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Summary. Phenamil, an analog of amiloride, has previously been
shown to bind specifically to sodium channels in toad bladder
(J.L. Garvin et al., J. Membrane Biol. 87:45-54, 1985). In this
paper, *H-phenamil was used to measure sodium channel density
in both isolated epithelial cells and intact bladders. From the
specific binding to intact bladders, a channel density of 455 =
102 channels/um? was calculated. No correlation between spe-
cific binding and the magnitude of irreversible inhibition of short-
circuit current was found. Pretreatment of intact bladders with 1
mg/ml trypsin reduced specific binding to isolated cells by 82 =
5%. In isolated cells, neither aldosterone nor vasopressin had
any significant effect on specific phenamil binding. It is inferred
that phenamil binds to both open and closed channels which may
be either in the mucosal membrane or in the submembrane
space. Finally, and rather surprisingly, we found that ‘H-
phenamil binds irreversibly to the basolateral membrane at con-
centrations as low as 4 x 107 m. Therefore, care must be used
in interpreting binding studies with amiloride or its analog at such
concentrations.
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Introduction

The study of the changes in sodium channel density
in the mucosal membrane of toad urinary bladder
has been useful as a tool for elucidating molecular
mechanisms by which the hormones aldosterone
and vasopressin increase mucosal membrane per-
meability to sodium ions. To date, three different
approaches have been utilized: “C-amiloride bind-
ing (Cuthbert & Shum, 1975), noise analysis (Li et
al., 1982; Palmer et al., 1982), and trypsinization of
the apical membrane (Garty & Edelman, 1983). Use
of these three methods has resulted in different ex-
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planations for the responses to aldosterone and
vasopressin. Additionally, different values for the
number of sodium channels are obtained upon com-
parison of noise analysis and binding data.

Cuthbert and Shum (1975) found that aldoste-
rone increased the number of “C-amiloride binding
sites in epithelial cells isolated from the toad blad-
der. This result was consistent with an earlier work
of Cuthbert et al. (1974) using *C-amiloride in frog
skin. From these studies the authors concluded that
aldosterone increased the number of sodium chan-
nels in the mucosal membrane. This increase pre-
sumably accounted for the greater influx of sodium
through the mucosal membrane observed upon ad-
dition of aldosterone (Leaf & MacKnight, 1972).

Cuthbert and Shum (1975) also reported that
vasopressin did not increase the number of C-ami-
loride binding sites. Since the flux and short-circuit
current (I.) increase upon vasopressin addition,
they concluded that vasopressin increased the con-
ductance of existing sodium channels rather than
their number in the membrane. They reported a so-
dium channel density that ranged from 800 to 1400
channels/um?.

Noise analysis only partially supports the find-
ings of Cuthbert and Shum (1975). In a recent noise
analysis study, Palmer et al. (1982) found that aido-
sterone increased the number of channels, a result
consistent with the “C-amiloride binding data.
However, the sodium channel density they reported
(1 channel/um?) was about 1000 times less than the
value reported by Cuthbert and Shum (1975). Li et
al. (1982), also using noise analysis, showed that
vasopressin caused an increase in channel density,
whereas the aforementioned C-amiloride binding
data did not show such an increase. Again, the
channel densities reported by the two methods dif-
fered by about three orders of magnitude. These
differences cannot be accounted for by the high KCI
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concentrations placed on the basolateral side during
the noise measurements (Abrahamcheck et al.,
1985).

An interesting report by Garty and Edelman
(1983) showed that the addition of trypsin to the
mucosal surface of toad bladders reduced I.. Also,
after trypsinization, the addition of vasopressin in-
creased I, suggesting that additional amiloride-
sensitive sodium channels were recruited from an
intracellular pool presumably in the form of vesi-
cles. However, these results are not consistent with
a study that showed that membrane capacitance
(which is proportional to plasma membrane area)
does not increase upon addition of vasopressin
(Stetson et al., 1982).

Garty and Edelman (1983) also showed that af-
ter trypsinization the addition of aldosterone did not
increase I, to the same extent as it did before tryp-
sinization, suggesting that the aldosterone-stimu-
lated Na channels were already present in the mem-
brane prior to the addition of the hormone.
Consistent with this paradigm is the recent work of
Sariban-Sohraby et al. (1983), who presented evi-
dence showing that aldosterone increases sodium
influx across cultured A6 cells by methylating an
already present sodium channel. Thus, there are
several inconsistencies between the "“C-amiloride
binding data and the results obtained by noise anal-
ysis and chemical modification of the sodium chan-
nel. In an attempt to clarify some of these incon-
sistencies we used the irreversible radiolabeled
sodium channel inhibitor *H-phenamil (Garvin et
al., 1985) to determine the sodium channel density
in the absence and presence of aldosterone or vaso-
pressin.

This study represents the first in which an irre-
versible inhibitor of the mucosal sodium channel
was utilized to measure channel density. A channel
density of about 450 channels/um? was calculated.
This value does not significantly change upon either
the addition of aldosterone or vasopressin. Our
results also suggest that >H-phenamil permeates the
mucosal membrane and therefore can bind to so-
dium channels inside epithelial cells. From our anal-
ysis of the specific binding one can rationalize the
discrepancy between channel densities calculated
from noise analysis and phenamil binding data by
considering that *H-phenamil may bind to both open
and closed channels as well as other specific binding
sites. Surprisingly, it was found that 3H-phenamil
exhibits specific binding to the basolateral mem-
brane (which is presumably devoid of the “usual”
epithelial sodium channel) at concentrations as low
as 4 X 1077 M. Therefore, care must be used in in-
terpreting binding studies with amiloride or its ana-
log used at such concentrations.
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Materials and Methods

Toads, Bufo marinus, were obtained from Carolina Biological
Supply (Burlington, N.C.). The toads were kept in aquaria con-
taining tap water at room temperature until they were sacrificed
by double pithing.

SOLUTIONS

Two saline solutions were utilized in this study. The first solu-
tion, called C (see Garvin et al., 1985), contained (in mm): 100
NaCl; 4.0 KCl; 1.5 CaCl,; 0.8 MgSOy4; 2.5 NaHCOs; 0.8
NaH,PO,, and 10.5 glucose, pH 8.1. The other solution, called E
(30 mm Na), was similar to solution C except that it contained
only 29.2 mm NaCl and no NaHCO; at pH 6.4. In *H-phenamil
binding experiments using isolated cells, choline Cl (recrystal-
lized) was added to solution E to increase the osmolarity to ~220
mOsm.

All chemicals were reagent grade. Amiloride, phenamil,
and *H-phenamil were synthesized at Merck, Sharp and Dohme
Research Laboratory. Trypsin, type IX (EC no. 3.4.21.4) and
aldosterone were purchased from Sigma Chemical Company (St.
Louis, Mo.). Vasopressin was obtained from Parke-Davis (Mor-
ris Plains, N.J.).

BINDING OF *H-PHENAMIL TO [SOLATED CELLS

The *H-phenamil specific binding dose response isotherm, vaso-
pressin, aldosterone and trypsin experiments were performed
with isolated epithelial cells. To obtain isolated cells, hemiblad-
ders were incubated in solution C (with no Ca added) containing
1 mMm EDTA at 4°C for 15 min, whereupon the epithelial cells
were scraped from the supporting tissue by two passes of a
blunted microscope slide. The cell sheet was dispersed by pipet-
ting for 5 min. The resulting suspension was layered on a Per-
coll® (Pharmacia, Piscataway, N.J.) cushion, density 1.091, and
centrifuged at 1000 X g to remove red blood cells. This process
was repeated three times. The resulting cells were washed twice
to remove traces of Percoll and resuspended in solution E, to
which 65 mm choline Cl were added. The cell suspension was
then filtered through a 74 wm nylon mesh (Small Parts, Miami,
Fla.), pelleted, and resuspended in the same solution. The cells
were then divided in half and placed into two vials containing stir
bars, in which the binding studies were performed at room tem-
perature. One sample (2 ml) was used to measure total binding
and the other to measure nonspecific binding. Specific binding
was obtained by subtracting the nonspecific binding from the
total binding. At the beginning of the experiment, uniabeled
phenamil was added to the nonspecific binding vial at 1000 times
the concentration of the 3H-phenamil (to be added later). After 15
min, *H-phenamil (range 5 X 10~° to 10 ¢ M) was added to both
vials and incubated for 40 min (Garvin et al., 1985). The binding
experiments were terminated by centrifugation through 300 ul
dioctyl phthalate (4°C) on a 50 ul Percoll cushion in an Ependorf
tabletop centrifuge. Didctyl phthalate was selected because its
density is 1.035 at 4°C and it is immiscible with water. The pellet
was then washed three times in solution E containing 65 mm cho-
line Cl, and twice in distilled water for 15 min to remove the
unbound phenamil. The resulting pellet was then dissolved in 5%
deoxycholate in 0.1 M NaOH. Aliquots (100 ul) were counted in
a Beckman [.S-250 liquid scintillation counter using Agquasol
(New England Nuclear, Boston, Mass.) as the scintillation fluid.



J.L. Garvin et al.: Phenamil Binding to Toad Urinary Bladder

Protein content was measured using the method of Lowry et al.
(1951).

EFFECT OF ALDOSTERONE

Toads were kept in aquaria containing 0.6% NaCl for at least
three days {Benjamin & Singer, 1974) or hemibladders were incu-
bated in solution C containing 1 mg/ml penicillin for 16 hr prior to
exposure to aldosterone in order to reduce endogenous aldoste-
rone levels (Edelman et al., 1963). At least two toads were used
for each experiment. One hemibladder from each toad was incu-
bated in either solution C plus diluent (as the control) or solution
C containing 10~¢ M aldosterone for 6 hr. After this incubation,
the binding experiments were performed as described previ-
ously, using *H-phenamil at a concentration of 10-7 M.

To insure that the bladders treated with aldosterone re-
sponded by increasing Na transport, the I, was measured in
intact bladders in the presence and absence of aldosterone (see
Garvin et al., 1985, for methods). We found that aldosterone
(10-¢ M) caused I to double in about 90 min.

EFFECT OF VASOPRESSIN

One hemibladder from each of two toads was incubated for 15
min in 100 mU/ml vasopressin (Parke-Davis, Detroit, Mich.) in
solution C. During the remainder of the experiment this tissue
was exposed to vasopressin. The other two hemibladders were
incubated in solution C only and served as controls. Isolated
epithelial cells were prepared and binding experiments per-
formed as described earlier. The effect of vasopressin was found
to reach a maximum at 15 min and decay with a 1, of 110 min
from I, measurements.

EFFECT OF TRYPSIN

One hemibladder from each of two toads was incubated for 40
min in solution C containing 1 mg/ml trypsin type X (Sigma, St.
Louis, Mo.) in a petri dish. The other two hemibladders were
incubated in C only and served as controls. Isolated epithelial
cells were prepared and binding experiments performed as de-
scribed previously.

*H-PHENAMIL BINDING
TO APICAL MEMBRANE OF INTACT BLADDER

Hemibladders were mounted in chambers having an area of 10
cm?. The serosal half of the chamber was perfused with solution
E and the mucosal half of the chamber was perfused with solu-
tion C. I, was recorded during the experiment. Two chambers
were used in each experiment, one to measure total binding and
the other to measure nonspecific binding. After the /. reached
steady state, excess unlabeled phenamil was added to the muco-
sal solution of the chamber in which nonspecific binding was
being measured. After 15 min, 4 x 1077 M 3H-phenamil was
added to the mucosal solution of both chambers. At the end of 40
min, the drug was removed from both chambers by washing.
When [ reached steady state, the hemibladders were removed
and isolated epithelial cells were prepared as described in the
section on cell binding.
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The concentration of *H-phenamil on the basolateral side
was obtained by counting a 100-ul sample after the bladder was
incubated for 40 min with 4 x 1077 M phenamil on the apical
side. Under these conditions the basolateral concentration was
3 X 10710 M.

Channel density was calculated from a knowledge of: the
specific binding, the specific activity of phenamil (2.15 Ci/mmol),
and a measured protein-to-bladder area ratio of 0.16 mg protein/
cm?. The protein-to-bladder area conversion was obtained by
measuring the amount of protein in epithelial cells scraped from
the area of tissue exposed in the chamber.,

BINDING OF YH-PHENAMIL TO THE
BASOLATERAL SURFACE OF INTACT BLADDER

Experiments were performed as above except that solution C
bathed both sides of the tissue and phenamil was added to the
basolateral solution. *H-phenamil concentrations ranged from
107 M to 2 X 10-¢ M. These concentrations of phenamil have
been previously shown not to affect /. when added to the baso-
lateral side (Garvin et al., 1985).

STATISTICS

All data are reported as the mean + Sem., Data were analyzed
using the student’s r-test. Differences with P < 0.1 were consid-
ered significant. All hemibladders reaching a steady-state I
were utilized.

Results

BiNDING OF *H-PHENAMIL TO ISOLATED CELLS

Figure 1 shows the concentration dependence of
3H-phenamil binding to isolated epithelial cells in
solution E (30 mM Na, pH 6.4). The three curves
represent the total, nonspecific, and specific bind-
ing. The specific binding isotherm is composed of
two distinct regions. The low concentration region,
<0.1 uM, which exhibits saturation, is expanded in
the inset. In the high concentration region, >0.1
uM, the specific binding increases monotonically
with increasing phenamil concentration. The same
behavior was seen by Cuthbert and Shum (1975) in
toad bladder using “C-amiloride.

The saturation seen in the low concentration
region was assumed to represent binding to the mu-
cosal sodium channels (see Discussion), since 0.1
uM phenamil inhibits /s in intact bladders more
than 50% under identical conditions (Garvin et al.,
1985). The specific binding at 0.005 um phenamil is
not statistically different from zero (P > 0.1). How-
ever, as the nonspecific binding was about 5 times
background, the absence of specific binding cannot
be attributed to the inability to detect *H-phenamil.
The specific binding in the high concentration re-
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Fig. 1. Concentration dependence on *H-phenamil binding to
isolated epithelial cells. Total ((J), nonspecific (O), and specific
(@) binding curves are shown. Binding was performed in a solu-
tion containing 30 mM sodium at pH 6.4 with tissue that had been
incubated for at least 16 hr in solution C. The inset shows an
expanded view of the 0 to 0.1 uM range of specific binding.
Specific binding saturates at 0.05 uM phenamil. Specific binding
at 0.005 uM phenamil was not significantly different from zero
(P > 0.3). The point at this concentration masks the error bars.
The number of experiments is given in parentheses. Data are
reported as the mean + SEM

gion likely represents the association of phenamil
with “‘sites’’ other than the sodium channel. Such
sites may be any of the ones reported to be affected
by amiloride and its analogs at concentrations
higher than 0.1 uM (Benos, 1982). This proposition
is supported by the data of Fig. 2, which shows
specific binding of *H-phenamil to the intact bladder
when *H-phenamil is applied to the basolateral side.
At a concentration of 0.1 uM there is no specific
binding. However, at higher concentrations, the
binding increases linearly with phenamil concentra-
tion and is comparable (albeit slightly larger) in
magnitude to that observed in the isolated cells.

Since Garty and Edelman (1983) showed that
both the /. and the ability of amiloride to inhibit /.
are significantly inhibited by trypsin, the effects of
trypsin on *H-phenamil binding were studied. Tryp-
sin reduced the specific binding of 107 M phenamil
to isolated cells from 687 + 168 to 142 = 88 cpm/
mg or 82 * 5% in six paired experiments (P <
0.01).

EFFECTS OF VASOPRESSIN AND ALDOSTERONE
ON *H-PHENAMIL BINDING ON ISOLATED CELLS

The effects of vasopressin and aldosterone on
phenamil binding are shown in the Table. The 3H-
phenamil concentration was 1077 M in both sets of
experiments. No statistically significant difference
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Fig. 2. A graph of the specific binding of *H-phenamil to the
basolateral surface of a toad bladder mounted in a Ussing cham-
ber vs. the concentration of phenamil in the solution bathing the
basolateral surface. The numbers in parentheses indicate the
number of experiments. The specific binding at 0.4 and 2.0 um
are significantly greater than zero (P < 0.1)

in specific *H-phenamil binding in paired experi-
ments between control and vasopressin and/or al-
dosterone-treated cells were found.

BiNDING OF SH-PHENAMIL TO INTACT BLADDERS

3H-phenamil binding experiments were performed
with intact bladders mounted in Ussing chambers so
that irreversible inhibition of I could be measured
together with specific binding. The results of nine
experiments (Fig. 3) show that no significant cor-
relation existed between specific binding and the
magnitude of the /. irreversibly inhibited. Specific
binding also did not correlate with initial I,. or
percentage of I irreversibly inhibited (data not
shown). The specific binding, which averaged 936
+ 210 cpm/mg protein, corresponds to a channel
density of 455 + 102 channels/um?,

Discussion

In a previous paper (Garvin et al., 1985), we re-
ported that phenamil inhibited the /. of toad urinary
bladder irreversibly, specifically and with high af-
finity, and is competitive with amiloride. Further-
more, it was reported that the extent of irreversible
inhibition increased as the mucosal sodium concen-
tration and pH decreased. In the present communi-
cation, we used this information to investigate fur-
ther the interaction of phenamil with the epithelial
sodium channel by using tritiated phenamil. From
these measurements, the density of mucosal sodium
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Table. Effects of vasopressin and aldosterone on the specific
binding of *H-phenamil to isolated toad bladder cells from paired
bladders in ¢cpm/mg protein

cpm/mg/protein n
Contro! 2344 * 1115 (5)
NS
Vasopressin 2212 + 645 (5)
Control 2807 £ 576 9)
. NS
Aldosterone 3576 + 1018 9)

channels in the presence and absence of aldoste-
rone and vasopressin was calculated.

BINDING OF *H-PHENAMIL

Binding studies proved easier to perform in 1solated
epithelial cells than in Ussing chambers. The major
problem with the former approach was the possibil-
ity that H-phenamil bound to sites other than the
mucosal sodium channel. The experiments shown
in Figs. 1 and 2 were performed to define the con-
centration range within which *H-phenamil binding
would be specific only for the sodium channels.
Both the saturation of cellular binding at 0.1 um and
the lack of binding from the basolateral side at this
concentration suggest that most of the specific *H-
phenamil binding at 0.1 M is to the mucosal side.
That this binding is predominantly to the sodium
channel is provided by three pieces of evidence: (a)
at this concentration, more than 50% of the I is
inhibited by mucosal phenamil in intact bladders un-
der similar experimental conditions; (b) phenamil
seems to bind to the same site as amiloride since
excess amiloride prevents specific binding of *H-
phenamil; also the relationship between specific
binding of phenamil vs. concentration of *H-
phenamil (see Fig. 1) is very similar to that reported
for specific amiloride binding vs. concentration of
4C-amiloride (Cuthbert & Shum, 1975); and (c)
trypsin, which appears to decrease the number of
amiloride-sensitive mucosal sodium channels
(Garty & Edelman, 1983), decreases specific bind-
ing of *H-phenamil by about 80%. Furthermore, this
result suggests that at least 80% of *H-phenamil is
bound to the cell exterior since trypsin is not be-
lieved to enter the cell.

The specific binding of H-phenamil observed at
concentrations higher than 0.1 uM probably repre-
sents the lower affinity sites, such as the Na-K-
ATPase, Na-Ca exchange, Na-H exchange, and
Na-Na exchange, as well as other sites still to be
determined. It is important to emphasize that at
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Fig. 3. A plot of specific binding of *H-phenamil vs. irreversibly
inhibited /.. Experiments were performed in a solution contain-
ing 30 mmM sodium at pH 6.4 in chambers of area 10 cm?. No
significant correlation exists between specific binding and the
magnitude of the irreversibly inhibited I, (n = 9)

concentrations as low as 4 X 1077 M there is signifi-
cant binding (P < 0.1) to the basolateral membrane,
a membrane putatively devoid of sodium channels.
Consequently, the concentration range over which
investigators can be certain that they are only inves-
tigating the apical sodium channel is limited to con-
centrations =<10-7 M. In this regard, the experi-
ments with intact bladders were performed at an
apical phenamil concentration of 4 x 1077 m (Fig.
3), in order to obtain a statistically significant inhibi-
tion of I.. The justification for these experiments is
that the phenamil concentration in the basolateral
solution was measured to be 3 x 1071 m. This con-
centration is a factor of 1000 less than the concen-
tration where specific binding was detected. There-
fore, the binding data for the intact bladders rests on
justifiable assumptions.

CHANNEL DENSITY

Channel densities could be calculated from the
binding data, provided that the binding stoichi-
ometry was known. Although the stoichiometry of
phenamil binding could not be determined in these
experiments due to the limited concentration range
over which specific binding could be obtained, it is
reasonable to assume that phenamil binds witha 1 : 1
stoichiometry to the sodium channel. This stoichi-
ometry is consistent with the data obtained for ami-
loride using noise analysis (Lindemann & Van
Driessche, 1977) although other investigators, using
analogs of amiloride that stimulate /., suggested
that there may be two amiloride binding sites on the
sodium channel (Benos & Whatthey, 1981; Li &
Lindemann, 1983). If the stoichiometry is greater
than one phenamil molecule per channel, the esti-
mate of channel density will be lower by that ratio.
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However, it is important to note that the estimate of
channel density from noise analysis and *C-ami-
loride binding data differ by a factor of 1000 and not
by a factor of two. Such a situation exists for gap
junctions where there is a large excess of junctions
over that required for cell communication (Meyer et
al., 1981).

From the binding data to intact bladder, a chan-
nel density of 450 channels/um? is calculated. This
value is two to three times lower than the previ-
ously reported values of 800 to 1400 channels/um?
(Cuthbert & Shum, 1975, who also assumed a 1:1
binding stoichiometry) in the toad bladder. The
most likely source of this difference is the inability
of Cuthbert and Shum (1975) to wash adequately
their preparation due to the high dissociation rate
constant of amiloride from the channel (Lindemann
& Van Driessche, 1977). This problem is not en-
countered with phenamil due to its irreversible
binding (or low dissociation rate constant).

Using noise analysis to obtain the sodium chan-
nel density of toad bladder, Li et al. (1982) and
Palmer et al. (1982) reported a value of about 1
channel/um? under control conditions. This value is
much lower than that reported in this study (450
channels/um?). Various possibilities for this are:

(1) Actual membrane area: Based on capaci-
tance measurements, Li et al. (1982) found that 1
cm? of chamber area corresponds to 2 cm? of actual
apical membrane area.

(2) Hormonally recruitable channels: Noise
analysis data have shown that aldosterone increases
channel density twofold (Palmer et al., 1982) and
vasopressin nearly fivefold (Li et al., 1982). Addi-
tionally, other channels may exist which are hor-
monally or chemically recruitable as will be dis-
cussed below.

(3) Stoichiometry of binding: The stoichiometry
of 3H-phenamil binding was assumed to be 1 to 1;
the stoichiometry may be greater (Benos & What-
they, 1981; Li & Lindemann, 1983).

(4) Binding to other sites: Unfortunately, the
binding of phenamil to sites other than the sodium
channel is a possibility. An analysis of the number
of high-affinity sites could not be completed due to
the limited range over which specific binding could
be measured. However, as discussed previously,
phenamil binding at 0.1 um displays the properties
expected for binding specifically to the sodium
channel.

The present experiments do not follow further
differentiation among these possibilities. Neverthe-
less, the large excess of binding sites over conduct-
ing channels makes it improbable that variations in
the number of conductive channels by hormonal or
chemical stimulation would be observable as an al-
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teration in the number of phenamil binding sites. If
sodium channels were located in the cytoplasm,
phenamil would in all probability also bind to them.
This occurs because phenamil [like amiloride
(Benos et al., 1983)] apparently permeates through
plasma membranes and can therefore bind to dor-
mant channels existing in cytoplasmic vesicles that
arc incorporated into the plasma membrane upon
appropriate stimulation (Garty & Edelman, 1983).
The 20% of phenamil binding sites that are trypsin-
insensitive may be associated with these dormant
cytoplasmic channels. Consequently, it is not sur-
prising that there is no correlation between
phenamil binding and I, inhibition and that neither
aldosterone or vasopressin alter the number of
phenamil binding sites.

The present results with aldosterone are not in
agreement with those of Cuthbert and Shum (1975),
who reported a doubling in the number of “C-ami-
loride binding sites. On the other hand, our results
with vasopressin are in agreement with Cuthbert
and Shum in that no change in the number of bind-
ing sites was observed. It is unclear why this dis-
crepancy in results was observed with aldosterone.
Perhaps their inability to adequately wash their
preparation interfered with their experimental
results. As discussed earlier, we think that the large
excess of phenamil binding sites makes it highly
unlikely that conditions which alter sodium conduc-
tance would be reflected in changes in binding.
Clearly, these types of binding experiments do not
distinguish among the various proposed models for
aldosterone or vasopressin action. However, these
binding studies raise the extremely interesting pos-
sibility that a large excess of sodium channels may
be present in these cells.
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