, rata-subunit or guinea pig/rat chimeric

a-subunit constructsA) Original current recording from an oocyte coexpressing the guinea pig BEN&a®unit in which both the intracellular N-

and C-terminal domains had been replaced by the corresponding domains of the rat ENaC subunit. The membrane potential was clamped at —60
mV. The current sensitive to 10m amiloride was measured before and after addition of LA0cAMP in combination with 1 ma IBMX to the

superfusing solution. The horizontal arrow indicates the zero-current I8)ell¢an cpt-cCAMP-induced increase in amiloride-sensitive current in

the guinea pigy-, rata- or guinea pig/rat chimerie-subunit constructs. The thick horizontal line indicates the level of the control values. The parts

of the protein belonging to the rat subunit are indicated by a thick line while the guinea pig parts are indicated by a thin line in the schemes above
each column. In all cases, wild-type or chimesiesubunits were coexpressed with wild-type Batandy-subunits. All currents were measured at

a holding potential of =60 mV and normalized to the current measured before cpt-cAMP treatmer (o 5).

In another approach to identify the domain of the are also known to activate ENaC by an interaction with
agp protein responsible for the effect of cpt-cAMP, we the extracellular part of the protein (Chraibi et al., 1998)
used rat/guinea pig chimeric constructs. Swapping eitheand we have recently provided some evidence for the
the N-terminal or the C-terminal intracellular domains existence of another regulatory site located on the extra-
between rat and guinea pig ENaCsubunit had no ef- cellular side of the channel, namely the effect of glib-
fect, indicating that neither the N-terminal nor the C- enclamide on ENaC activity (Chraibi & Horisberger,
terminal ofagp ENaC confers the ability to be activated 1999). Further studies using these extracellular agents
by cpt-cAMP. These results confirm the hypothesis thatmay help to understand the physiological role of the
the effect of cpt-cCAMP is not transmitted to ENaC by anlarge extracellular domain of ENaC and the other chan-
interaction with an intracellular part of the ENaC protein. nels of this family.

We have therefore reached the rather surprising con-
clusion that Cpt-CAMF_’, or thg down Str?am eleme_nt OfWe are grateful to Laurent Schild for reading the manuscript and pro-
the cascade responsible for its effect, interacts with aRiding useful suggestions and to Margretridis for excellent technical
extracellular domain of ENaC. The mechanism of acti-assistance. This work was supported by the Human Science Frontier
vation is most certainly different from that responsible Programm, grant RG 0261/2000 to J.-D.H. and by the Deutsche For-
for the activation of ENaC in tight epithelia, which is schungsgemeinschaft grant Cl 63/12-3 to W.C.
known to involve PKA (Garty & Palmer, 1997; Verrey,
1994).

Although these results do not help to understand th
meChan_lsm of the regulation of Na transport by the Va'AbrieI, H., Horisberger, J.-D. 1999. Feedback inhibition of amiloride-
sopressin V2 receptor and the cAMP/PKA pathway, they  sensitive epithelial sodium channel ¥enopus leavisocyte. J.
provide evidence for the existence of a regulatory site Physiol.516:31-43
located in the extracellular part of the protein. Proteaseswayda, M.S., Ismailov, I.1., Berdiev, B.K., Fuller, C.M., Benos, D.J.
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