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Summary. In order to investigate whether the loop diuretic sen-
sitive, sodium-chloride cotransport system described previously
in shark rectal gland is in fact a sodium-potassium chloride
cotransport system, plasma membrane vesicles were isolated
from rectal glands of Squalus acanthias and sodium and rubi-
dium uptake were measured by a rapid filtration technique.
In addition, the binding of N-methylfurosemide to the mem-
branes was investigated. Sodium uptake into the vesicles in
the presence of a 170 mM KCl gradient was initially about five-
fold higher than in the presence of a 170 mm KNO, gradient.
In the presence of chloride, sodium uptake was inhibited 56%
by 0.4 mM bumetanide and 40% by 0.8 mM N-methylfurose-
mide. When potassium chloride was replaced by choline chlo-
ride or lithium chloride, sodium uptake decreased to the values
observed in the presence of potassium nitrate. Replacement
of potassium chloride by rubidium chloride, however, did not
change sodium uptake. Initial rubidium uptake into the mem-
brane vesicles was about 2.5-fold higher in the presence of a
170 mm NaCl gradient than in the presence of a 170 mm NaNO,
gradient. The effect of chloride was completely abolished by
0.4 mM bumetanide. Replacement of the sodium chloride gra-
dient by a lithium chloride gradient decreased rubidium uptake
by about 40% ; replacement by a choline chloride gradient re-
duced the uptake even further. Rubidium uptake was also
strongly inhibited by potassium. Sodium chloride dependence
and bumetanide inhibition of rubidium flux were also found
in tracer exchange experiments in the absence of salt gradients.
The isolated plasma membranes bound 3[H]-N-methylfurose-
mide in a dose-dependent manner. In Scatchard plots, one sa-
turable component could be detected with an apparent K, of
3.5x107% M and a number of sites n of 104 pmol/mg protein.
At 0.8 pM, N-methylfurosemide binding decreased 51% when
sodium-free or low-potassium media were used. The same de-
crease was observed when the chloride concentration was in-
creased from 200 to 600 mM or when 1 mM bumetanide or furo-
semide were added to the incubation medium. These studies
indicate that the sodium-chloride cotransport system described
previously in the rectal gland is in fact a sodium-potassium
chloride cotransport system. It is postulated that this transport
system plays an essential role in the secondary active chloride
secretion of the rectal gland.

Key Words sodium-potassium chloride cotransport - chlo-
ride transport - “loop diuretics™ - rectal gland - furosemide
binding sites

Introduction

The rectal gland of the dogfish (Squalus acanthias)
actively secretes chloride, thereby assisting the ani-
mal in maintaining its salt and water balance [1].
Since the organ can be perfused in vitro and is
composed of a homogenous cell population with
extensive infoldings of the basal-lateral plasma
membranes it has been used successfully in the past
as a model system for biophysical and biochemical
studies on active chloride transport [3, 20]. In 1977
Silva et al. proposed a model for active chloride
secretion that, based on the sodium dependence
and the ouabain sensitivity of the transport,
invoked secondary active chloride transport in
which a sodium-chloride cotransport system
located in the basal-lateral plasma membrane of
the transporting cells coupled sodium and chloride
movement [20]. Such a system was indeed found
in isolated plasma membranes [3]. It could be
shown that potassium chloride as compared to po-
tassium nitrate increased sodium uptake into rectal
gland plasma membrane vesicles. The uptake
studies also demonstrated the sensitivity of this
transport system to ““loop diuretics” such as furo-
semide and bumetanide [3, 10].

Recently, in a variety of nonepithelial [5, 17]
and epithelial cells [13, 15], a transport system for
sodium chloride has been described that is likewise
inhibited by loop diuretics but requires for full ac-
tivity the presence of potassium. It has been postu-
lated to perform sodium-potassium chloride co-
transport. Since in the earlier studies with rectal
gland plasma membranes potassium was always
used as the counter-ion for chloride, it was not
possible to deduce from those studies whether the
sodium chloride cotransport system found in the
plasma membranes actually represented a sodium-
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potassium chloride cotransport system. The de-
crease of chloride secretion observed in the isolated
gland when perfused with potassium-free media
(F.H. Epstein & P. Silva, personal communication)
also could not be interpreted unequivocally to
demonstrate a potassium dependence of the sodi-
um chloride cotransport system. Chloride secretion
depends entirely on the operation of the Na,K-
ATPase {20] and this enzyme is inhibited when
potassium is removed from the extracellular com-
partment [7].

We therefore decided to use again isolated plas-
ma membranes to study this problem. Three mem-
brane properties related to the presence of a loop
diuretic sensitive, sodium-potassium chloride co-
transport system were investigated: potassium de-
pendence of sodium flux, sodium dependence of
potassium flux and sodium and potassium depen-
dence of the binding of a diuretic to the transport
system. In the experiments described below all of
the above-mentioned properties could be demon-
strated. The studies therefore provide direct evi-
dence for the presence of a sodium-potassium chio-
ride cotransport system in the basal-lateral plasma
membranes of rectal gland cells. It is postulated
that this cotransport system is an essential element
in the secondary active transport of chloride by
the rectal gland.

Materials and Methods

Female dogfish (Squalus acanthias) were caught by hook and
line in Frenchman’s Bay, Maine, during July, 1982. The fish
were kept in live cars and used within two days to one week
of capture. Isolation of plasma membrane vesicles was carried
out at 0 to 4°C by a modification of the method described
by Hokin et al. [6]. The procedure consists of a series of centrif-
ugation steps in which plasma membranes are separated from
nuclei, mitochondria and endoplasmic reticuium. The marker
enzyme Na,K-ATPase, determined as previously described [11]
but without deoxycholate treatment was enriched about four-
fold in the final membrane fraction. Protein was determined
by the method of Lowry etal. [14]. 2*Na uptake and *°Rb
uptake were followed using a rapid filtration technique [3}.
The binding of 3*[H]-N-methylfurosemide was measured in the
following way. The reaction was initiated by the addition of
20 pl membranes (100 pg protein) to 65 pl incubation medium.
Following a 20 min incubation period a 20-pl sample was
removed and pipetted directly in 15 to 20 discrete drops onto
a mixed cellulose ester filter (Millipore HAWP, pore size 0.45)
kept under suction. The filter was then washed with 3.5 mi
jce-cold stop solution (240 mM mannitol, 200 mM KNO;,
20 mM Tris-HEPES, 1.2 mM Mg(NO,),, pH 7.6); the washing
took less than 2 sec. Experiments were performed at 15 °C in
duplicate for transport and in triplicate for binding. The com-
position of the incubation media is given in the legends to Figures
and Tables. The membranes were usually suspended in 200 mM
mannitol, 20 mm Tris-HEPES, 1.2mM Mg(NO;),, pH 7.6.
The filters were transferred into liquid scintillation fluid
(Econofluor, New England Nuclear, Boston, Mass.) and
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counted by standard liquid scintillation techniques. The values
were corrected for the amount of radioactivity bound to the
filters in the absence of plasma membranes and expressed as
picomoles by using the specific activity determined separately
for each incubation medium. ?*Na (carrier free) and *°RbCl
(0.06 to 4.2 Ci/mmol) were purchased from New England Nu-
clear, Boston, Mass. [*H]-N-methylfurosemide and N-methyl-
furosemide were gifts from Hoechst A.G., Frankfurt am Main,
West Germany. The purity of the compound was >99% and
was checked routinely by thin-layer chromatography. All other
chemicals were of the highest grade of purity commercially
available.

Results

Three functional parameters of the putative loop
diuretic sensitive sodium-potassium chloride co-
transport system will be analyzed in the following
sections. First the effect of potassium on the chlo-
ride-dependent and bumetanide-sensitive sodium
uptake by the membrane vesicles will be investi-
gated. Then the potassium flux properties of the
membranes — using rubidium as potassium substi-
tute — will be discussed with respect to chloride
dependence, sodium dependence and the action of
bumetanide. Thirdly, the binding of one loop diur-
etic to the transport system will be used to demon-
strate the interactions of sodium, potassium and
chloride with the transport system.

1. Sodium Uptake
by Rectal Gland Plasma Membranes

General Characteristics. As demonstrated
previously [3], sodium uptake into rectal gland
plasma membrane vesicles is markedly stimulated
in the presence of a potassium chloride gradient.
This phenomenon is shown in Fig. 1. During the
first 2 min of incubation, sodium uptake in the
presence of KCl is about 5 times higher than in
the presence of KNO,. After 2.5 min of incubation
in the chloride medium the amount of sodium pres-
ent in the vesicles is about 35% higher (P<0.05)
than the amount present after 120 min of incuba-
tion. This finding indicates that sodium is tran-
siently accumulated (overshoot) inside the vesicle,
probably driven by the KCl gradient. In the pres-
ence of the loop diuretic bumetanide, the initial
uptake rate in the presence of KCl is lower and
no overshoot is observed. Taken together, the data
in Fig. 1 show that sodium movement across the
rectal gland plasma membrane is to a large extent
chloride gradient dependent and that this chloride-
dependent sodium flux can be inhibited (although
not completely) by the loop diuretic bumetanide.

N-methylfurosemide, the radioactively labeled
furosemide analog used in the binding studies de-
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Fig. 1. Sodium uptake by rectal gland plasma membrane vesi-
cles: Effect of chloride and bumetanide. Vesicles containing
200 mM mannitol, 20 mm Tris-HEPES (pH 7.6), and 1 mm
Mg(NO,;), were incubated in a medium containing in addition
0.4mM NaNO; and 170 mM KCl or 170 mm KNO,. (e-e)
uptake in the presence of the KCl gradient, (0-0) uptake in
the presence of the KNOj, gradient, (a—a) uptake in the presence
of KCl and 0.4 mm bumetanide. The results represent mean
values +SeM derived from 8 experiments
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Fig. 2. Sodium uptake by rectal gland plasma membrane vesi-
cles: Effect of N-methylfurosemide. Sodium uptake was deter-
mined as detailed in the legend to Fig. 1 in the presence of
a KCl gradient, a KNO; gradient and increasing amounts of
N-methylfurosemide. Mean values derived from 2 experiments
are given

scribed below, also inhibits chloride-dependent so-
dium uptake (Fig. 2). At the highest concentration
tested (0.83 mm) the inhibition was about 40%.

B. Effect of Potassium Removal on Chlo-
ride-Dependent Uptake. In order to determine
whether potassium was necessary for chloride stim-
ulation of the sodium flux, potassium was replaced
by lithium chloride or choline chloride. The results
of these experiments are compiled in Table 1. In
the first series of experiments potassium was re-
placed by rubidium chloride or by lithium chloride.
No significant changes in sodium uptake are ob-
served when rubidium replaces potassium. In the
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Table 1. Effect of potassium removal on sodium uptake by
rectal gland plasma membranes

Incubation medium Sodium uptake after: n
15 sec 1 min 1 min 45 sec
Series 1
KCl (170 mm) 399489 90.5423.7 1184323 2
RbCl (170 mMm) 328446 79.2+11 107+16.6 2
LiCl (170 mMm) 11.6+7.2 11.1+0.8 16.9+015 2
Series 2
KCl Choline
chloride
170 0 22.843.5 56.0+6.8 73.7+£109 3
50 120 19.4+3.5 4514109 644+156 3
20 150 10.94+0.8 242417 36.4+3.9 3
10 160 97407 214418 27.8+2.3 3
0 170 7.04+£05 13.3+19 19.7+2.9 3

Vesicles containing 200 mM mannitol, 20 mMm Tris-HEPES
(pH 7.6) and 1 mMm Mg(NO,), were incubated in a medium
containing, in addition, 0.4 mmM NaNO, and 170 mMm salt as
shown above.

The values are expressed as percent of the uptake observed
for the different incubation media after 120 min of incubation,
they represent mean values +SeM derived from n experiments.
The data obtained in paired experiments are depicted in series
1 and series 2.

presence of lithium chloride, however, sodium
uptake is drastically reduced. In view of a possible
direct inhibitory effect of lithium on sodium
uptake via competition for the sodium binding site
of the transport molecule, a second series of experi-
ments was conducted in which potassium chloride
was replaced by choline chloride in a stepwise fash-
ion. As evident from Table 1, a decrease in potassi-
um concentration was accompanied by a decrease
in sodium uptake. A 50% reduction was observed
between 50 and 20 mM KCI. These results clearly
indicate that potassium, in addition to chloride,
stimulates sodium transport — one property to be
expected when a sodium-potassium chloride co-
transport system is present in the membranes.

I1. Rubidium Uptake
into Rectal Gland Plasma Membranes

A. Effect of Sodium, Chloride and Bumet-
anide under Gradient Conditions. As demonstrated
above, rubidium chloride stimulates sodium
uptake into rectal gland plasma membrane vesi-
cles. If this stimulation is due to the operation of
a sodium-potassium chloride cotransport system
it should be possible to demonstrate a stimulation
of rubidium flux by sodium and chloride. Experi-
ments addressing this question are shown in Fig. 3.
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Fig. 3. Rubidium uptake by rectal gland plasma membrane vesi-
cles: Effect of chloride and bumetanide. Vesicles containing
200 mM mannitol, 20 mm Tris-HEPES (pH 7.6) and 1 mwm
Mg(NOQ,), were incubated in a medium containing, in addition,
0.4 mMm RbNO; and 170 mM NaCl or 170 mM NaNO;. (e—e)
uptake in the presence of the NaCl gradient, (o—o) uptake in
the presence of the NaNO, gradient, (a—a) uptake in the pres-
ence of NaCl and 0.4 mM bumetanide, (a—a) uptake in the pres-
ence of NaNO; and 0.4 mM bumetanide. The results represent
mean values +SEM derived from 3 experiments

Table 2. Effect of potassium on rubidium uptake by rectal gland
plasma membranes

Incubation medium  Rubidium uptake after:

15 sec 1 min 120 min
NaCl 44.2 77.6 100
NaCl+10mM K* 19.5 31.8 70.7
NaNO, 14.7 25.6 74.4
NaNO,+10mMK* 838 15.9 59.4

The values are expressed as percent of the equilibrium value
obtained in NaCl medium (0.552 pmol/mg protein) and repre-
sent mean values derived from three experiments.
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In the presence of a sodium chloride gradient, ru-
bidium is taken up very rapidly by the vesicles and
reaches equilibrium after 3 min of incubation. In
the presence of sodium nitrate, rubidium uptake
is markedly reduced. In the early phase of incuba-
tion, rubidium uptake in sodium chloride medium
is 2.5-fold higher than in sodium nitrate. Bumeta-
nide at 0.4 mM inhibits the chloride-dependent ru-
bidium uptake completely; in the absence of chlo-
ride, bumetanide has no effect. Rubidium uptake
after 120 min of incubation is 0.3 nmol in the case
of sodium nitrate and 0.5 nmol in the presence of
sodium chloride. The difference is only marginally
significant and cannot be explained, at the
moment.

In order to establish whether rubidium uptake
was indeed indicative of potassium movements,
potassium was added to the incubation medium
(Table 2). In the presence of 0.4 mM rubidium and
a sodium chloride gradient 10 mm K Cl reduces ru-
bidium uptake to a level similar to that observed
in the presence of sodium nitrate. Consistent with
this observation, potassium nitrate decreases rubi-
dium uptake in the presence of sodium nitrate.
These results establish that rubidium acts as a sub-
stitute for potassium in this transport system. They
also demonstrate that rubidium uptake, similar to
sodium uptake, is stimulated by a chloride gradient
and is inhibited by the loop diuretic bumetanide.
If the rubidium flux would occur via the sodium-
potassium chloride cotransport system, removal of
sodium should inhibit rubidium uptake. Results
of sodium replacement experiments are given in
Table 3. When sodium is replaced by lithium, the
uptake of rubidium is inhibitied 53% ; when sodi-
um is replaced by choline, rubidium uptake de-
creases by almost 80%. Stepwise addition of sodi-
um leads to a concomitant increase in rubidium

Table 3. Effect of sodium removal on rubidium uptake by rectal gland plasma membranes

Incubation medium Rubidium uptake after:

15 sec 1 min 1 min 45sec 120 min

NaCl (170 mm) 442470 776 +13 96.21+14.3 100 3
LiCl (170 mm) 239+6.2 45254114  59.6+£15.5 100 3
Choline chloride

(170 mm) 9.6 18.0 29.5 100 1
160 mM+10 mM Na 10.9 20.9 274 100 1
150 mM+20 mM Na 17.9 324 51.2 100 1
110 mM+ 50 mm Na 22.8 499 69.2 100 1

Values are given in % of the equilibrium value observed for each experimental set up and

represent mean values +seM derived from » experiments.
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Table 4. Effect of sodium, chloride and bumetanide on rubid-
ium exchange

2

Incubation medium Exchange rate r

NaCl 0.37+0.04 0.94
NaCl + bumetanide® 0.16+0.03 0.90
NaNOQ,™* 0.164+0.01 0.90
NaNO, + bumetanide® ® 0.1340.02 0.90
Choline chloride® 0.25+0.03 0.98

Choline chloride + bumetanide® ® 0.204-0.03 1.00

Significantly different (P <0.05) from NaCl medium.
Not significantly different from exchange in the same medi-
um without bumetanide.

b

The results represent mean values + SeM derived from 3 experi-
ments. Bumetanide was used in a final concentration of 0.4 mm.
The exchange rate was calculated from a plot of In(c,, —c,/c,)
versus the incubation time, ¢, =intravesicular concentration
of tracer after 120 min, ¢, tracer concentration after 15 sec,
1 min, 1 min 45 sec and 2 min 30 sec, respectively. r? indicates
the probability for the regression line calculated to obtain the
value for the exchange rate.

uptake. Although the latter results were obtained
only in one experiment the use of various time
points and sodium concentrations supports the
significance of the findings. Thus rubidium flux
across the vesicle membrane is stimulated by sodi-
um and chloride and is inhibited by bumetanide,
a picture quite complementary to the dependence
of sodium uptake on potassium and chloride and
its inhibition by bumetanide.

B. Effect of Sodium, Chloride and Bumet-
anide under Tracer Exchange Conditions. Since the
experiments mentioned above were performed
under ion gradient conditions where the electrical
potential difference across the membranes may
change when the salt gradients are altered, the ef-
fects of sodium and chloride on rubidium flux
could be due to electrical coupling phenomena
rather than flux coupling via a cotransport system.
In order to minimize such interference, tracer ex-
change studies in the absence of salt gradients were
performed. The results of these studies are com-
piled in Table 4. They essentially corroborate the
findings made under gradient conditions. In the
sodium chloride medium the rate of rubidium up-
take is about 2.3-fold higher than in the sodium
nitrate medium and bumetanide blocks the effect
of sodium chloride completely. Replacement of so-
dium by choline decreases the rubidium uptake
rate by 30% and the effect of bumetanide on the
rubidium uptake is blunted. The tracer exchange
experiments demonstrate directly that flux cou-
pling between sodium, potassium and chloride
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takes place via a cotransport system that is inhib-
ited by the loop diuretic bumetanide.

1I1. Binding of N-Methylfurosemide
to Rectal Gland Plasma Membranes

A. General Characteristics. The inhibition
by loop diuretics of the postulated sodium-potassi-
um chloride cotransport system requires a specific
interaction between the transporter and the inhibi-
tor. It should therefore be possible — in analogy
to phlorizin and the sodium-D-glucose cotransport
system [8] — to use the binding of the inhibitor
as an indicator for the presence of sodium, potassi-
um and chloride binding sites at the transporter
molecule. As demonstrated above, N-methylfuro-
semide inhibits potassium chloride-dependent so-
dium uptake and thus can be assumed to interact
with the sodium-potassium chloride cotransport
system. Indeed, when binding of [*H]-N-methyl-
furosemide (NMF) to rectal gland plasma mem-
branes is investigated, a concentration-dependent
association of NMF with the membranes is ob-
served. When the results are analyzed according
to Scatchard (Fig. 4 4) a nonlinear plot is obtained
that can be resolved in the first approximation into
two components. One component is directly pro-
portional to the concentration of NMF used in
the incubation medium while the other demon-
strates saturation kinetics. By extrapolation of
values obtained for binding of NMF observed at
high concentrations a straight line is obtained that
can be described by the equation h=8.5x107¢ £,
where b stands for the amount bound per mg
protein and f for the free NMF concentration.
When the three experiments are plotted individual-
ly following graphical subtraction of the linear
component h=28.5x 107 £, linear Scatchard plots
are obtained (Fig. 4 B) from which an apparent K,
of 3.541.2x107°M (mean value +sp) and a
number of binding sites of 104421 pmol/mg
protein can be derived. The dotted line in Fig. 44
represents the calculated sum of the two compo-
nents. At 0.8 x107°M — the concentration used
in the experiments described next — total binding
of NMF is 28.1 pmol, 60 to 70% of which repre-
sents binding to the saturable component.

B. Effect of Bumetanide and Furosemide
on NMF Binding. In order to verify our assumption
that NMF binding occurs to a binding site for
loop diuretics, the effect of bumetanide and furose-
mide on NMF binding was investigated. At a con-
centration of 0.8x107¢®wm, NMF binding de-
creases to 44.5+5.5% (n=23) of the control in the
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Fig. 5. Binding of N-methylfurosemide to rectal gland plasma
membrane vesicles: effect of sodium. Plasma membranes were
incubated for 20 min with 0.8 x 107% M NMF in 100 mM manni-
tol, 20mM KCl, 1.2mM MgNO;),, 20 mm Tris-HEPES
(pH 7.4) and increasing concentrations of sodium chloride;
choline chloride was used as cation replacement. The amount
of NMF bound to the membranes was determined by a rapid
filtration technique. The results represent mean values +SgM
derived from 3 experiments and are given as percent of the
binding observed at 200 mm NaCl and zero choline chloride
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Fig. 6. Binding of N-methylfurosemide to rectal gland plasma
membrane vesicles: effect of potassium. Plasma membranes
were incubated for 20 min with 0.8 x 10 ¢ M NMF in 100 mm
mannito], 200 mM NaCl, 1.2mM Mg(NO,),, 20 mm Tris-
HEPES (pH 7.4) and decreasing amounts of KCl; NaCl was
used as cation replacement. The amount of NMF bound to
the membranes was determined by a rapid filtration technique.
The results represent mean values +seM derived from 3 experi-
ments and are given as percent of the binding observed at 50 mm
KCl
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Table 5. Effect of anions on the binding of [*H]-N-methylfuro-
semide to rectal gland plasma membranes

% control n
400 mm Cl 47414 3
400 mm NO, 61+8 2
400 mM gluconate 110 1

The control incubation medium contained 200 mm NaCl,
10 mm KCl1, 20 mM Tris-HEPES and 1.2 mm Mg(NO,),. Sodi-
um salts of the anions were used. The results represent mean
values of n experiments with the standard error of the mean
values.

presence of 10~ 3 M bumetanide and to 23.34+-10%
(n=13) in the presence of furosemide. Thus at least
56% of NMF bound to the membranes share its
binding site with the two other loop diuretics.

C. Effect of Sodium, Potassium and Chlo-
ride on NMF Binding. In Figs. 5 and 6 experiments
are compiled in which the ionic composition of
the incubation medium was altered to see whether
any of the ions transported by the putative sodium-
potassium chloride cotransport system affected the
binding of NMF to the transport system. In Fig. 5
the sodium concentration of the incubation was
lowered from 200 mM - the physiological level for
the shark rectal gland — to zero. This maneuver
results in a decrease in binding of NMF by 56%.
Interestingly enough the sodium dependence of
NMF binding becomes evident already at very low
sodium concentrations and a half-maximum stimu-
lation of NMF binding is observed at about
0.5 mM sodium. The scatter of the experiments pre-
cludes a precise determination of the sodium affini-
ty of the binding site at the present time.

In Fig. 6 the effect of potassium on NMF bind-
ing was investigated. In the range between 50 and
5 mM, the lowest potassium concentration tested,
a decrease in potassium concentration leads to a
significant decrease in binding. The binding at
5 mM potassium amounts to 46 +2% (n=4) of the
binding observed at 50 mm potassium.

The effect of chloride on NMF binding is de-
picted in Table 5. In this series of experiments the
chloride concentration was increased from 210 to
600 mM. This was done following the reasoning
that part of the NMF molecule might interact di-
rectly with the chloride binding site(s) of the trans-
port system. Indeed, it was observed that an in-
crease in chloride concentration decreases NMF
binding to about the same level observed in sodi-
um-free or low-potassium medium. Addition of
400 mM nitrate instead of chloride also decreased

79

the binding but to a lesser extent; gluconate had
no effect on NMF binding.

Discussion

In the experiments described above three different
properties of rectal gland plasma membranes have
been studied : sodium uptake, rubidium uptake and
binding of the loop diuretic N-methylfurosemide.
In the following, these three properties will first
be discussed separately and then the significance
of the results with regard to the putative sodium-
potassium chloride cotransport system will be con-
sidered.

The sodium uptake studies represent an exten-
sion of our earlier work in which an effect of chlo-
ride and furosemide on sodium uptake was ob-
served [3]. In the current studies a much larger
stimulation of sodium uptake by chloride was
found and sodium uptake showed a slight but sig-
nificant overshoot indicating a transient accumula-
tion of sodium inside the membrane vesicles. Since
the uptake of sodium in the absence of chioride
was similar in both studies, the most probable
cause of the higher stimulation and the overshoot
is the increase in the potassium chioride from 100
(previous studies) to 170 mMm (current studies),
which exerts a larger driving force for sodium
uptake.

The driving force is probably exerted both by
the chloride and by the potassium ion as evidenced
by the potassium replacement experiments. These
experiments were performed using two different
ions to replace potassium, lithium and choline, be-
cause at such high concentrations both substitutes
can exert unspecific effects on the transport. Lithi-
um is known to share transport sites with sodium
in sodium cotransport systems [12] and with a so-
dium concentration of 0.4mM, 170 mm Li can
compete with sodium effectively even if the affini-
ties of the transport system for the two ions differ
by two orders of magnitude. That such a situation
might indeed exist can be deduced from the higher
rate of rubidium uptake observed when sodium
was replaced by lithium rather than by choline.
Choline chloride itself does not seem to affect the
transport system directly since an increase from
zero to 120 mm (Table 1) decreases sodium trans-
port insignificantly. The further stepwise reduction
of potassium with only small additional increase
of choline leads, however, to a marked reduction
in sodium flux. Thus, especially with reference to
the choline experiments it seems quite clear that
potassium enhances sodium movement across the
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membrane. The potassium effect can also be elic-
ited by rubidium, thus potassium and rubidium
seem to share a common site of action.

The experiments reported above on the inhibi-
tion of sodium transport by bumetanide and N-
methylfurosemide provide evidence that both sub-
stances have a similar site of action as furosemide,
whose inhibitory action on sodium transport in
the vesicles has been reported previously [3, 10].
The inability of 0.8 mmM N-methylfurosemide to
completely inhibit chloride-dependent sodium
uptake may be due to the low concentration of
sodium (0.4 mm) used in the incubation medium.
As has just been described, the binding of N-meth-
ylfurosemide is dependent on the presence of sodi-
um; thus in the presence of a low sodium concen-
tration, incomplete inhibition of sodium uptake or
lower affinity of the diuretic might be expected.
The same reasoning may hold for the incomplete
inhibition of sodium flux (at 0.4 mmM Na) by bume-
tanide as contrasted to the complete inhibition of
rubidium flux in the presence of 170 mm Na.
Despite these difficulties caused by the experimen-
tal set up the results obtained for bumetanide cor-
roborate findings in the intact gland where chloride
secretion was inhibited both by furosemide and
bumetanide [9, 18, 20]. It can therefore be con-
cluded that the isolated membranes at least quali-
tatively reflect the properties of the membranes in
vivo.

With respect to rubidium uptake by the rectal
gland plasma membranes the question has to be
raised whether the uptake by the plasma mem-
branes represents binding to the membranes and/
or uptake into the intravesicular space. This ques-
tion can be answered by comparing the apparent
intravesicular space for rubidium and sodium that
can be calculated from the uptake of the isotopes
after long-term incubation. For rubidium, the in-
travesicular space in sodium chloride medium
amounts to 1.3 pl/mg protein, the corresponding
value for sodium is 2.3 pl/mg protein. The lower
value for rubidium indicates that there is no bind-
ing of rubidium to the membranes but rather that
some rubidium might be lost from the intravesicu-
lar space during the washing procedures. Part of
the difference can also be attributed to the fact
that rubidium and sodium uptake were investi-
gated in different membrane preparations. It is
known that a variation of the intravesicular space
by a factor of two is quite common in such prepa-
rations.

That rubidium uptake in the sodium chloride
medium occurs mainly via a transport system and
not only by simple diffusion is evident from the
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inhibition of the uptake by potassium and bume-
tanide and from its stimulation by chloride and
sodium. The inhibition by potassium can be ex-
plained by assuming that potassium is also a sub-
strate of the transport system and therefore com-
petes with rubidium for its binding site. Stimula-
tion of the uptake by sodium and chioride can
either be due to a direct stimulatory effect on the
transport system or due to the generation of diffu-
sion potentials across the membrane. This poten-
tial can be expected to be vesicle inside negative
in both instances because in the choline chloride
medium, sodium has been replaced by a less per-
meant cation and in the sodium nitrate medium,
chloride has been replaced by a more permeant
anion. Since, however, all the above-mentioned
effects are observed also under tracer exchange
conditions in the absence of salt gradients, it can
be concluded that the stimulation of rubidium
uptake by sodium and chloride is caused by a di-
rect interaction of the two ions with the rubidium
transport system. The results therefore demon-
strate that the plasma membranes of the rectal
gland contain a transport system for rubidium that
can be shared by potassium, is stimulated by chlo-
ride, is inhibited by bumetanide and is to a large
extent sodium dependent. Rubidium uptake in the
absence of chloride is bumetanide insensitive but
is inhibited significantly by potassium. These ob-
servations might indicate that another pathway
(channel?) for rubidium and potassium transfer is
present in the rectal gland plasma membranes, the
nature of which remains to be elucidated.

With respect to the interaction of N-methylfu-
rosemide with the membranes, the following points
are noteworthy. The association of the ligand with
the membranes is probably a combination of bind-
ing to the membranes, partition into the membrane
and/or uptake into the intravesicular space present
in the membrane fraction. Binding to the mem-
branes should follow a Langmuir adsorption iso-
therm with a defined number of binding sites and
a given dissociation constant. Partition into the
membrane and uptake into the vesicles, when de-
termined at equilibrium, would be a linear function
of the free concentration of the ligand. The linear
component described as h=8.5x 107® M x f prob-
ably represents partition of the ligand into the
membranes because it can be calculated that the
intravesicular space (~1 pl) contributes only
about 13% to the linear component. The binding
component obtained can be fitted in the Scatchard
plot by linear regression and thus probably repre-
sents one class of binding sites. The maximum
number of sites of 104 pmol/mg protein is probab-
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ly underestimated to a certain extent. With dissoci-
ation constant of 3.5x107® M some dissociation
might occur during the removal of the free ligand
by rapid filtration. Forbush and Palfrey [4] ob-
tained a number of 200 nmol/mg protein with a
similar method but with a ligand that has a higher
affinity to the transport system. This thousandfold
difference cannot be attributed completely to
methodological artifact; other factors such as puri-
ty of the membrane fraction and correction for
partition into the membrane and/or the intravesi-
cular uptake might be more important.

The apparent affinity of the transport system
for N-methylfurosemide obtained in the binding
experiments, i.e. in the presence of 200 mm NaCl
and 10 mm KCl, is quite close to the apparent af-
finity of the parent compound furosemide in the
intact gland [18] where similar salt concentrations
are used in the perfusion studies. The affinity for
NMF that can be estimated in the sodium uptake
studies with isolated membranes is almost two
orders of magnitude lower. This discrepancy can
be explained by the sodium dependency of the
binding of NMF. In the transport studies only
0.4 mMm Na are present compared to 200 mM in the
binding studies. The contact time between the
transport system and the inhibitor might also be
of importance. Preliminary studies on the time de-
pendence of NMF binding indicate that maximum
binding is achieved after about 2 min of incuba-
tion. In the transport studies the membranes were
not preincubated with NMF, the actual contact
time was therefore less than the time required for
optimal binding.

The binding sites for NMF also accept furose-
mide and bumetanide. Although the affinity of the
binding sites for these diuretics has not yet been
determined, the inhibition observed supports the
assumption that the NMF binding sites represent
binding sites for loop diuretics in general and
therefore can be considered a part of the transport
system under investigation. This assumption is
supported by the fact that sodium and potassium,
ions whose transport is inhibited by loop diuretics,
influence the binding of NMF to these sites.

It might be expected that the binding of N-
methylfurosemide at 0.8 um should be inhibited
equally by 1 mm furosemide or 1 mM bumetanide.
However, the unspecific interaction of the mem-
brane with NMF might be more greatly affected
by furosemide than bumetanide due to structural
identity in the hydrophobic region of the molecule,
thus explaining the increased inhibition of NMF
binding seen with furosemide in contrast to bume-
tanide.
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The stimulation of NMF binding by sodium
has an analogy in the stimulation of phlorizin bind-
ing to the sodium-D-glucose cotransport system in
renal and intestinal brush border membranes [8].
It is generally assumed that this cotransport system
possesses a sodium binding site and a glucose bind-
ing site, the affinity of the glucose binding site
being enhanced by the occupancy of the sodium
site. Since phlorizin binds to the glucose binding
site its affinity is also increased in the presence
of sodium [8]. If this model is applied to the bind-
ing site for NMF, a sodium binding site could be
envisaged whose occupancy increases the affinity
of the binding site for NMF. The effect of potassi-
um on NMF binding could be explained in the
same way by postulating that the transport system
has not only a sodium binding site but also a potas-
sium binding site. The two are not identical be-
cause the stimulation of binding by potassium is
observed at a sodium concentration that complete-
ly saturates the sodium site. In extending the analo-
gy to the sodium-p-glucose cotransport system we
also can offer an explanation for the effect of chlo-
ride on NMF binding. Since chloride is the ion
that is actually transported actively across the
gland epithelium it can be considered as the prima-
ry substrate for the transport system whereas sodi-
um and potassium, are the cotransported ion
species. The transport system therefore definitely
must have a chloride binding site. We postulate
that NMF and perhaps other loop diuretics bind
to the chloride binding sites and that chloride com-
petes for this binding. This could well be the expla-
nation for the inhibition of NMF binding by high
chloride concentrations. Such high chloride con-
centrations had to be used because the affinity of
the transport system for NMF with a K, of
3.5x107° M is much higher than the chloride af-
finity of about 50 mM observed in perfusion studies
in the intact gland [20]. If these constants are used
to calculate the ratio of binding sites occupied by
chloride and those occupied by NMF a value of
10/1 is obtained for 600 mm chloride and
0.8 x 10~% M NMF. Under the given experimental
conditions therefore chloride can effectively
compete with NMF for the binding. Clearly, fur-
ther evidence for this model has to be established
in experiments where the interaction of all ions
studied so far with the binding site has to be stud-
ied systematically. The limited amount of radioac-
tivity available precluded such experiments in the
current investigation.

In Fig. 7 a scheme is presented that summarizes
the results obtained in the sodium flux experi-
ments, the rubidium flux experiments and the
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Fig. 7. Synopsis of the results obtained in this study, the interac-
tion of sodium, rubidium (potassium), chloride and loop diuret-
ics is indicated by arrows. @ indicates stimulation of a process;
o indicates inhibition of a process

NMF binding studies. Sodium flux was inhibited
by loop diuretics and stimulated by chloride. Rubi-
dium flux was likewise inhibited by loop diuretics
and stimulated by chloride. Sodium in turn stimu-
lated rubidium flux in the same manner as rubi-
dium stimulated sodium flux. NMF binding was
stimulated by both sodium and potassium but in-
hibited by chloride. A transport system that could
explain all the results described is a sodium-potas-
sium chloride cotransport system whose chloride
site interacts with the loop diuretics.

It is interesting to note that transport systems
with similar properties have already been described
in avian [17] and human red blood cells [2], in
Ehrlich’s ascites tumor cells [5], in cultured kidney
cells [15] and most recently in the thick ascending
limb of Henle’s loop in rabbit kidney [13]. The
latter observation is especially noteworthy since
the thick ascending limb of Henle’s loop also per-
forms active chloride transport. It has been postu-
lated that the transport system in the TALH cells
facilitates the intracellular accumulation of chlo-
ride across the luminal membrane and renders the
active chloride transport secondary active [13].

A similar model can now be proposed for the
rectal gland. Since the plasma membranes studied
in our experiments are primarily derived from the
contraluminal cell face, and since the loop diuretics
also act at this cell side in the intact gland, it can
be concluded that the sodium-potassium chloride
cotransport system is localized in the contralu-
minal plasma membrane. Transepithelial chloride
secretion could thus be envisaged to first involve
accumulation of chloride inside the cell against its
electrochemical potential by the action of the sodi-
um-potassium chloride cotransport system. The
exit step across the luminal membrane would be
sodium independent and governed by the electro-
chemical potential difference for chloride across
this membrane. Potassium would recycle across the
contraluminal membrane and might also be in-
volved in the chloride exit across the luminal mem-
brane. Preliminary experiments using barium have
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already provided some evidence for a recycling
process. Perfusion of the rectal gland with barium-
containing solutions inhibited chloride secretion
probably by blocking the potassium channel
through which recycling occurs [19].
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