
Th
e 

Jo
ur

na
l o

f 
G

en
er

al
 P

hy
si

o
lo

g
y

 

J. Gen. Physiol. © The Rockefeller University Press $8.00
Volume 126 Number 4 October 2005 339–352
http://www.jgp.org/cgi/doi/10.1085/jgp.200509285

 

339

 

ARTICLE

 

Endogenous Protease Activation of ENaC: Effect of Serine Protease 
Inhibition on ENaC Single Channel Properties

 

Adedotun Adebamiro,

 

1

 

 Yi Cheng,

 

3

 

 John P. Johnson,

 

2

 

 and Robert J. Bridges

 

3

 

1

 

Department of Cell Biology and Physiology, University of Pittsburgh, Pittsburgh, PA 15261

 

2

 

Renal-Electrolyte Division, Department of Medicine, University of Pittsburgh School of Medicine, Pittsburgh, PA 15261

 

3

 

Department of Physiology and Biophysics, Rosalind Franklin University of Medicine and Science, North Chicago, IL 60064

 

Endogenous serine proteases have been reported to control the reabsorption of Na

 

�

 

 by kidney- and lung-derived
epithelial cells via stimulation of electrogenic Na

 

�

 

 transport mediated by the epithelial Na

 

�

 

 channel (ENaC). In
this study we investigated the effects of aprotinin on ENaC single channel properties using transepithelial fluctuation
analysis in the amphibian kidney epithelium, A6. Aprotinin caused a time- and concentration-dependent inhibition
(84 

 

�

 

 10.5%) in the amiloride-sensitive sodium transport (I

 

Na

 

) with a time constant of 18 min and half maximal
inhibition constant of 1 

 

�

 

M. Analysis of amiloride analogue blocker–induced fluctuations in I

 

Na

 

 showed linear
rate–concentration plots with identical blocker on and off rates in control and aprotinin-inhibited conditions.
Verification of open-block kinetics allowed for the use of a pulse protocol method (Helman, S.I., X. Liu, K. Baldwin,
B.L. Blazer-Yost, and W.J. Els. 1998. 

 

Am

 

. 

 

J

 

. 

 

Physiol

 

. 274:C947–C957) to study the same cells under different conditions
as well as the reversibility of the aprotinin effect on single channel properties. Aprotinin caused reversible changes
in all three single channel properties but only the change in the number of open channels was consistent with the
inhibition of I

 

Na

 

. A 50% decrease in I

 

Na

 

 was accompanied by 50% increases in the single channel current and open
probability but an 80% decrease in the number of open channels. Washout of aprotinin led to a time-dependent
restoration of I

 

Na

 

 as well as the single channel properties to the control, pre-aprotinin, values. We conclude that
protease regulation of I

 

Na

 

 is mediated by changes in the number of open channels in the apical membrane. The
increase in the single channel current caused by protease inhibition can be explained by a hyperpolarization of
the apical membrane potential as active Na

 

�

 

 channels are retrieved. The paradoxical increase in channel open
probability caused by protease inhibition will require further investigation but does suggest a potential compensatory
regulatory mechanism to maintain I

 

Na

 

 at some minimal threshold value.

 

I N T R O D U C T I O N

 

Absorption of fluids and electrolytes is a function of
many epithelia characterized, in many cases, by electro-
genic Na

 

�

 

 transport where the rate limiting step is api-
cal membrane entry mediated by the epithelial Na

 

�

 

channel (ENaC) (Garty and Palmer, 1997). In addition
to well-known endocrine regulation of ENaC through
intracellular steroid receptors (Garty, 2000) and second
messengers such as cAMP (Benos et al., 1996) and Ca

 

2

 

�

 

(Kunzelmann et al., 2001), a new means of regulation
by extracellular proteases was recently described (Vallet
et al., 1997) and referred to as channel activating
protease (CAP) regulation of ENaC. CAP regulation
of ENaC may play a role in a variety of physiologi-
cal functions from blood pressure regulation (Snyder,
2002) to mucocilliary clearance in the airways (Bou-
cher, 2004) and hearing (Rossier, 2004). Three putative
CAPs, CAP1 (prostasin), CAP2 (TMPRSS4), and CAP3
(matriptase) that stimulate ENaC-mediated amiloride-
sensitive Na

 

�

 

 transport (I

 

Na

 

) in 

 

Xenopus

 

 oocytes have
been cloned (Vuagniaux et al., 2002). These CAPs were
predicted to be membrane-anchored proteins with ex-

tracellular serine protease domains. The importance of
serine protease activity in ENaC regulation has been
demonstrated in renal epithelial cell lines (Vallet et al.,
1997; Nakhoul et al., 1998; Vuagniaux et al., 2000) and
primary airway cells (Bridges et al., 2001; Donaldson et
al., 2002) by serine protease inhibition.

Vallet et al. (2002) reported that both membrane
anchoring and proteolytic activity were required for
CAP1 activation of ENaC. However, the exogenous
addition of chymotrypsin and trypsin have also been
shown to stimulate I

 

Na

 

 in 

 

Xenopus

 

 oocytes (Chraibi et
al., 1998), and trypsin stimulates I

 

Na

 

 in fibroblasts ex-
pressing ENaC (Caldwell et al., 2004). Recently, it
was shown that the appearance of apparently smaller
molecular weight forms of ENaC from MDCK cells
heterologously expressing ENaC could be blocked by
mutations that remove putative cleavage sites in ENaC

 

�

 

 and 

 

�

 

 subunits for the protein convertase furin
(Hughey et al., 2004). These mutations were associated
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with a significant decrease of I

 

Na

 

 in 

 

Xenopus

 

 oocytes ex-
pressing ENaC. Although exogenous proteases have no
effect on the spontaneous I

 

Na

 

 in several native Na

 

�

 

transporting epithelia, trypsin enhanced recovery of I

 

Na

 

following inhibition by the serine protease inhibitors
aprotinin and bikunin (Vallet et al., 1997; Bridges et al.,
2001; Donaldson et al., 2002). Therefore, inhibition of
the CAP pathway by specific protease inhibitors is suffi-
cient to inhibit Na

 

�

 

 transport in numerous epithelia.
ENaC regulation by the CAP pathway could be medi-

ated by changes in the single channel current (

 

i

 

Na

 

), the
open probability (P

 

o

 

), or the number of active channels
(N

 

T

 

). Studies using ENaC heterologously expressed in
oocytes (Chraibi et al., 1998; Adachi et al., 2001) and fi-
broblasts (Caldwell et al., 2004) have yielded contradic-
tory results in regards to how extracellular proteases reg-
ulate ENaC. In an effort to further clarify how ENaC is
regulated by the CAP pathway we have used the amphib-
ian renal epithelial cell line A6 and transepithelial cur-
rent fluctuation analysis. Our results demonstrate that
the protease inhibitor aprotinin reversibly inhibits I

 

Na

 

.
The decrease in I

 

Na

 

 was accompanied by a decrease in the
number of open channels (N

 

o

 

), an increase in 

 

i

 

Na

 

, and a
paradoxical increase in P

 

o

 

. Because only the decrease in
N

 

o

 

 can explain the decrease in I

 

Na

 

 we conclude that the
CAP pathway regulates sodium transport by modulating
the number of active ENaCs in the apical membrane.

 

M A T E R I A L S  A N D  M E T H O D S

 

Cell Culture

 

A6 cells were maintained in amphibian medium (Biowhitaker)
and 10% FBS (GIBCO BRL) in an incubator with humidified air
and 4% CO

 

2

 

 at 28

 

�

 

C as previously described (Rokaw et al., 1996).
The cells were expanded on plastic tissue culture dishes and then
seeded on Costar Transwell permeable supports (polycarbonate
membrane of 0.4 

 

�

 

m pore size and 1 cm

 

2

 

 area). Experiments
were performed 14–21 d after seeding on the permeable sup-
ports and 24–48 h after media replacement.

 

Short-circuit Current (I

 

sc

 

) Measurement

 

Costar Transwell cell culture inserts were mounted in Costar
Ussing chambers and continuously voltage clamped to 0 mV with
an automatic voltage clamp (Department of Bioengineering, Uni-
versity of Iowa). Four millivolt bipolar pulses were applied every
minute, generating current deflections used to calculate the trans-
epithelial resistance (R

 

T

 

) with Ohms law. I

 

sc

 

 traces were digitized
at 10 Hz and recorded using a DASA 6600 acquisition board and
Acquire 6600 recording software (Gould Instrument System).
The bath solution was identical in the apical and basolateral
chambers and contained (in mM) 100 NaCl, 2.4 KHCO

 

3

 

, 1 CaCl

 

2

 

,
5 glucose. The pH of the solution was 8.0 when gassed with ambi-
ent air. All experiments were performed at room temperature.

 

Blocker-induced Fluctuation Analysis

 

A6 cells on Costar Transwell inserts were placed in Costar Ussing
chambers and continuously short circuited with a low noise volt-
age clamp previously described (Van Driessche and Lindemann,
1978). The I

 

sc

 

 was high-pass filtered to remove the DC compo-

nent and then subjected to anti-aliasing filtering and amplifica-
tion. The resulting signal was digitized and Fourier transformed
to generate power density spectra (PDS) normalized to the tissue
surface area (Van Driessche and Lindemann, 1979). PDS were
collected at 0.5 Hz fundamental frequency as averages of 30
sweeps over a frequency range of 0.5–350 Hz. The data was then
fitted to a Lorentzian noise function S

 

0

 

/(1 

 

�

 

 (f/f

 

c

 

)

 

2

 

) plus a
“one over f” component defined as S1/f

 

�

 

 (Paunescu et al., 2000).
“One over f” noise, also called flicker noise, is the excess noise
that results from fluctuations in conductance of porous mem-
branes held away from electrical equilibrium that decreases as 1/f
(DeFelice, 1981). S1 is the low frequency power of the “one
over f” noise with its decay characterized by 

 

�

 

 ranging from 0.5 to
1.5. We determined the plateau power (S

 

o

 

) and corner frequency
(f

 

c

 

) from fits of 44 data points in the 0.5–200 Hz range. Blocker-
dependent parameters were determined as previously described
(Helman and Baxendale, 1990; Els and Helman, 1997; Helman
et al., 1998). We determined aprotinin-dependent changes in
single channel parameters using two approaches; a cumulative
6-chloro-3,5-diaminopyrazine carboxamide (CDPC) concentra-
tion step and a pulse protocol (Helman et al., 1998). CDPC was
chosen because its low affinity and high off rate (see below) per-
mit measurements of Lorentzians at relatively uninhibited states
and affords a number of experimental advantages. These advantages
were well described by Helman and Baxendale (1990). First, low
affinity CDPC blockade minimizes the poorly understood “auto-
regulatory” responses to significant current inhibition that oc-
curs with higher affinity blockers. Second, CDPC permits si-
multaneous measurement of changes in steady-state current and
blocker kinetics from spectral analysis necessary for the determi-
nation of the open probability from the three-state model. Third,
a low affinity blocker by virtue of a high off rate reduces the rela-
tive error in the estimation of the off rate from the linear regres-
sion of the corner frequency versus blocker concentration.

The cumulative concentration step approach was performed
by mounting A6 cells in a fixed bath volume (5 ml) where 4 

 

�

 

M
aprotinin or PBS was added to the apical side. Apical and basolat-
eral solutions were continuously mixed and oxygenated by a gas
lift using air. After incubating in 4 

 

�

 

M aprotinin or PBS for 30
min, increasing doses of CDPC (in DMSO) were added to the
apical bath to yield a cumulative increase in CDPC concentra-
tion. The concentrations used were 10, 20, 30, 40, and 50 

 

�

 

M
CDPC. PDS were obtained 2 min after addition of each dose of
CDPC and following establishment of a new steady-state I

 

sc

 

. The
ENaC-mediated Na

 

�

 

 current (I

 

Na

 

) was taken as the I

 

sc

 

 before mi-
nus the I

 

sc

 

 remaining after addition of 10 

 

�

 

M amiloride and usu-
ally accounted for 

 

�

 

90% of the I

 

SC

 

. Blocker rate coefficients were
calculated from the linear regression of 2

 

�

 

f

 

c

 

 vs. blocker concen-
tration using a pseudo-first order kinetic description where 2

 

�

 

f

 

c

 

 

 

	

 

k

 

off

 

 

 

�

 

 

 

k

 

on

 

 

 




 

 [

 

B

 

] (k

 

on

 

 and k

 

off

 

 are the apparent on- and off-coeffi-
cients of the blocker (B) interacting with the open channel) and
the dissociation constant was calculated as 

 

K

 

d

 

 

 

	

 

 

 

k

 

of

 

f

 

/

 

k

 

on

 

. For the
pulse protocol, the Ussing chamber was modified to reduce the
apical volume to 1.5 ml. The cells were continuously perfused at
5 ml/min with ringer containing 10 

 

�

 

M CDPC. At indicated time
points, PDS were obtained, the solution was switched to one with
30 

 

�

 

M CDPC, PDS were again obtained, and then the solution
was switched back to one with 10 

 

�

 

M CDPC. Three experimental
periods were evaluated: (1) control, 30 min of perfusion without
aprotinin; (2) aprotinin, 45 min of perfusion with a solution con-
taining 10 

 

�

 

M aprotinin; and (3) washout, 30 min of perfusion
without aprotinin. PDS were obtained at 10 and 30 

 

�

 

M CDPC at
10, 20, and 30 min of the control and washout periods and at 25,
35, and 45 min of the aprotinin period. The blocker rate coeffi-
cients were calculated from the two blocker concentrations and
corner frequencies as:
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where f

 

c

 

(10) and f

 

c

 

(30) are the corner frequencies at 10 and 30

 

�

 

M CDPC and 

 

k

 

off

 

 

 

	

 

 2

 

�

 

f

 

c

 

(10) 

 

�

 

 

 

k

 

on

 

 

 




 

 10 

 




 

 

 

�

 

M. The single channel
current amplitude (i

 

Na

 

) was calculated as:

 

(1)

 

where I

 

Na

 

 is the amiloride-sensitive current thus allowing us to de-
termine the number of open channels at 10 

 

�

 

M CPDC as 

 

N

 

o

 

 

 

	

 

I

 

Na

 

(10)/

 

i

 

Na

 

. It has been extensively verified that CDPC and its an-
alogs interact with ENaC-mediated amiloride-sensitive Na

 

�

 

 trans-
port in a manner described satisfactorily by a three-state model
(Lindemann and Van Driessche, 1978; Li and Lindemann, 1983;
Abramcheck et al., 1985; Els and Helman, 1989, 1997; Helman
and Baxendale, 1990; Els et al., 1991; Baxendale-Cox et al., 1997;
Helman et al., 1998; Becchetti et al., 2002). The use of a closed-
open blocked three-state model instead of two-state or more
complicated four-state models is not the focus of this work and
arguments for the use of a three-state model of CDPC blockade
of I

 

Na

 

 in A6 cells can be found in Helman and Baxendale (1990)
and Helman et al. (1998). Therefore, the open probability (P

 

o

 

)
was calculated assuming a three-state model where the blocker
interacts with the open state using:

 

(2)

 

where INa(10) and INa(30) are the amiloride-sensitive current at
10 and 30 �M CDPC (Helman et al., 1998). The number of ac-
tive channels (NT) was calculated from

(3)

Cell Surface Biotinylation and Western Blot Analysis
Confluent A6 cell monolayers grown on permeable filters (Cos-
tar; 75 mm diameter) were treated with PBS, 10 �M aprotinin for
1 h, or 100 nM aldosterone for 6 h and then kept on ice. Cell sur-
face biotinylation and Western blot analysis of ENaC subunits
were performed according to the modified method as previously
described (Gottardi et al., 1995; Hanwell et al., 2002). In brief,
cells were washed three times in ice-cold PBS-CM (PBS with 1
mM MgCl2 and 0.1 mM CaCl2) and incubated with 1.5 mg/ml
EZ-link Sulfo-NHS-S-S-biotin (Pierce Chemical Co.) in cold bio-
tinylation buffer (10 mM triethanolamine, 2 mM CaCl2, 150 mM
NaCl, pH 9.0) with gentle agitation. Cells were washed once with
quenching buffer (192 mM glycine, 25 mM Tris in PBS-CM) and
incubated for 20 min with quenching buffer. Cells were then
rinsed twice with PBS-CM, scraped in cold PBS, and pelleted at
2,000 rpm at 4�C. The cells were lysed in lysis buffer (1.0% Triton
X-100, 150 mM NaCl, 5 mM EDTA, 50 mM Tris) and incubated
on ice for 60 min before centrifugation (10 min at 14,000 g, 4�C).
Supernatants were transferred to new tubes and protein concen-
tration was determined with Coomassie plus protein assay kit
(Pierce Chemical Co.). 750 �g of supernatant from each sample
was incubated with 100 �l of 50% slurry of streptavidin–agarose
beads for 2 h at 4�C. Beads were pelleted by brief centrifugation
and then were washed three times with HNTG (20 mM HEPES,
pH 7.5, 150 mM NaCl, 0.1% Triton X-100, 10% glycerol). Biotin-
ylated proteins were eluted by boiling in sample buffer supple-
mented with 5% �-mercaptoethanol. Proteins were separated on
4–20% SDS-PAGE and were transferred to Immobilon-P mem-

kon
2π fc 30( ) fc 10( )–( )
30 µM⋅ 10 µM⋅–
----------------------------------------------- ,=

iNa
S0 2πfc 10( )( )2⋅

4 INa 10( ) kon 10 µM⋅ ⋅ ⋅ ⋅
------------------------------------------------------------- ,=

Po

1
INa 30( )
INa 10( )
------------------–⎝ ⎠

⎛ ⎞ Kd⋅

30 µM
INa 30( )
INa 10( )
------------------⋅ ⋅ 10 µM⋅–

--------------------------------------------------------------------- ,=

NT No
1
Po
----- 10

Kd
------+⎝ ⎠

⎛ ⎞⋅ .=

branes (Millipore). Proteins were detected by Western blot with
polyclonal antibodies against �, �, and � ENaC subunits. ENaC
antibodies were provided by C. Canessa (Yale University School
of Medicine, New Haven, CT). The signal was developed with
Supersignal west femto maximum sensitivity substrate (Pierce
Chemical Co.) and detected with X-Omat Blue XB-1 imaging
film (Kodak). Signal intensities were quantified with scanning
densitometry (Bio-Rad Laboratories).

Statistical Analysis
Data points represent the mean of n individual experiments �
SEM. Statistical comparisons were performed with either un-
paired t tests when comparing across experiments but paired t
tests when comparing across conditions in the same cells. The
P  0.05 was considered significant. The P values are reported
relative to 0.01 and 0.05 in the text and figure legends. Linear re-
gressions were performed with Origin (Microcal). Nonlinear
curve fittings were performed with Matlab (Mathworks).

Materials
Unless otherwise stated, all materials were obtained from Sigma-
Aldrich.

R E S U L T S

Effect of Aprotinin on INa

Apical administration of 10 �M aprotinin resulted in a
decrease of Isc. Short circuit current traces of the effects
of PBS and aprotinin on A6 cell sodium transport are
shown in Fig. 1 (A and B). After a 25–30-min equilibra-
tion period following initiation of transepithelial volt-
age clamping, PBS or aprotinin was added to the apical
side for 50 min followed by 10 �M amiloride to obtain
a measure of net electrogenic sodium transport medi-
ated by the amiloride-sensitive sodium channel ENaC
(INa). We verified that under these experimental condi-
tions �90% of the ISC was amiloride sensitive (unpub-
lished data). Thus any change in the ISC can be attrib-
uted to a change in INa. The Isc taken after the equili-
bration period is referred to as the control Isc. As can
be seen, aprotinin caused a time-dependent decrease
in the ISC that was not observed in the PBS (vehicle con-
trol) treated cells. The decrease in Isc caused by aproti-
nin was apparent following a variable short lag phase of
�30 s. In this subset of experiments, the PBS-treated
monolayers had a control Isc of 8.4 � 1.36 �A/cm2

(n 	 12) that was not significantly changed (8.9 � 1.08
�A/cm2, P � 0.05) 50 min after addition of PBS but
was reduced to 0.8 � 0.13 �A/cm2 upon addition of 10
�M amiloride. Parallel experiments with 10 �M aproti-
nin added to the apical side had control Isc of 7.5 �
1.25 �A/cm2 (n 	 12) that was reduced to 2.2 � 0.55
�A/cm2 (P  0.01) 50 min after addition of aprotinin
and further reduced to 0.5 � 0.12 �A/cm2 with the ad-
dition of 10 �M amiloride. Thus INa was reduced from
8.1 � 1.1 �A/cm2 in the PBS-treated cells to 1.7 � 0.53
�A/cm2 in the aprotinin-treated cells. These results are
summarized in Fig. 1 C.
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The inhibition of INa by aprotinin was time depen-
dent. The decrease in INa as a percentage of control INa

following addition of 10 �M aprotinin was fitted to an
exponential decay (% control 	 a*exp(�t/�) � b) as
illustrated in Fig. 2 A. Using the period starting 5 min

and ending 45 min after addition of aprotinin, � was
18 � 1.2 min. Aprotinin (10 �M) inhibited 84 � 10.5%
of the control INa in this subset of filters. The effect of
aprotinin on INa was also concentration dependent
(Fig. 2 B). The half-maximal inhibition constant (K1/2),
determined by fitting the INa as a percentage of control
INa versus aprotinin concentration to a simple inhibi-
tion curve (% control 	 a*K1/2/(K1/2 � [aprotinin]) �
b; see Fig. 2 legend), was 1.0 � 0.13 �M, with a maxi-
mal inhibition of 80 � 12%. The kinetic fits suggest a
high-affinity inhibition of the majority of the INa by
aprotinin. RT was maintained after addition of 10 �M
aprotinin. The decrease in INa caused by aprotinin was
accompanied by a tendency toward increasing RT par-
ticularly in filters that had relatively high control INa.
The RT before addition of PBS and aprotinin was
5.15 � 0.46 and 4.90 � 0.57 k�cm2 respectively. Fol-
lowing the addition of PBS and aprotinin for 50 min
the RT was 4.6 � 0.46 and 6.1 � 0.53 k�cm2, respec-
tively, thus the integrity of the epithelial monolayer was
not compromised by aprotinin incubation.

Effect of Aprotinin on Blocking of ENaC by the Amiloride 
Analogue CDPC
The blockade of INa by CDPC for PBS and aprotinin-
treated A6 was first measured by a cumulative concen-
tration response determination using a step protocol.
PBS or 4 �M aprotinin was introduced to the apical
side of the A6 filters for 30 min before commencing
the CDPC concentration step protocol, which was per-
formed over 30 min. The concentration of 4 �M aproti-
nin was used because this concentration was capable
of significantly inhibiting INa but sufficient current re-
mains at the higher CDPC blocker concentrations to
ensure adequate measurement of the Lorentzian com-
ponent in the PDS. As shown in Fig. 3 A, PBS-treated
cells had significantly higher INa (6.1 � 0.40 �A/cm2)
compared with aprotinin-treated cells (2.8 � 0.59 �A/
cm2, P  0.01) at 0 �M CDPC and also at all other con-
centrations studied (10, 20, 30, 40, and 50 �M). CDPC
caused a concentration-dependent decrease in INa in
both PBS- and aprotinin-treated A6 cells, thus the sensi-
tivity to blockade of INa by CDPC was maintained in the
presence of aprotinin. The PDS in both PBS- and apro-
tinin-treated A6 had Lorentzian components that var-
ied with CDPC concentration (Fig. 4, A and B). As ex-
pected from a smaller INa, the Lorentzian So values were
also significantly decreased in aprotinin-treated cells
(P  0.01) at the blocker concentrations studied. The
So values remained biphasic with respect to blocker
concentration in both the PBS and aprotinin studies.
The data were fitted to the equation describing the So

of a two-state kinetic scheme and a biphasic curve was
obtained. The So maxima were at 18.7 � 0.28 �M and
15.5 � 0.71 �M CDPC for PBS- and aprotinin-treated

Figure 1. Effect of apically administered aprotinin on amiloride-
sensitive ISC in A6 cell monolayers. A6 cells in Ussing chambers
with symmetrical bath solutions continuously gassed with air were
voltage clamped at 0 mV and ISC monitored. After a 25–30-min
equilibration period (A) PBS or (B) aprotinin 10 �M was added
to the apical bath. ISC was monitored for 50 min then 10 �M
amiloride was added to the apical bath to determine INa. The
current deflections are responses to 4 mV bipolar pulses used to
measure transepithelial resistance. (C) The mean values of ISC

before (shaded bar), 50 min after addition of PBS/aprotinin
(hatched bars), and following addition of amiloride (filled bars)
indicate substantial decrease of ISC by aprotinin. The error bars
are � SEM. Significant decrease was found in comparing ISC val-
ues before and 50 min following addition of aprotinin but not PBS
with n 	 12 and 14 filters for PBS and aprotinin experiments,
respectively (*, P  0.01).
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A6, respectively (Fig. 3 B). Since the maximum value of
S0 occurs at the blocker concentration of 0.5koff/kon,
the lack of a change in the blocker concentration at
maximum S0 in the absence or presence of aprotinin
showed that the ratio koff/kon and hence the dissocia-
tion constant of the blocker was unaltered. The second
indication came from measurement of the 2�fc values
at the CDPC concentrations used. For both PBS- and
aprotinin-treated A6 cells, the 2�fc increased linearly
with respect to blocker concentration. A linear regres-
sion of the data demonstrated that the apparent rate

Figure 2. Time and concentration dependence of the effect of
aprotinin on INa. (A) INa after apical administration of PBS (filled
squares) or 10 �M aprotinin (open circles) was plotted as a per-
centage of INa before administration (control) using data recorded
at 5-min intervals. The data points plotted represent the mean
values of 12 filters each for PBS and aprotinin addition with error
bars corresponding to � SEM. A small time-dependent increase
in INa could be seen with PBS addition but was not consistently
observed in all the filters measured. The solid line through the
aprotinin data points represents a fit to an exponential decay %
control INa 	 a*exp(�t/�) � b ignoring the time 	 0 data point.
The constants a and b represent the percentage of INa sensitive
and insensitive to 10 �M aprotinin, respectively. The mean control
INa for the set of 24 filters used in this experiment was 8.2 � 0.36
�A/cm2. (B) The % control INa was measured at 50 min after
adding the indicated concentration 0, 1, 3, 6, 10 �M of aprotinin
(filled squares) and demonstrated a concentration dependence to
the aprotinin inhibition of INa. The solid line represents a fit to the
inhibition curve % control 	 a*K1/2/K1/2 � [aprotinin] � b,
where K1/2 is an inhibition constant; a and b represent the
aprotinin sensitive and insensitive percentages of INa, respectively.
The mean control INa for the set of 25 filters used in this experiment
was 4.1 � 0.30 �A/cm2. Error bars are � SEM.

Figure 3. Aprotinin effect on blocker-induced fluctuation of INa

in A6 cells. A6 cells in Ussing chambers were continuously voltage
clamped at 0 mV and the ISC monitored on a strip chart for 30 min
following addition of PBS (filled squares) or aprotinin 4 �M
(open circles). Cumulative step increases in the concentration of
CDPC in the apical bath were performed, the ISC and power
density spectra were obtained at each blocker concentration 10,
20, 30, 40, and 50 �M. The values are given as the mean (n 	 8 for
PBS and n 	 6 for aprotinin-treated A6 filters) � SEM. (A) The INa

following 30 min of PBS addition was significantly higher than INa

following aprotinin addition (*, P  0.01). In both conditions
CDPC decreased the INa and the decrease could be explained by
simple Michaelis-Menten inhibition kinetics (solid lines). (B) The
So at increasing concentration of CDPC was biphasic and was fitted
to a two-state channel blocking model (solid lines) in both cases.
The difference in magnitude of So between PBS and aprotinin-
treated A6 cells was significant (*, P  0.01). (C) 2�fc plots with
linear regressions (solid lines) from which kon and koff were calcu-
lated were virtually identical for PBS and aprotinin-treated cells.
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coefficients were not different (Fig. 3 C). The koff and
kon were 242 � 5.40 s�1 and 7.8 � 0.19 �M�1s�1 for PBS
experiments (n 	 8). These constants were not signifi-
cantly different in aprotinin experiments (n 	 6) at
240 � 3.78 s�1 and 8.6 � 0.15 �M�1s�1, respectively
(P � 0.05). The blocker dissociation constant Kd was
31.2 and 28.1 �M CDPC for PBS- and aprotinin-treated
A6 cells, respectively. The biphasic dependence of So

on blocker concentration and the linear dependence
of 2�fc on blocker concentration indicated a simple
pseudo first order blocker–ENaC binding in PBS- and
aprotinin-treated A6. Consequently, only two concen-
tration points were required to determine the blocking
kinetics as well as the single channel parameters as
previously described (Helman et al., 1998). To avoid
autoregulatory responses of INa to prolonged blocker-
induced decreases in INa caused by cumulative in-

creases in blocker concentration (Abramcheck et al.,
1985; Tang et al., 1985; Els et al., 1991), a pulse-proto-
col approach was employed to measure the single chan-
nel properties.

Single Channel Properties: CDPC Pulse Protocol
To avoid blocker-induced autoregulation of ENaC and
to study the single channel properties of the same cells
in control and aprotinin-treated periods as well as mea-
sure reversibility of the aprotinin effect, a pulse proto-
col approach was employed pulsing between 10 and 30
�M CDPC (Helman et al., 1998). Typical PDS in con-
trol and aprotinin-treated periods at 10 and 30 �M
CDPC are shown in Fig. 4. The two CDPC concentra-
tions were chosen because they were close to the So

maxima as shown in the step protocol experiments
(Fig. 3 B), thus providing the highest signal for the
Lorentzian component in the PDS while producing
measurable changes in INa and significant changes in
2�fc. Secondarily, 10 and 30 �M CDPC could be used
in both the control and aprotinin periods because the
blocker kinetics were identical in the absence and pres-
ence of aprotinin. The INa, iNa, Po, and No were mea-
sured before (control), while perfusing with aprotinin
(aprotinin), and following removal of aprotinin from
the apical side (washout) in eight filters as illustrated in
Fig. 5. The INa was 3.4 � 0.17 �A/cm2 under control
conditions and was reduced to 1.4 � 0.17 �A/cm2 35
min after addition of 10 �M aprotinin (P  0.01). Fol-
lowing washout of aprotinin, INa recovered to control
levels (3.2 � 0.11 �A/cm2). The recovery appears to be
complete by 10 min after washout as subsequent time
points did not show further increases in INa. The iNa was
0.46 � 0.037 pA in the control period, increased to
0.70 � 0.069 pA (P  0.05) 35 min after addition of
aprotinin, and returned to 0.45 � 0.018 pA following
removal of aprotinin. The Po was 0.23 � 0.031 before
aprotinin addition, approached a maximum of 0.41 �
0.075 (P  0.05) 15 min after aprotinin addition, and
then returned to 0.23 � 0.019 after removal of aproti-
nin. The changes in No paralleled changes in INa with
No of 8.03 � 0.812 before, 2.26 � 0.523 (P  0.01)
after aprotinin addition, and 7.21 � 0.445 million
channels/cm2 following washout of aprotinin. Since
changes in INa cannot be explained by changes in iNa or
Po, these changes must result from changes in NT as
shown in Fig. 6. NT was 42 � 8.24 million channels/cm2

before aprotinin addition. NT was reduced to 8.93 �
3.351 million channels/cm2 after addition of aprotinin
and returned to 34.4 � 5.418 million channels/cm2 fol-
lowing aprotinin washout.

Relationship between Single Channel Properties and INa

To examine how the single channel properties change
with INa we quantified their relationship to INa by lin-

Figure 4. Typical current noise power spectral density in the
absence (solid squares; 3.87 �A/cm2 INa) and presence (open
squares; 1.67 �A/cm2 INa) of aprotinin are shown at 10 �M CDPC
(A) and 30 �M CDPC (B). Corner frequencies were 47.6 and 50.2
Hz (A) (at 10 �M CDPC) in and 72.4 and 72.7 Hz (B) (at 30 �M
CDPC) in the absence and presence of aprotinin, respectively. The
solid lines represents the fit of the data to the sum of Lorentzian
plus low frequency “1/f” noise.
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ear regression analysis using the experimental dataset
shown in Fig. 5. Because of the apparent differences in
the relationship of the single channel properties to INa

in the control, aprotinin, and washout conditions we
determined the regressions using data points in each
condition. The linear parameters are summarized in
Table I. The values of iNa versus INa in the control and
aprotinin-treated conditions are plotted in Fig. 7 A.
Over the range of control INa (2.78–4.17 �A/cm2), iNa

decreased with increases of INa (r 	 �0.62). The iNa

also decreased with increases of INa (r 	 �0.80) over
the aprotinin INa range (0.87–2.08 �A/cm2). However,

the slope was approximately threefold steeper and the
intercept �50% higher during the aprotinin treatment
period compared with the control period. No correla-
tion was observed between iNa and INa during the wash
condition (r 	 0.02). Plotted also are the Po values ver-
sus INa in the control and aprotinin-treated conditions
(Fig. 7 B). The Po also decreased with increases of INa

(r 	 �0.46) in the control condition as well as in the
presence of aprotinin (r 	 �0.75). In the presence of
aprotinin, the slope was approximately fourfold steeper
and the intercept increased by �100%. No correlation
was observed between Po and INa in the wash condition
(r 	 �0.17). We also plotted the No versus INa in the
control and aprotinin-treated conditions (Fig. 7 C). We
found that No increased with increases of INa in the con-
trol condition (r 	 0.86). This positive correlation
remained in the aprotinin (r 	 0.92) and wash condi-
tions (r 	 0.61) so that transport is determined primar-
ily by changes of No in each condition studied.

Cell Surface Expression
The above results indicate that aprotinin alters the
number of active channels in the apical membrane. To
determine if this effect is also reflected in changes in
ENaC apical membrane protein levels we performed
cell surface protein biotinylation studies. We biotinyl-
ated apical membrane proteins of A6 cells grown on
permeable supports (75 mm diameter). Biotinylated
proteins were recovered with streptavidin–agarose beads

Figure 5. Summary of the changes
in the single channel parameters
with aprotinin addition and reversal.
(A) Summary of reduction in INa by
aprotinin in the pulse protocol ex-
periments. INa of cells continuously
perfused with a ringer solution con-
taining 10 �M CDPC was measured
at 10-min intervals before addition
of aprotinin (filled squares), then
the cells were perfused with 10 �M
aprotinin and INa measured at the
indicated times (open squares) after
which aprotinin was washed out
(open triangles). At 10-min intervals,
the CDPC concentration was pulsed
to 30 �M and returned to 10 �M for
analysis of blocker-induced fluctua-
tions. (B) Summary of changes in iNa

following perfusion of aprotinin and
washout. The increase in iNa caused
by aprotinin was significant (*, P 
0.01) and reversible. (C) Summary
of changes in Po. The changes in Po

were significant (*, P  0.01) at 15
min after perfusing with aprotinin
and returned to the pre-aprotinin

control values following washout of aprotinin. (D) Summary of changes in No following aprotinin perfusion showed a significant decrease
in No (*, P  0.01) that was completely reversed upon removal of aprotinin. Values are reported as mean � SEM for n 	 8.

Figure 6. NT calculated from the Po and Kd decreased by
�80% following 35 min of inhibition by aprotinin (open squares)
compared with control conditions (solid squares). Inhibition of
NT was reversed following washout of aprotinin (open triangles)
and returned to control values within 30 min of washout.
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and we determined subunit density by Western blotting
using specific antibodies to each of the ENaC subunits
�, �, � as described by Alvarez de la Rosa et al. (2002,
2004), Gottardi et al. (1995), and Hanwell et al. (2002).
Western blots were examined from A6 cells treated with
PBS or 10 �M aprotinin for 1 h, or cells treated with 100
nM aldosterone for 6 h. There were two immunoreac-
tive bands for the � subunit at 85 and 65 kD, two for the
� subunit at 115 and 100 kD, while one predominant
band at 90 kD was observed for the � subunit. As shown
in Fig. 8, quantification of the relative changes in api-
cal membrane subunits indicated that aldosterone in-
creased subunit density two to fourfold as previously re-
ported by Alvarez de la Rosa et al. (2002). In contrast,
aprotinin had no detectable effect on the cell surface
density of any of the three ENaC subunits. The results
summarized in Fig. 8 represent three independent ex-
periments. Alvarez de la Rosa et al. (2002) reported that
aldosterone increased cell surface expression of ENaC
subunits proportional to an observed increase in ISC.
These results confirm that it is possible by biochemical
methods to detect changes in NT and thereby INa when
A6 cells are stimulated with aldosterone. In contrast,
the large decreases in NT in the presence of aprotinin
did not correlate with a biochemically detectable de-
crease in cell surface subunit density.

D I S C U S S I O N

Aprotinin is a 6.5-kD protein that is a potent and revers-
ible Kunitz type inhibitor of several serine proteases in-
cluding trypsin, plasmin, and kallikreins (Vogel and
Werle, 1970). The inhibition of Na� transport by apical
administration of aprotinin has been reported in toad
urinary bladder (Orce et al., 1980), the A6 cell line
(Vallet et al., 1997), the mouse cortical collecting duct
cell mpkCCD14 cell line (Liu et al., 2002), human
bronchial epithelial cells (Bridges et al., 2001; Donald-
son et al., 2002), and rat and mouse lung alveolar epi-

thelial cells (Planes et al., 2005). In all cases, aprotinin
inhibition of INa was much slower than the effect
caused by the ENaC blocker amiloride. Direct inhibi-
tors of ENaC such as extracellular cations (Chraibi and
Horisberger, 2002; Caci et al., 2003) and covalent mod-
ification of thiol groups (Snyder, 2000; Snyder et al.,
2000) typically demonstrate a rapid time course. Also,
evidence of blockade in the form of aprotinin-induced
Lorentzians in the PDS or apparent changes in the
CDPC-induced Lorentzian that may result from aproti-
nin competitive inhibition of ENaC (Li et al., 1982)
were absent. Inhibition of INa by aprotinin was evident
within 10 min of addition and approached a nonzero
nadir with time. The inhibition was characterized by a
time constant of �18 min. The plateau level of inhibi-
tion was concentration dependent with high affinity
and a maximum inhibition of 70–80%. The micromo-
lar affinity reported here is consistent with measure-
ments performed on the urinary toad bladder (Orce et
al., 1980). The concentration dependence and time
course suggests that aprotinin inhibits a specific pro-
tease-dependent pathway that regulates a large fraction
of the epithelial Na� transport. The identity of this reg-
ulatory protease(s) is a matter of some conjecture.

Kallikrein-like protease activity has been identified at
the apical surface and in the apical medium of A6 cells
forming a tight monolayer as well as from toad urinary
bladder (Jovov et al., 1990). The kallikrein-like pro-
tease activity was inhibited by aprotinin at a concentra-
tion that inhibited Na� transport in A6 cells and toad
bladder (Margolius and Chao, 1980). Further, exoge-
nous addition of trypsin and chymotrypsin have been
shown to activate INa in epithelia pretreated with pro-
tease inhibitors and activate Na�-mediated currents in
Xenopus oocytes expressing ENaC (Vallet et al., 1997;
Bridges et al., 2001; Donaldson et al., 2002; Liu et
al., 2002). Vallet et al. (1997), using expression clon-
ing methods, identified a channel activating protease
(CAP) from A6 cells that increased ENaC-mediated INa

T A B L E  I

Dependence of the Single Channel Properties on the ENaC-mediated Na� Current (INa) in Control, Aprotinin-treated, and Wash Conditions

iNa Po No

Condition r Intercept Slope r Intercept Slope r Intercept Slope

pA pA/(�A/cm2) (�A/cm2)�1 106/cm2 106/�A

Control �0.62 0.82
[0.61, 1.03]

�0.11
[�0.17, �0.05]

�0.46 0.49
[0.27, 0.71]

�0.07
[�0.14, �0.01]

0.86 �5.86
[�9.56, �2.17]

4.01
[2.95, 5.07]

�Aprotinin �0.80 1.23
[1.03, 1.43]

�0.42
[�0.55, �0.28]

�0.75 0.99
[0.76, 1.22]

�0.40
[�0.55, �0.24]

0.92 �1.84
[�2.66, �1.03]

3.04
[2.49, 3.60]

Wash 0.02a 0.45
[0.14, 0.75]

0.00
[�0.09, 0.10]

�0.17a 0.35
[0.07, 0.66]

�0.04
[�0.13, 0.06]

0.61 �0.24
[�4.43, 3.96]

2.28
[0.973, 3.58]

r is the regression coefficient. “Intercept” and “Slope” are the linear parameters of the regression. Brackets indicate the lower and upper bounds of the
95% confidence interval of the estimated linear parameters. The regressions are statistically significant (P  0.001) except where stated otherwise.
aThe regression is not statistically significant (P � 0.025).
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in Xenopus oocytes. The mammalian homologue of
xCAP1 is prostasin/hCAP1 and coexpression of pro-
statin with ENaC also increases Na�-mediated currents
(Vuagniaux et al., 2000; Adachi et al., 2001). Similar to
the secretion of kallikrein-like proteases by amphibian
renal cells, prostasin has been found to be secreted
in an aldosterone-regulated manner in rat urine
(Narikiyo et al., 2002). Bikunin, a Kunitz type serine
protease inhibitor with two Kunitz domains, has a sub-
micromolar potency for inhibiting Na� transport in hu-
man bronchial epithelia (Bridges et al., 2001) and this
correlates with the nanomolar inhibition constant re-

ported for aprotinin inhibition of prostasin enzymatic
activity in vitro (Shipway et al., 2004). These findings
support the idea that prostasin and CAP1 are endoge-
nous proteases that can regulate epithelial Na� trans-
port. Consistent with this view is that RNA silencing of
CAP1 was sufficient to inhibit INa in the CF15 airway ep-
ithelial cell line to the extent observed with aprotinin
on A6 and HBE cells (Tong et al., 2004). Expression
cloning has identified two other such CAPs in mamma-
lian renal cells that are capable of stimulating current
in Xenopus oocytes coexpressing ENaC in an aprotinin-
sensitive manner (Vuagniaux et al., 2002). Another
possible protease that may regulate Na� transport is the
ubiquitous convertase furin, which modulated ENaC-
mediated currents in the Chinese hamster ovary ex-
pression system (Hughey et al., 2004). However furin is
not inhibited by aprotinin; consequently, the aprotinin
inhibition of INa cannot be attributed to a furin pathway

Figure 8. The effect of aprotinin and aldosterone on the relative
abundance of ENaC subunits in the apical membrane of A6 cells.
(A) A6 cells grown on permeable supports were treated either with
PBS or 10 �M aprotinin for 1 h or 100 nM aldosterone for 6 h.
Apical proteins were biotinylated and recovered with streptavidin–
agarose beads. The recovered proteins were analyzed with anti-
bodies against �, �, and � Xenopus ENaC subunits. Representative
Western blots are shown with the arrows indicating the migration
of molecular mass standards. (B) Mean of relative changes in
apical membrane abundance measured by scanning densitom-
etry and normalized to the control density. The bars represent
three independent experiments with error bars corresponding to
�SEM.Figure 7. Relationship of single channel parameters to INa.

Individual values of (A) iNa, (B) Po, and (C) No under control
conditions (filled squares) and during aprotinin treatment (open
squares) plotted against INa. The data points from the wash
conditions have been omitted for clarity. The lines are linear
regressions to the control period data (solid line) and aprotinin
period data (dotted line). The regressions for all three periods are
summarized in Table I.
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of channel activation in A6 cells and human bronchial
epithelia. The relative importance of the individual
proteases and the mechanism of their action in regulat-
ing Na� transport are yet to be determined. The studies
reported here were designed to investigate the mecha-
nism of action of aprotinin inhibition of epithelial Na�

transport and thereby how aprotinin-sensitive proteases
regulate Na� transport.

Single Channel Properties
Na� transport is a function of the single channel prop-
erties and can be expressed as INa 	 NT*Po*iNa. Using
noise analysis we studied the apical Na� channels in the
presence and absence of aprotinin and found that the
decrease in INa caused by aprotinin can be explained by
a decrease in the number of open channels (No) and
these effects of aprotinin were fully reversible upon
aprotinin washout. In contrast, aprotinin caused both
iNa and Po to increase, and thus these changes can-
not account for the decrease in INa. The iNa averaged
0.45 pA under control conditions in the present study,
which is similar to previously reported values in short-
circuited A6 cells by noise analysis (Helman et al., 1998;
Alvarez de la Rosa et al., 2004). Given the iNa of 0.45 pA
under control conditions and a single channel conduc-
tance of 4–6 pS for the highly selective Na� channel in
A6 cells (Palmer, 1992; Puoti et al., 1995), a driving
force of �90 mV can be estimated for apical Na� entry.
A 90-mV effective electromotive force for Na� move-
ment across the apical membrane has been reported in
A6 cell monolayers with resistances and INa in the range
that we have measured (Granitzer et al., 1991). The av-
erage iNa presented here is therefore consistent with
the characteristic driving forces across the apical mem-
brane of A6 cell monolayers and the conductance of so-
dium channels. Application of aprotinin to the apical
bath caused a significant increase in iNa. Therefore, the
inhibition of INa by aprotinin cannot be explained by
changes in iNa. By definition, No 	 NT*Po, where NT is
the number of electrically detectable or active channels
gating between the open and closed states. A decrease
in No may arise from a decrease in NT or a decrease in
Po of the active channels. The Po of active channels at
the apical membrane was measured and in the control
condition averaged 0.2. This value of Po is well within
the range that has been measured by noise analysis and
patch clamping for ENaC (Helman and Kizer, 1990).
With application of aprotinin, the Po doubled. The in-
crease in Po would be expected to increase No and INa;
however, aprotinin causes a reduction in No and INa.
Therefore, aprotinin inhibition of INa is explained by a
decrease in NT (Fig. 5).

To further elucidate the relationship between INa and
the single channel properties we examined the individ-
ual data points from our pulse-protocol experiments.

Considering the control conditions, we found a weak
negative correlation between iNa and INa. A negative
correlation is expected because increased Na� trans-
port rates depolarize the cells, reducing the electromo-
tive force across the Na� channels (Granitzer et al.,
1992; Blazer-Yost and Helman, 1997). The strength of
the correlation is expected to be weak because the driv-
ing force across the apical membrane is variable due in
part to a high variation in the basolateral resistance
from one monolayer to another (Granitzer et al.,
1991). Following apical administration of aprotinin,
the negative correlation between i and INa became
stronger. Such a correlation cannot explain the de-
crease in INa. It however suggests that the effect on iNa is
not simply due to the presence of aprotinin but follows
the amount of inhibition of INa caused by the presence
of aprotinin. It was found that a negative correla-
tion occurs between the ratio INa

control/INa
aprotinin and

iNa
control/iNa

aprotinin, thereby confirming that inhibition of
INa by aprotinin produces the steep inverse relationship
seen in the presence of aprotinin. In a similar manner,
the Po from cells under control conditions showed sig-
nificant variation but a weak negative correlation was
evident. This increasing Po with decreasing INa may be
related to a previously reported hyperpolarization-
induced increase in ENaC Po (Palmer and Frindt, 1988,
1996). As observed in the case of iNa, with aprotinin
treatment, the negative correlation between Po and
INa was intensified, supporting the notion that the Po

change accompanies the decreasing INa and is not sim-
ply due to the presence of aprotinin. For No, we found
a strong positive correlation with INa both in the con-
trol condition and the in the presence of aprotinin.
Since the apical conductance has been shown to be
strongly positively correlated with INa in A6 cells (Gran-
itzer et al., 1991; Helman and Liu, 1997) and the apical
conductance is in large part given by the product of No

and the single channel conductance, it is expected that
under control conditions No would have a positive cor-
relation with INa. This correlation persists following
treatment with aprotinin. The decrease in INa following
aprotinin treatment is only explained by a decrease in
No that results from a decrease in NT.

Mechanism of Inhibition of NT by Aprotinin
Out of several possible explanations for the decrease in
NT caused by aprotinin, an intriguing explanation is
that at the apical membrane there is a turnover of ac-
tive channels into inactive channels in the presence of
aprotinin. The inactive channels can be considered to
be “capped” while the active channels are “uncapped.”
Because multiple proteases have been shown to in-
crease ENaC activity in a variety of systems in a manner
dependent on their proteolytic activity, it is possible
that ENaC is the substrate for proteolytic uncapping.
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Alternatively, ENaC uncapping may occur through pro-
teolysis of a closely associated ENaC regulatory protein,
proteolytic generation of a stimulatory ligand, protein–
protein interactions of ENaC extracellular domain and
the protease, or through generation of intracellular
second messengers. Activation of the trypsin receptor
protease-activated receptor 2 (PAR2) does not stimu-
late ENaC (Danahay et al., 2001) and ENaC activation
is independent of PAR2 (Chraibi et al., 1998). Further-
more, ENaC activation by serine proteases is inde-
pendent of G protein–coupled receptors in oocytes
(Chraibi et al., 1998) and fibroblasts (Caldwell et al.,
2004), yet to date all known PARs are G protein–cou-
pled receptors. There is no finding to support an intra-
cellular second messenger requirement for the pro-
tease-mediated uncapping of ENaC. Protein–protein
interactions in the extracytoplasmic domain between
the protease dipeptidyl aminopeptidase-like protein,
DPPX, and neuronal A-type K� channels has been im-
plicated in the redistribution of the neuronal channels
from the ER to the plasma membrane as well as in the
regulation of channel gating (Nadal et al., 2003). The
function of DPPX is not associated with proteolytic ac-
tivity; however it remains to be determined that the
protease-like domain is required for DPPX channel-
regulating activity. It is difficult to imagine that apically
administered aprotinin is rapidly trafficked to the ER
where it disrupts a possible DPPX-like interaction of
ENaC with a serine protease or that once disrupted, re-
constitution and trafficking occur on the time scale ob-
served with exogenous protease reactivation of aproti-
nin inhibited INa in epithelia cells. Trafficking from a
compartment closer to the apical membrane or direct
activation by the protein–protein interaction may cause
the uncapping event. If aprotinin inhibits a protease-
dependent trafficking of ENaC to the apical membrane
from intracellular pools, then the physical channel
density is expected to decrease. The quantitation of
apical membrane ENaC subunits by cell surface bioti-
nylation, however, shows that the steady-state densities
of �, �, and � subunits were unchanged in the presence
of aprotinin. Thus it appears unlikely that aprotinin
mediates ENaC trafficking to alter steady-state sodium
current in A6 cells. Recent investigations suggest that
the biochemically detected apical membrane protein
subunit density may be one to two orders of magnitude
greater than electrically detectable channels (Alvarez
de la Rosa et al., 2004). Although the aldosterone-
mediated changes in subunit density and ISC are detect-
able, a similar correlation could not be detected for the
aprotinin-mediated changes in INa. These results may
mean aprotinin does not alter cell surface expression
of ENaC subunit or that any changes are beyond the
resolution of present biochemical methods. The high
level of subunit protein at the apical surface would also

impair the detection of proteolytically cleaved ENaC
subunits.

There is, however, some evidence to support the
idea that uncapping may occur through proteolysis of
ENaC. A low apparent molecular weight form of the �
subunit immunoreactive band on Western blots was in-
duced by aldosterone (Masilamani et al., 1999). The
new size was consistent with excision of an amino-termi-
nal region immediately after the first transmembrane
domain. Aldosterone up-regulation of CAP1 (Narikiyo
et al., 2002) and subsequent ENaC cleavage may ex-
plain the observations by Masilamani et al. (1999). Mo-
lecular weight reductions attributable to proteolytic
cleavages in � and � subunits in MDCK cells expressing
ENaC were recently reported and found critical for
channel activity (Hughey et al., 2003, 2004). In A6 cells,
a fast and slow migrating � ENaC immunoreactive
band has been reported with the fast form seen prima-
rily at the apical membrane (Alvarez de la Rosa et al.,
2002). However, this fast migrating band form appears
to result from the formation of stable disulfide bonds
following maturation. Although extensive processing of
ENaC resulting in the change of the apparent molecu-
lar weight of its subunits have been observed, the data
remains inconclusive as to whether ENaC is proteolyti-
cally cleaved in A6 cells and whether the cleavage re-
sults in the phenomenon we term uncapping. Indepen-
dent of the mechanism, protease-mediated uncapping
was apparently irreversible in oocyte studies, suggest-
ing that channels cannot be recapped (Chraibi et al.,
1998).

A simple hypothesis that explains aprotinin inhibi-
tion of INa is that endocytosis of uncapped channels
(i.e., active channels) is responsible for the loss of cur-
rent in the presence of aprotinin, as aprotinin prevents
the uncapping of capped channels (i.e., inactive chan-
nels) newly inserted into the apical membrane. The
half-life (11–17 min) measured for the �, �, and �
ENaC subunits in the A6 apical membrane (Alvarez de
la Rosa et al., 2002) is in good agreement with the time
constant (18 min) for the decay in INa following admin-
istration of aprotinin. Taking changes in INa as a mea-
sure of the changes in NT, the decrease is consistent
with the retrieval of active channels from the apical
membrane. This implies that aprotinin prevents a con-
stitutive replacement of active channels while retrieval
of already activated channels continues leading to an
apparent turnover of uncapped channels into capped
channels. If this notion is correct, aprotinin should not
cause a change in cell surface protein subunit density,
an expectation consistent with the biotinylation studies
shown in Fig. 8. However, much higher half-life values
have been reported for ENaC subunits (�24 h for �
and �, 6 h for �) in the apical membrane of A6 cells
(Weisz et al., 2000; Kleyman et al., 2001). The discrep-
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ancies in the measurements of ENaC subunit half-lives
at the apical membrane are yet to be resolved. Since
subunit half-life measurements do not necessarily cor-
relate with the actual half-life of an active channel, we
emphasize that the remarkable agreement of the esti-
mate of the time constant for the inhibition of INa by
aprotinin with the biochemical half-life observed by Al-
varez de la Rosa et al. (2002) provides a working hy-
pothesis whereby we can test the requirement of traf-
ficking in the regulation of ENaC by endogenous
proteases.

A protease-mediated uncapping that increases the NT

is at odds with recent findings that trypsin stimulates in-
creases in “NPo,” which is equivalent to No (Caldwell et
al., 2004). However, the increase in NPo was only dem-
onstrated for channels with very low NPo resulting in
10–100-fold increases of NPo. Inhibition by aprotinin
did not reveal the presence of these 100-fold lower Po

“near-silent” channels. If these very low PO channels
were present in the absence or in the presence of apro-
tinin, they probably contribute a very small fraction to
the total INa. If the near-silent channels are present,
they do not explain the aprotinin-insensitive current
and would not be detected in the presence of high Po

channels remaining in the membrane. From the per-
spective of transepithelial blocker–induced fluctuation
analysis, the near-silent channels if present are virtually
inactive. Consequently, the reduction of NT measured
here is not inconsistent with a turnover of channels
with high Po to near-silent channels in the presence of
aprotinin. However, our results suggest that the higher
Po channels observed in the presence of aprotinin re-
sults either from functional heterogeneity of the Na�

channels in the apical membrane or from compensa-
tory increases in the PO of active channels remaining in
the membrane.

In conclusion, our data suggest there is an aprotinin-
sensitive protease in the apical membrane that serves to
uncap newly inserted inactive ENaC channels. It re-
mains of interest to show whether the size of the un-
capped (active) channel pool is regulated by direct pro-
teolytic activation of apical membrane channels or via
the proteolysis of coprotein(s) that in turn regulate
channel activity. The possible involvement of interme-
diate second messengers in the protease-mediated reg-
ulation of ENaC channels will also require further
investigation.
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