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Abstract. Cystic fibrosis (CF) transmembrane con-
ductance regulator (CFTR) Cl) channel function is
required for activating amiloride-sensitive epithelial
Na+ channels (ENaC) in salt-absorbing human sweat
duct. It is unclear whether ENaC channel function is
also required for CFTR activation. The dysfunctional
ENaC mutations in type-1 pseudohypoaldosteronism
(PHA-1) provided a good opportunity to study this
phenomenon of ion channel interaction between
CFTR and ENaC. The PHA-1 ducts completely
lacked spontaneous ENaC conductance (gENaC). In
contrast, the normal ducts showed large spontaneous
gENaC (46 ± 10 ms, mean ± SE). After permeabili-
zation of the basolateral membrane with a-toxin,
cAMP + ATP activation of CFTR Cl) conductance
(gCFTR) or alkalinization of cytosolic pH (6.8 to 8.5)
stimulated gENaC of normal but not PHA-1 ducts. In
contrast, both spontaneous gCFTR in intact ducts
and (cAMP + ATP)-activated gCFTR of permeabi-
lized ducts appeared to be similar in normal and
PHA-1 subjects. Lack of gENaC completely blocked
salt absorption and caused dramatic reversal of skin
potentials associated with pilocarpine-induced sweat
secretion from significantly negative in normal sub-
jects ()13 ± 7.0 mV) to significantly positive
(+22 ± 11.0 mV) in PHA-1 patients. We conclude
that virtual lack of ENaC in PHA-1 ducts had little
effect on CFTR activity and that the positive skin
potentials could potentially serve as a diagnostic tool
to identify type-1 pseudohypoaldosteronism.
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Introduction

We have recently shown that activation of CFTR
increases gENaC in the native human reabsorptive

sweat duct. Lack of CFTR function in the apical
membranes of sweat ducts from homozygous DF508
CF patients resulted in significant loss of ENaC
activity. These early observations indicated that
CFTR Cl) channel function is required for activation
of ENaC in absorptive sweat duct [20]. Since the
CFTR and ENaC must function in concert during
salt absorption, we asked whether ENaC could also
influence CFTR function. Studies on heterologous
systems indicated that ENaC expression significantly
stimulated CFTR Cl) currents in Xenopus oocytes
[12]. However, direct evidence of ENaC stimulation
of CFTR Cl) conductance from a native human tis-
sue is lacking. The sweat ducts from type-1 PHA
patients that seem to lack ENaC conductance in the
apical plasma membrane offered a good opportunity
to investigate the role of ENaC in CFTR regulation.
The autosomal recessive PHA-1 is caused by loss-of-
function mutations in ENaC [5, 7, 8, 11, 27, 29].
Patients with this systemic form of PHA-1 suffer salt
loss from multiple Na+-absorbing epithelia including
kidneys, colon, salivary glands and sweat glands [10,
13, 27]. Based on studies of heterologous systems,
mutant isoforms associated with this form of PHA-1
are thought to interfere with the normal trafficking of
assembled ENaC channels to the plasma membranes
[7, 27]. However, we do not fully understand the ex-
tent to which ENaC function is lost in vivo. If, in fact,
the sweat ducts from PHA-1 patients have completely
lost ENaC activity as predicted, these ducts might
serve as an excellent model to investigate molecular
interaction between ENaC and CFTR. Measuring
the magnitude of gCFTR in these ducts may provide
critical preliminary insights into several critical
questions such as whether ENaC and CFTR inter-
action influence each other�s trafficking and expres-
sion and whether loss of Na+ transport activity
affects the activity of the counter ion (Cl)) channel,
CFTR, in vivo. Accordingly, we investigated the ef-
fect of ENaC mutations on sweat electrolyte con-
centration, skin potentials and the magnitude ofCorrespondence to: M.M. Reddy; email: mmr@ ucsd.edu
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gENaC in the apical membrane of sweat ducts from
PHA-1 patients. We then compared the effect of
ENaC activity on the properties of spontaneous
gCFTR in intact ducts and cAMP-and ATP-acti-
vated gCFTR in basolaterally a-toxin-permeabilized
ducts from PHA-1 patients and normal subjects. We
show that native sweat ducts from PHA-1 patients
completely lacked gENaC, yet the magnitude of
gCFTR remains unaffected, suggesting that in con-
trast to ENaC (which requires CFTR for its activa-
tion), CFTR activity is independent of ENaC
activity.

Materials and Methods

MICROPERFUSION OF SWEAT DUCTS

Sweat ducts were obtained from skin biopsies of subjects giving

informed consent. Experiments were performed on ten normal and

two PHA-1 subjects. Because PHA-1 is a very rare genetic disease

only a limited number of patients were available to participate in

this study. Sweat ducts were dissected and microperfused as de-

scribed previously [19, 20]. Segments of ducts usually longer than

1 mm were microperfused with a double-barreled luminal micro-

pipette that served to perfuse and record transepithelial voltage

through one barrel and to pass constant current pulses through the

other. This arrangement allowed estimation of the specific mem-

brane conductance from the cable equation [19, 20].

PERMEABILZATION OF THE BASOLATERAL MEMBRANE

After confirming the integrity of the perfused tubule [19], we ap-

plied 1,000–5,000 units/ml of a-toxin fiom Staphylococcus aureus to

the bath solution in order to selectively permeabilize the basolateral

membrane [19, 20]. This procedure leaves the epithelium with an

intact, functional apical membrane and a non-selective basal

membrane, permeable to molecules of up to about 5,000 mwu

including cAMP, ATP and other small solutes. We then determined

the magnitude of gCFTR and gENaC before and after application

of cAMP and ATP to the cytoplasmic bath by measuring the trans-

apical membrane conductance as previously described [20].

PERFUSION SOLUTIONS

The luminal perfusion Ringer�s solutions contained (in mM) NaCl,

150; K, 5; PO4, 3.5; MgSO4, 1.2; CaCl2, 1; buffered to pH. 7.4.

gENaC was blocked by luminal amiloride (0.1) as needed to

measure the amiloride-sensitive conductance in the apical mem-

brane. Cl)-free luminal Ringer�s solution was prepared by complete

substitution of Cl) with the impermeant anion gluconate. The

cytoplasmic / bath solution contained in mM: K+ 145, gluconate

140, PO)
4 3.5, MgSO4 1.2, and 260 lM Ca2+ buffered with 2.0 mM

EGTA (Sigma) to 80 nM free Ca2+, pH 6.8; ATP 5, and cAMP 0.1

were added to the cytoplasmic bath as needed. Statistical signifi-

cance was determined with Student�s t-test. A P value of <0.05 was

taken to be significantly different.

SWEAT ELECTROLYTES

Sweat glands of the forearm (25 cm2 area) were stimulated by

iontophoretic application of 10)5 M pilocarpine for a duration of

5.00 min using DC current of 4.0 mA. Secreted sweat was collected

from the stimulated area on a filter paper hermetically sealed under

plastic film. The filter paper was weighed before and after sweat

collection. The sweat was diluted by a fixed volume of deionized

distilled water. K+, Na+ activities were measured using ion-sen-

sitive electrodes (WPI Model: detectION). Cl) concentration was

determined by using chloridometry.

SKIN POTENTIALS

Skin potentials from the pilocarpine-stimulated skin surface were

recorded by placing an ECG electrode (KENDAL, Model:

MEDITRACE 4603) presoaked in 150 mM KCl solution over a

corner portion of the stimulated area. A similar reference electrode

was placed over a small area of unstimulated skin that was lightly

abrased to gain electrical contact with interstitial fluid. The elec-

trical imbalance between the active recording electrode and the

reference electrode, usually < 2 mV, were subtracted from the

total potential difference between the two electrodes.

RT-PCR

Sweat ducts were freshly isolated from sweat glands and immedi-

ately processed for total RNA extraction. Total RNA was ex-

tracted by using Absolutely Nanoprep Kit (Stratagene, La Jolla,

CA). RNA was reverse-transcribed using the Sensiscript RT Kit

(QIAGEN Inc. CA). The resulting first-strand cDNA was directly

used for PCR amplification (TaqPCR Core Kit, QIAGEN Inc.

CA). The conditions for PCR reactions were: 3 min at 94�C (initial

melt); 35 cycles of 1 min at 94�C, 1 min at 55–60�C, 1 min at 72�C
and 72�C 10 min (final extension). For the negative control, RT-

PCR was performed in the absence of RT. The PCR products were

analyzed by agarose gel electrophoresis stained with ethidium

bromide. The primers were constructed on the basis of the pub-

lished cDNA sequences of CFTR and ENaC from GenBank. The

pairs of primers for a-ENaC (accession: BC037417) were sense 5¢-
GAACAACTCCAACCTCTGGATGTC-3¢ and antisense 5¢-
TGGTGCAGTCGCCATAAT-3¢ to generate a 257-bp PCR

product; for b-ENaC (NM000336) the primers were sense 5¢-
TGCTGTGCCTCATCGAGTTTG-3¢ and antisense 5¢-TGCA-

GACGCAGGGAGTCATAGTTG-3¢ to generate a 277-bp PCR

product; for c-ENaC (X87160) they were sense 5¢-TCAAGAA-

GAATCTGCCCGTGA-3¢and antisense 5¢-GGAAGTGGACTT-

TGATGGAAACTG-3¢ to generate a 237-bp PCR product.

RESULTS

SPONTANEOUS ELECTRICAL PROPERTIES

Spontaneous transepithelial electrical conductance
(Gt) and electrical potential (Vt) of microperfused
ducts from both normal and PHA-1 subjects were
measured with symmetrical 150 mM NaCl in lumen
(± amiloride) and bath. Normal ducts showed sig-
nificant spontaneous electrogenic transport poten-
tials. In contrast, the PHA-1 ducts showed no
spontaneous potentials (Fig.1 and 2). The mean val-
ues of the Gt and Vt in PHA-1 ducts were 51 ± 6.0
ms/cm2 and 1.8 ± 1.5 mV respectively (n = 5 ducts
from two PHA patients) (Fig 2A). In contrast, the Gt

and Vt were significantly larger (Gt = 103 ± 6.0 ms/
cm2 and Vt = )16 ± 3 mV, n = 12 ducts from six
subjects) in ducts from control subjects (Fig. 2A).
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However, after application of amiloride to the lumi-
nal surface of normal ducts, the values of Vt

()0.2 ± 0.3 mV, n = 4) and Gt (59 ± 5 ms/cm2,
n = 5) were similar to those of PHA-1 ducts
(Fig. 2B). Luminal amiloride had no detectable effect
on the spontaneous electrical properties of ducts from
PHA-1 patients (Fig. 1 and 2). Similarly, the PHA-1
ducts conspicuously lacked a gENaC (n = 5) as
compared to normal ducts with large spontaneous
gENaC (46 ± 10 ms, n = 4, 150 mM NaCl in lumen
and bath, Fig.1 & 2C).

EFFECT OF Cl) SUBSTITUTION IN THE LUMEN

In the absence of luminal amiloride, the Cl) diffusion
potentials generated by complete luminal Cl) substi-
tution with the impermeant anion gluconate (150 mM

NaCl in the bath / 150 mM NaGlu in the lumen) were
distinctly more negative in normal ducts
()83 ± 7 mV, n = 12) compared to PHA-1 ducts
()28 ± 3 mV, n = 5). However, the Vt of normal
ducts (Vt = )34 ± 2 mV, n = 5) generated by
complete luminal Cl) substitution in the presence of
luminal amiloride is comparable to that of PHA-1

ducts in the absence (or presence of amiloride (Fig. 1
and 2B).

EFFECT OF CYTOSOLIC pH ON gENaC IN

PERMEABILIZED DUCTS

Alkalinization of cytosolic pH activated gENaC in
normal ducts, both before and after activation of
CFTR with cAMP and ATP (Figs. 3 and 4). In
contrast, alkalinization of cytosolic pH had virtually
no effect on amiloride-sensitive conductance in PHA
ducts either before or after activation of CFTR
(Figs. 3 and 4).

cAMP-STIMULATED CFTR IN PERMEABILIZED DUCTS

We then investigated the effect of absence of gENaC
in PHA-1 ducts on the cAMP + ATP regulation of
CFTR Cl) conductance using basolaterally a-toxin-
permeabilized sweat ducts [20, 26]. Application of
cAMP and ATP significantly activated gCFTR in
both PHA-1 and normal ducts (Figs. 3 and 4).
However, no significant difference was noticed in the
magnitude of (cAMP + ATP)-activated gCFTR
between normal and PHA-1 ducts (Figs. 3, 4 and 5).

Fig. 1. Electrical properties of intact microperfused normal and PHA-1 ducts:(A) Representative electrical trace of a normal duct showing

large transepithelial potential due to luminal Cl) substitution by the impermeant anion gluconate (150 mM NaCl in the bath and 150 mM

NaGlu in the lumen) and a relatively large amiloride-sensitive Na+ conductance indicated by the significant depolarization of Vt and the

increased amplitude of transepithelial current pulse-induced voltage deflections caused by luminal amiloride in both the presence and

absence of Cl) in the lumen (boxed data). (B) Representative electrical trace of an intact microperfused sweat duct from a PHA-1 patient.

Notice that the Vt is relatively small even after complete luminal Cl) substitution. However, the Vt of the PHA-1 patient is comparable to

that of normal ducts in the presence or absence of luminal Cl) when Na+ conductance of the normal ducts is blocked with amiloride. Also

notice that amiloride has no effect on the electrical properties of PHA-1 ducts, indicating an almost complete loss of ENaC conductance in

the apical plasma membrane. The downward voltage deflections are in response to 50 nA transepithelial constant current pulses the

magnitude of which is inversely related to transepithelial conductance.
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EFFECT OF cAMP+ATP ON gENaC IN PERMEABILIZED

DUCTS

Activation of gCFTR stimulated gENaC in normal
ducts by an order of magnitude, but not in PHA
ducts (Fig. 5). There was virtually no effect of amil-
oride on the electrical properties of the apical mem-
brane of PHA ducts either before or after application
of cAMP + ATP (Figs. 3, 4, and 5). In comparison,
normal ducts always showed some degree of amilo-
ride sensitivity (even in the complete absence of
CFTR activity) that was stimulated further by acti-
vation of CFTR (Figs. 4 and 5).

SWEAT ELECTROLYTES

Pilocarpine-induced sweat electrolyte composition
indicated that the PHA-1duct is virtually incapable of
absorbing salt from isotonic sweat secreted by the
secretory coil. The levels of Na+ and Cl) appearing
on the skin surface remained isotonic (� 150 mM),

whereas the sweat from normal subjects was signifi-
cantly hypotonic (< 50 mM) (Fig. 6A).

SKIN POTENTIALS

After pilocarpine stimulation of sweat secretion, skin
potentials always remained significantly negative
()13 ± 7.0 mV, n = number of human sub-
jects = 6) in normal subjects. Inmarked contrast, skin
potentials remained significantly positive (+22 ± 11,
n = 2) in PHA-1 subjects (Fig. 6B).

mRNA IS EXPRESSED IN PHA DUCTS

Even though the ENaC function was not observed in
the apical membrane of the PHA ducts, the mRNA for
all the three subunits (a,b,c) of ENaC was expressed
(Fig. 7B). However, surprisingly the mRNA signal for
b-ENaC was observed in both PHA-1 patients,
whereas an mRNA signal for b-ENaC was detected in
only one out of five normal subjects (Fig. 7A).

Fig. 2. Summary of electrical properties of intact microperfused sweat ducts. (A) Effect of luminal amiloride on spontaneous electrical

properties (150 mM NaCl in lumen and bath) of normal and PHA-1 ducts. Notice that Vt and Gt of normal ducts are significantly larger as

compared to the values of PHA-1 ducts. However, Vt and Gt of amiloride-inhibited normal ducts are similar to those of PHA-1 ducts. (B)

Effect of luminal amiloride on Vt and Gt after luminal Cl) substitution with gluconate (Glu, lumen and bath contained 150 mM NaCl and

150 mM NaGlu, respectively). Notice that the Vt and Gt of normal and PHA-1 ducts are similar only after blocking apical Na+ conductance

with amiloride. (C) Amiloride-sensitive ENaC conductance in normal and PHA-1 ducts. Notice that there is a large amiloride-sensitive

spontaneous Na+ conductance (150 mM NaCl in lumen and bath) in normal ducts, whereas PHA-1 ducts virtually lacked this conductance.

The data represent mean ± standard error, n = 5 ducts each from normal and PHA-1 subjects)
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Discussion

FUNCTIONAL INTERACTION BETWEEN ENaC AND CFTR

Most salt (NaCl)-absorbing epithelial cells depend on
the activities of ENaC and CFTR in the apical

plasma membrane for transporting Na+ and its co-
ion Cl) across the apical membrane. Early studies
indicated close coordination between these two
principal epithelial ion channel activities even though
the nature of such coordination may be tissue-specific
[20, 30]. In the reabsorptive sweat duct, not only are

Fig. 3. Effect of cytosolic pH on ENaC in normal and PHA-1 ducts before activation of CFTR. (A) Representative electrical trace recorded

from normal duct after a-toxin permeabilization of basolateral membrane. Removal of amiloride from the luminal perfusate induced a

lumen-negative transepithelial Na+ diffusion potential generated by 150 mM KGlu in the cytoplasmic bath and 150 mM NaCl in the lumen

(indicated by Vt hyperpolarization). Notice that raising cytoplasmic pH from 6.8 to 8.5 further hyperpolarized Vt, indicating an increase in

Na+ diffusion potentials and, hence, gENaC. (B) Representative electrical trace recorded from an a-toxin-permeabilized PHA-1 duct. In

marked contrast to normal ducts, washing out luminal amiloride and raising cytoplasmic pH from 6.8 to 8.5 had no effect on Na+ diffusion

potentials (no effect on Vt). The large increase in lumen-positive Cl) diffusion potentials (generated by 150 mM NaCl + 10)5 M amiloride in

the lumen and 140 mM KGlu in the cytoplasmic bath) after activation of CFTR by adding 0.1 mM cAMP and 5 mM ATP to cytoplasmic

bath demonstrates tissue integrity.

Fig. 4. Effect of pH on ENaC in normal and PHA ducts after activation of CFTR. (A) Representative electrical trace recorded from normal

duct after a-toxin permeabilization of basolateral membrane. Removal of amiloride from the luminal perfusate induced a lumen-negative

tranepithelial Na+ diffusion potential under the same conditions as in Fig. 3 (indicated by Vt hyperpolarization). Activation of gCFTR by

adding 0.1 mM cAMP + 5 mM ATP to the cytoplasmic bath increased lumen-positive Cl) diffusion potentials (150 mM NaCl + 10)5 M

amiloride in the lumen and 140 mM KGlu in the cytoplasmic bath). Washing out amiloride after activation of CFTR hyperpolarized Vt,

indicating an increase in Na+ diffusion potentials, which were hyperpolarized further by raising cytoplasmic pH from 6.8 to 8.5. (B)

Representative electrical trace recorded from an a-toxin permeabilized PHA-1 duct. In marked contrast to normal ducts, washing out

luminal amiloride and raising cytoplasmic pH from 6.8 to 8.5 had no effect on Na+ diffusion potentials (no effect on Vt) either before or

after activation of CFTR Cl) conductance with cAMP+ATP. Also the lack of apical amiloride-sensitive ENaC conductance did not seem

to affect cAMP+ATP activation of CFTR Cl) conductance in PHA-1 ducts.
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these two channels activated simultaneously, but also
the activity of CFTR seems to stimulate ENaC
activity [20]. Paradoxically, the activities of CFTR
and ENaC are thought to be reciprocal in airway

epithelium., that is, CFTR seems to exert inhibitory
control over ENaC so that lack of CFTR function in
the apical plasma membrane of CF airway epithelial
cells apparently enhances ENaC activity [9, 30].
While these observations indicate that CFTR regu-
lates ENaC activity, we do not know whether ENaC
activity regulates CFTR function. Ex vivo studies
suggested that ENaC expression might stimulate
CFTR Cl) currents [12]. However, whether such
regulation occurs in vivo is unknown. In order to
address this question, we turned to native human
sweat ducts from patients with the systemic form of
type-1 PHA. Early studies indicated that sweat glands
were affected by mutations in the ENaC channels as
indicated by elevated sweat salt concentration. Even
though these mutations seem to affect trafficking of
the ENaC to the plasma membrane [7, 27], the
magnitude to which gENaC is affected in sweat duct
is not known. Accordingly, we investigated the affect
of PHA mutations on the functional expression of
ENaC in this tissue.

VIRTUAL LACK OF ENaC FUNCTION IN PHA-1 SWEAT

DUCTS

Active transepithelial salt transport generates a sig-
nificant luminal negative transepithelial potential
()10 to )20 mV) in symmetric bilateral 150 mM NaCl
due to electrogenic salt absorption in this tissue [21].
Blocking gENaC with amiloride completely elimi-
nates salt absorption as well as the spontaneous

Fig. 6. Sweat electrolytes and skin potentials. (A) Sweat electrolyte

concentrations from normal and PHA-1 patients. Isotonic con-

centrations of sweat Na+ and Cl) in PHA-1 patients indicated

complete lack of salt absorption from the primary sweat secreted

by the sweat gland secretory coil. In contrast, the fact that sweat

salt concentration is significantly hypotonic in normal subjects

indicates salt absorption by the normal sweat duct. (B) Reversal of

pilocarpine-induced skin potentials in PHA-1 patients. The lack of

ENaC in PHA-1 patients resulted in positive skin potentials in

these subjects, whereas the skin potentials always remained sig-

nificantly negative without any overlap between these two groups.

These results suggest that skin potentials may serve as a diagnostic

tool in identifying PHA-1 patients.

Fig. 5. Activating gCFTR stimulates gENaC in normal, but not in

PHA-1 ducts: Residual gENaC in normal ducts can be stimulated

by an order of magnitude following activation of gCFTR by cAMP

+ ATP in normal ducts after a-toxin permeabilization of the ba-

solateral membrane. In marked contrast, PHA-1 ducts have no

gENaC either before or after activation of gCFTR.
Fig. 7. Expression of mRNA for ENaC subunits in normal and

PHA ducts. RT-PCR shows that ducts from normal and PHA-1

ducts express mRNA for all three (a, b, c) subunits of ENaC that

are normally expressed in other Na+-absorbing epithelia such as

airways and kidney. These results also show that lack of amiloride-

sensitive ENaC in PHA-1 ducts is not due to lack of mRNA

expression in these ducts.
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transepithelial electrical potential (Figs.1 and 2A) [16,
22]. Therefore, the almost complete absence of
transepithelial potential, the virtual lack of effect of
amiloride on transepithelial potential, and the lower
transepithelial conductance (Figs. 1 and 2A) all re-
flect the total absence of electrogenic transport due to
the absence of gENaC in the apical membrane in
PHA-1 patients. Complete loss of ENaC function
results in salt-wasting hypotension and hyperkalemia
in pHA-1 patients [5, 13, 27]. Since these autosomal
recessive, loss-of-function mutations seem to interfere
with normal trafficking of assembled ENaC channels
[7, 27], the lack of effect of amiloride is likely due to
the absence of at least one of the functional subunits
of ENaC in the plasma membrane. Alternatively,
mutant ENaC channels may escape the cellular
quality control and traffic to the plasma membrane,
but remain inactive. If the latter were the case, stim-
ulation of mutant ENaC channels might have po-
tential therapeutic value if these channels retain some
Na+ channel function. Therefore we investigated
whether the channel could be stimulated.

gENaC IN PHA DUCTS CANNOT BE ACTIVATED

Previously we showed that ENaC activity requires
CFTR channel function in this tissue [20]. Accord-
ingly, we maximally activated gCFTR with cAMP +
ATP after a-toxin permeabilization of the basolateral
membrane to stimulate gENaC. Figs. 3, 4 and 5 show
that gENaC stimulation following CFTR activation
occurs only in normal, but not in PHA-1 ducts.
Furthermore, we previously reported that gENaC is
activated by cytosolic alkaline pH in normal ducts
[25]. Alkaline pH activation of gENaC appears to be
independent of ENaC activation by CFTR in the
presence of cAMP and ATP in normal ducts [25]
(Fig. 3 and 4). However, gENaC was not activated by
alkaline pH in ducts from PHA-1 patients irrespec-
tive of the status of CFTR activity (Figs. 3 and 4).
These results indicate either that, as expected, there is
virtually no ENaC expressed in the plasma mem-
brane [7] or that, even if some ENaC escapes to the
plasma membrane, it is dysfunctional.

CFTR ACTIVITY IS INDEPENDENT OF ENaC

Complete Cl) substitution by gluconate in the lumen
generated relatively smaller transepithelial potentials
in PHA-1 ducts as compared to that of normal ducts
(Figs. 1 and 2B). This could be either due to reduced
gCFTR or to the loss of gENaC and the corre-
sponding Na+ EMF (electromotive force) causing
apical membrane hyperpolarization and transepithe-
lial potential depolarization [21, 23], or both. How-
ever, the luminal Cl) substitution-induced trans-
epithelial potentials in normal and PHA-1 ducts
appeared to be almost identical after blocking ENaC

of normal ducts with amiloride (Figs.1 and 2B).
These results show that the loss of Na+-EMF, but
not the loss of gCFTR across the apical membrane is
primarily responsible for smaller Cl) substitution-
induced transepithelial potentials in PHA-1 ducts.

In addition, the spontaneous transepithelial
conductance with 150 mM NaCl in the lumen and
bath of normal ducts appeared to be almost double
that of PHA-1 ducts (Fig. 2A). These results seem to
reflect a lack of gENaC rather than decreased
gCFTR in PHA-1 ducts. The fact that gCFTR in
amiloride-inhibited normal ducts appears to be al-
most the same as that of PHA-1 ducts (Fig. 2A)
supports this conclusion. However, comparing the
magnitude of spontaneous gCFTR between normal
and PHA-1 ducts may not be fully appropriate be-
cause CFTR might not be spontaneously maximally
activated [23]. Hence, we permeabilized the basolat-
eral membrane so that the magnitude of fully acti-
vated apical gCFTR could be compared between
normal and PHA-1 ducts. Fig. 5 shows no significant
difference in the magnitude of (cAMP+ATP)-acti-
vated gCFTR between normal and PHA-1 ducts.
These results taken together with the facts that CFTR
can be normally activated after blocking ENaC with
amiloride in normal ducts (Figs. 3A and 4A) or in the
absence of ENaC in secretory epithelial cells [2]
indicate that ENaC function is not required for
normal CFTR activity in sweat duct epithelial cells.

COMPLETELY ELECTROCONDUCTIVE ENaC-DEPENDENT

Na+ ABSORPTION

Transepithelial salt absorption requires simultaneous
activities of both CFTR and ENaC channels in order
to maintain electroneutrality during transport activ-
ity [20]. Hence, loss of function in one channel pre-
vents absorption of Na+ as well as Cl) [18]. The
almost complete lack of salt absorption in the face of
normal CFTR Cl) conductance in PHA-1 ducts
(Figs. 3B, 4B and 5) indicates that there is neither an
alternative Na+ channel nor a functional carrier
transporter (such as Na/Cl or Na+/K+/2Cl) co-
transport) [22, 26] to accommodate Na+ absorption,
which evidently occurs exclusively through the ENaC
elctroconductive pathway.

REVERSED SKIN POTENTIALS AS A DIAGNOSTIC PROPERTY

Sweat salt concentration is elevated in both CF as
well as PHA-1 patients [3, 13]. Hence the classic sweat
test for elevated electrolyte concentrations cannot
distinguish between these two groups. However, even
though a loss in either CFTR or ENaC results in the
same functional consequence (i.e., elevated sweat salt
concentration), we know that the electrical signals
generated by inhibition of either one of these two ion
channels are strikingly opposite. That is, inhibition of
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CFTR either by blockers or by mutation increases
transepithelial potentials [17, 24], while inhibition of
ENaC either by amiloride [21] (Figs. 1 and 2A] or by
mutation decreases transepithelial potentials (Figs. 1
and 2). Since ductal electrogenic transport activity
appears to be the predominant source of skin po-
tential associated with sweat secretion [3], we inves-
tigated the effect of the lack of ENaC activity on the
skin potentials associated with pilocarpine-induced
sweat secretion in normal as well as PHA-1 patients.
Surprisingly, in both PHA-1 patients the skin
potentials were dramatically opposite to normal as
well as CF patients (Fig. 6) [27]. Inhibition of ENaC
either by amiloride, as in normal ducts, or by muta-
tions, as in PHA-1 ducts, merely abolishes transepi-
thelial potential in isolated ducts under
microperfused conditions (150 mM NaCl in lumen
and bath, Figs. 1 and 2A). Therefore, one would not
expect such large positive skin potentials in PHA-1
patients. However, it must be noted that these are the
proximal ducts that are intertwined with the secretory
coil. We speculate that the straight portions of the
sweat duct leading to the skin surface, which are very
narrow and difficult to microperfuse, may have dif-
ferent physiological properties with respect to their
ability to secrete either proton or K+ that might be
pronounced in PHA-1 much more than in normal
ducts, contributing to these distinctly positive skin
potentials. Even though identification of the exact
physiological basis of large positive skin potentials in
PHA-1 patients requires further investigation, these
empirical observations show that skin potential
measurement could be a useful diagnostic tool to
distinguish PHA-1 patients from normal individuals
and CF patients.

IMPLICATIONS

Complete lack of electrogenic salt transport [13],
virtual loss of ENaC activity, and the expression of
mRNA for the a,b,c ENaC subunits in the human
sweat duct, airways and kidney [4, 13, 27] indicate
that the same ENaC channel is expressed in all these
tissues. Therefore, reciprocal inhibition of ENaC in
the airways as opposed to the simultaneous activation
of ENaC in the sweat duct by CFTR must reflect
different cell-specific intracellular signaling mecha-
nisms rather than differences in the Na+ channels
[20, 30].

Normal CFTR activity in the complete absence
of ENaC in PHA-1 ducts suggests that these two
important ion channels critical to salt absorption can
be trafficked to the plama membrane independently
of each other. More significantly, virtual loss of
transepithelial transport activity does not seem to
affect normal expression of CFTR in PHA-1 patients.
These results suggest that unlike ENaC whose activ-
ity is closely tied to the Na+ transport demand and

aldosterone levels [27], CFTR expression may not be
strictly tied to transepithelial Cl) absorption alone.
Besides Cl) transport, CFTR seems involved in other
vital physiological functions such as HCO3

) perme-
ability [14, 15, 26, 28] and regulation of Na+ /H+ [1]
and C1)/HCO3

) (6) exchangers. Therefore, exclusive
linkage of CFTR expression to Cl) transport activity
could derail other regulatory functions of CFTR.
Hence, it appears that the aforementioned CFTR-
dependent vital transport functions may have been
relatively unaffected owing to normal expression of
this regulatory ion channel protein in the face of
virtual absence of salt transport activity in type-1
pseudohypoaldosteronism
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