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Abstract

An inhibitor of ouabain-insensitive sodium/sodium exchange in
erythrocytes has been isolated from leukemic promyelocytes. To
explore the specific effects of this inhibitor, named inhibitin,
sodium transport experiments were carried out in human eryth-
rocytes. Inhibitin reduced ouabain-insensitive bidirectional so-

dium transport. It did not change net sodium fluxes, had no sig-
nificant effect on rubidium influx, and did not inhibit sodium-
potassium-ATPase activity. The inhibitory effect of inhibitin
was studied on sodium/sodium exchange and on sodium/lithium
countertransport in 140 mMsodium and in sodium-free media.
In the presence of sodium, inhibitin reduced sodium and lithium
efflux to that observed in sodium-free medium. Inhibitin showed
no reduction in sodium or lithium efflux when sodium was re-

placed by choline chloride or Mg2e. Wheninhibitin was combined
with one or more of the other transport inhibitors (i.e., ouabain,
furosemide, or bumetanide and amiloride), its inhibitable com-

ponent remained distinct and it did not overlap with that of the
other inhibitors. These studies show that inhibitin is a specific
inhibitor of carrier-mediated sodium/sodium exchange and so-

dium/lithium countertransport processes in human erythrocytes.

Introduction

Transport inhibitors have long been used as probes to define
and investigate components of sodium and potassium transport
in erythrocytes. Digitalis glycosides represent the most exten-
sively studied group of inhibitors and are known to inhibit spe-

cifically sodium-potassium-ATPase, which drives active sodium/
potassium countertransport (the sodium pump) (1, 2). The gly-
coside-insensitive, passive transport of sodium has many com-

ponents which, in the past, have been the subject of much con-

troversy (3-7). In 1966 Hoffman and Kregenow (3) introduced
the term "Pump II" which they thought regulated that fraction
of passive sodium transport which was inhibitable by ethacrynic
acid in the presence of maximal inhibitory concentrations of
ouabain. Lubowitz and Whittam (5), supported by Dunn (6, 7),
argued that "Pump II" was actually carrier-mediated sodium
exchange diffusion and did not contribute to net flux.

The chief source of confusion was the lack of a specific in-
hibitor of sodium/sodium exchange: while Hoffman and Kre-
genow (3) and later Dunn (6, 7) thought that this process was

inhibited by diuretics (ethacrynic acid and furosemide), Wiley
and Cooper (8) showed that furosemide inhibited an ouabain-
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resistant sodium/potassium cotransport process. They concluded
that the inhibitory action of furosemide was not explained by
inhibition of exchange diffusion. It is now known that the di-
uretic-sensitive sodium/potassium/chloride cotransport system
is distinct from sodium/sodium exchange (9), but more recently
Duhm(10) has proposed that the furosemide-sensitive transport
system could also operate to achieve sodium/sodium exchange.
Various investigators (1 1, 12) have also provided evidence that
lithium is carried in the same transport system that mediates
sodium/sodium exchange, and that this sodium/lithium coun-
tertransport is inhibited by phloretin (1 1). It is now believed,
however, that phloretin is a nonspecific inhibitor of carrier-me-
diated transport, and produces its effect by interfering with
membrane structure (13). In addition, our unpublished studies
have shown that the effect of phloretin on sodium transport
overlaps with that of other inhibitors (furosemide and ouabain).
Wehave isolated a peptide, named inhibitin, from cultured leu-
kemic promyelocytes which has shown various characteristics
consistent with it being a sodium/sodium exchange inhibitor
( 14). The purpose of this investigation was to explore the mech-
anism of action of inhibitin and use it in conjunction with other
inhibitors to define its effect on sodium transport pathways in
the human erythrocyte.

Methods

Reagents
All reagents were of Analar grade (BDH Chemicals, Ltd., Poole, Dorset,
UK) and prepared in double-glass-distilled water. Na22, Rbl, and
3[H]ouabain were obtained from Amersham International, Ltd. (Amer-
sham, Buckinghamshire, UK).

Isolation and purification of inhibitin
This method has been described in detail previously (14). Briefly, the
supernatant obtained from sonicated cultured leukemic promyelocytes
(HL60 cells) was subjected to gel-filtration on Sephadex G-25 Superfine
(Pharmacia Fine Chemicals, Hounslow, Middlesex, UK). The peak of
active material from this column was then chromatographed on DE-32
ion-exchange resin (Whatman, Maidstone, Kent, UK); the active bound
material was eluted and run on a Sephadex G-10 column. Finally the
active fraction was subjected to reverse-phase high-performance liquid
chromatography (HPLC)' on a Hypersil ODScolumn (Jones Chroma-
tography, Llanbradach, Mid Glam, UK). Biologically active material
eluted in a single sharp peak which was used in the experiments outlined
below.

Erythrocyte cation transport
Blood samples. Fresh human red cells were used in all experiments and
drawn on the morning of study by venipuncture into chilled heparinized
(100 U/ml blood) syringes. As far as possible, blood samples were taken
from the same normal healthy volunteers in order to minimize inter-
subject variation. Typical coefficients of variance for the total, active

1. Abbreviation used in this paper: HPLC, high performance liquid chro-
matography.
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and passive components of erythrocyte sodium efflux from one subject
were 3, 5, and 9%, respectively; these values are based on results obtained
from three separate measurements over 6 mo.

Before use the blood was centrifuged (5,000 g) and the plasma and
buffy coat were removed by aspiration. The cells were washed three
times by repeated resuspension and centrifugation in Ringer's solution,
which contained (millimolars): NaCl, 131; KCI, 8; MgSO4, 1; Na2HPO4,
7.2; NaH2PO4, 1.8; CaCI2, 2; glucose, 10; and bovine serum albumin,
0.05% wt/vol; pH 7.4 with an osmolality of 290±5 mosmol/kg water.
The external potassium concentration was 8 mMto achieve optimal
conditions for active sodium efflux. Leukocytes could be eliminated al-
most completely by removing the supernatant with the topmost layer
of cells after each wash. The final packed cell pellet was used immediately.

Sodium effiux. The methods for determining sodium transport in
erythrocytes have been described fully elsewhere (15). For sodium efflux,
washed erythrocytes in Ringer's solution (50% hematocrit) were loaded
with Na22 (3 MCi/ml of erythrocytes) at 370C for 2 h with periodic agi-
tation. After incubation the cells were separated from the isotopic solution
by centrifugation at 40C and washed three times with ice-cold iso-osmotic
choline chloride solution which contained (millimolars): choline chloride,
151; MgCI2, 1; and CaCd2, 2.2; pH adjusted to 7.4 using Tris. The specific

activity of the red blood cells were usually in the region of 0.06 uCi/ml.
Loaded red blood cells were added to prewarmed (37°C) Ringer's solution
to give a final packed cell volume of 5%(i.e., 0.5 ml "loaded" erythrocytes
in 10 ml total volume). All experiments were carried out in duplicate or
triplicate. Samples were taken at 30, 60, and 90 min, and the radioactivity
was counted in portions of the suspension and supernatant after cen-
trifugation at 5,000 g. The values of 1 - (supernatant counts/suspension
counts) were plotted semilogarithmically, and the halftime (1/2) was cal-
culated from the slope of the best-fit line (computer linear regression
analysis). The sodium efflux rate constant (i.e., the fraction of intracellular
sodium extruded per hour, OKN3) was derived from the equation 0KNa
= 0.693/tl/2. The hemoglobin concentration in the supernatant was de-
termined periodically, but the degree of hemolysis was negligible (always
<1%) and no corrections were made for fractional hemolysis.

To explore the locus of action of inhibitin on sodium transport path-
ways across the erythrocyte membrane, sodium efflux experiments were
conducted in the presence of inhibitin and various combinations of three
other transport inhibitors. Ouabain (Sigma Chemical Co., St. Louis, MO)
was used throughout at a final concentration of 0.1 mM. Furosemide (a
gift from Hoechst Pharmaceuticals, Hounslow, Middlesex, UK) and bu-
metanide (Leo Laboratories, Ltd., Princes Risborough, Buckinghamshire,
UK) were used at final concentrations of 1 and 0.1 mM, respectively.
Amiloride (a gift from Merck, Sharpe and Dohme, Ltd., Hoddesdon,
Hertfordshire, UK) was used at 1 mM. Inhibitin was used at 0.1 M
final concentration, as the previously published dose-response curve (14)
had shown that this concentration reproducibly exhibited 25% inhibitory
activity, except in the sodium/sodium exchange experiments when a
final concentration of 1 MMwas used. The protein concentration of the
HPLCpeak was determined by quantitative amino acid analysis.

Sodium influx. Sodium influx was measured by a previously described
method (15). Erythrocytes (I ml) were incubated in 20 ml Ringer's so-
lution containing 8 uCi of Na22. After an equilibration period at 37°C
for 15 min, a 4-ml sample was removed into an ice-cold tube, centrifuged
at 4°C for 1 min, and washed three times in 5 vol of unlabeled ice-cold
iso-osmotic choline chloride solution. Erythrocytes were then hemolyzed
in deionized water to a 2-ml volume and the radioactivity was counted.
Hemoglobin in the lysate was measured as cyanmethemoglobin at 541
nmwith Drabkin's reagent and the volume of erythrocytes was estimated
assuming that 100 ml of cells contain 34 g hemoglobin. With a known
volume of erythrocytes in the two samples, the amount of labeled sodium
uptake (U) was calculated from the formula U = (Na5 - Nat15)/SA,
where Nan5 and Na"5 represented the counts per minute per liter of
erythrocytes at 75 and 15 min, respectively, and SA was the radioactive
counts per millimole of Na+ in the bathing solution. Sodium influx in
millimoles per liter per hour (1MN.) was estimated from the uptake of
radioactivity in 60 min from IMNa = Uk/l - e-', where U was the
uptake of labeled sodium in time t, and k the Na' efflux rate constant.

The influx rate constant ('KNa) was calculated by dividing 'MNa by the
number of millimoles of Na' (140) per liter of Ringer's solution. All
experiments were performed in the presence of ouabain (0.1 mM)with
0. 1 MMinhibitin concentration. In the presence of ouabain, sodium influx
into red blood cells is linear for up to 4 h (data not shown).

Net sodium transport. Washed erythrocytes were incubated at 370C
in unlabeled Ringer's solution (total volume, 20 ml) at a hematocrit of
5% for 5 h. Erythrocyte sodium concentration was determined in the
pre- and post-incubation samples and the net sodium transport was cal-
culated by subtracting the preincubation value from the postincubation
sodium concentration. To determine internal sodium, erythrocytes were
washed three times with ice-cold choline chloride solution (choline chlo-
ride, 151 mM; MgCI2, 1 mM; and CaCl2, 2.2 mM; pH 7.4) and the cell
suspension was made up to 2 ml after the final wash. The hematocrit
was measured in a counter from Coulter Electronics, Inc., Hialeah, FL.
20 Ml of saponin solution (20% wt/vol) and 20 Ml of lithium bromide
were added to the sample, and the sodium concentration in the lysate
was measured with an intergrating flame photometer (model 227; Evans
Electroselenium, Ltd., Halstead, Essex, UK). Standards contained Na+,
K+, and Li' at 2.4, 36, and 20 mM/liter, respectively.

Potassium influx. An estimate of potassium influx into ouabain-
treated erythrocytes was obtained by following the method of Sachs and
Welt (16) except that Rb' replaced K42 because of its longer half-life.
Cells were washed three times and added in triplicate, at 5%hematocrit,
to prewarmed (37°C) Ringer's solution containing Rb86 (I MCi/ml in-
cubating solution). After 30-min equilibration, 4-ml samples were taken
into ice-cold tubes. The cells were rapidly separated from the supernatant
and washed three times in excess ice-cold choline chloride solution. The
erythrocytes were hemolyzed, brought to standard volume with distilled
water, and counted in a gammacounter. A second sample was taken 1
h after the first and treated in exactly the same manner. The quantity of
cells counted was determined by measuring the hemoglobin, and potas-
sium influx was calculated from the equation: iMK+ = [(Rb'0 -Rb'30)/
Rb3] (K.), where iMK+ was the influx of potassium in millimoles per liter
per hour, Rbmand Rb'" were the activities of the cells in counts per
minute per liter of cells at 90 and 30 min, Rb3 was the counts per minute
per liter of incubating medium and Ko the external potassium concen-

tration (8 mmol/liter).
Lithium/sodium countertransport. The method used for measurement

of this process was that of Canessa et al. (17). Erythrocytes were washed
three times in MgCI2 solution which contained (millimoles per liter)
MgCl2, 75; sucrose, 10; glucose, 10; Tris-HCl, 10; pH 7.4. The cells were

then incubated (37°C) at 20% hematocrit in LiCl solution containing
(millimolars) LiCl, 150; glucose, 10; Tris-HCI, 10; pH 7.4. After 3 h the
erythrocytes were washed five times in MgCI2 solution at 4°C. The lith-
ium-loaded cells (7 mmol lithium/liter cells) were resuspended at 10%
hematocrit in both MgCl2 solution and in NaCl solution containing
(millimoles per liter) NaCl, 145; glucose, 10; Tris-HCI, 10; pH 7.4. Both
solutions contained ouabain at a final concentration of 0.1 mM. Inhibitin
(0.1 MM)was added immediately after suspension in these solutions (time
zero). After 15 and 75 min, aliquots (2 ml) of the cell suspension were

centrifuged at 4,000 g for 5 min at 4°C and the supernatants were analyzed
for lithium. The exact cell volume of each tube was calculated after
hemolysis by hemoglobin determination. Ouabain-resistant erythrocyte
lithium efflux in both solutions was calculated as the difference between
lithium concentration of the supernatant at 75-min and 15-min time
points, referred to exact packed cell volume; it was expressed as millimoles
per hour per liter of erythrocytes. Lithium concentration in the super-
natants was measured by flame photometry. Lithium/sodium counter-

transport was calculated as the difference between lithium efflux in the
NaCl solution and that in the MgCl2 solution.

Sodium/sodium exchange. All these experiments were conducted in
the presence of 0.1 mMouabain and 0.1 mMbumetanide both with
and without 1 MMinhibitin. Sodium efflux was measured, as described
above, in Ringer's solution (140 mmol/liter external sodium), choline
chloride solution (0 mmol/liter external sodium), and Ringer's solution
that contained decreasing amounts of sodium (100, 50, 30, and 15 mmol/
liter). The composition of other ions in these solutions was the same as
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described for the sodium efflux experiments. Choline chloride was used
as a direct substitute for sodium chloride. Sodium/sodium exchange (i.e.,
external sodium-stimulated sodium effilux) was calculated as the differ-
ence in sodium efflux between the 140 mMsodium solution and the
choline chloride solution.

Sodium-potassium-ATPase preparation (human elythrocytes). Eryth-
rocyte vesicles were prepared by the method of Charalambous and Mir
(18); this method yields high activities of total ATPase and sodium po-
tassium-ATPase with a coefficient of variation of <8%. Protein concen-
tration was determined by the method of Bradford (19) and ATPase
activity by measurement of phosphate release (20).

Ouabain radioreceptor assay. This method is based on that described
by Erdmann (21). The plasma and buffy coat were removed from a
heparinized blood sample and the erythrocytes were washed three times
with Ringer's solution (minus KCI), pH 7.4 (composition of other ions
as for sodium transport experiments). After the last wash the erythrocytes
were diluted to 20% hematocrit and an aliquot (30 Ml; 0.5 X 109 cells)
was incubated in Ringer's solution (minus KCI), pH 7.4, containing 3
mMATP and 2 nM [3H]ouabain for 2 h at 370C (total assay volume 2
ml). Nonspecific [3H]ouabain binding was estimated from the amount
of radioactivity bound in the presence of 1 mMunlabelled ouabain (usu-
ally 10% of [3H]ouabain was nonspecifically bound in this way). At the
end of the incubation the erythrocytes were rapidly washed three times
in ice cold Ringer's solution (minus KCl) by repeated centrifugation
(40C) and resuspension. The radioactivity of the red blood cell pellet
was determined in a scintillation counter (Philips PW4700; Lab Logic,
Sheffield, England); samples were cooled for 2 h before counting after
addition of 6 ml scintillant (Instagel; Packard Instrument Co., Inc.,
Downers Grove, IL).

Fibroblast sodium transport. Ouabain-insensitive sodium efflux was
determined following the procedure of Spurlock et al. (22). Fibroblasts,
obtained from skin biopsies of healthy volunteers, were cultured for 4
wk (medium changed twice weekly) in Eagle's minimum essential me-
dium containing 10% fetal calf serum, 100 U/ml penicillin, 100 ,g/ml
streptomycin, 0.225% sodium bicarbonate, and 2 mML-glutamine (all
reagents were purchased from Flow Laboratories, Inc., Irvine, Scotland)

at 370C in an atmosphere of 5% CO2 in air. The cells were seeded at S
X 104 cells/ml in 5-ml-vol petri dishes and were used for transport ex-
periments after 6 d (two medium changes) when they had reached con-
fluence. The cells were washed twice with 5 ml Hank's balanced salt
solution minus potassium that contained (millimolars): NaCl, 141; CaC12,
1.26; MgSO4, 0.4; MgCl2, 0.49; Na2HPO4, 0.17; NaH2PO4, 0.44;
NaHCO3, 4.17; and glucose, 5.5, pH 7.4. The cells were then incubated
in 2 ml of Hank's balanced salt solution minus potassium containing I
MCi sodium22 for I h at 37°C. At time zero (i.e., after the 60-min incu-
bation) the radioactive medium was aspirated and the cells were washed
with normal Hank's balanced salt solution (composition as above but
including 5.4 mMKCl) containing 1 mMouabain before being left in
this medium (5 ml) for up to 15 min. At each time point (0, 5, 10, and
15 min), quadruplicate dishes were rapidly washed with 3 X 5 ml choline
chloride solution (composition as for erythrocyte washings). Each indi-
vidual dish of cells was then dispersed in 2 ml 0.4 MNaOHand counted
for radioactivity and subsequently assayed for protein content. The efflux
rate constant was derived from the slope of the plot of log counts per
minute versus time in minutes (best-fit line obtained by computer linear
regression analysis). The efflux rate (moles sodium per gram protein per
minute) was obtained by multiplying the effilux rate constant by the
intracellular sodium (usually 0.3 Mmol sodium/mg protein); this was
calculated from counts per minute in the cells at time zero divided by
the specific activity of the external medium.

Statistical analysis. All results are expressed as mean± I SD. Cation
transport in the presence of inhibitin was compared with that measured
in Ringer's solution containing various inhibitors. Unpaired t test was
used to determine statistical significance.

Results

Effect of inhibitin on erythrocyte sodium transport. To confirm
our previous finding (14) that inhibitin reduces bidirectional
passive sodium transport in erythrocytes we carried out a series
of experiments using 0.1 M inhibitin in the presence of 0.1
mMouabain. The results are summarized in Table I a and b.

Table I. Effects of 0. I 1AMInhibitin* in the Presence of Ouabain on (a) Sodium Efflux/lInflux, and (b) Net Sodium Transport in
Erythrocytes from One Subject

Ouabain
+ inhibitin Difference and

Ouabain (0.1 mM) (0.1 M) significance

(a) Sodium efflux rate constant (h-') (n = 8) 0.1647±0.0214 0.1187±0.0186 28
P< 0.00

Sodium efflux (mmol/liter per h) 1.53±0.20 1.10±0.17 0.43
Internal Na' = 9.27±0.85 (mmol/liter cells) (n = 3) P < 0.001

Sodium influx rate constant (h-') (n = 4) 0.0210±0.0017 0.0175±0.0016 17
P < 0.05

Sodium influx (mmol/liter per h) 2.94±0.24 2.45±0.22 0.49
External Na' = 140 mM P < 0.05

(b) Final intracellular sodium concentration (mmoliliter cells) 16.30±1.36 15.76±0.47 3
after 5-h incubation (n = 4) NS

Initial intracellular sodium concentration (mmoil/liter cells) (n = 3) 9.27±0.85 9.27±0.85

Change in internal sodium (mmol/liter cells) +7.03±1.20 +6.49±0.97 8
NS

* HPLCmaterial was prepared as described previously (14).
All data are mean±I SD. The final concentration of inhibitors in the incubation medium is shown in parentheses. Inhibitin decreased both the
sodium efflux and influx rate constants, but had no effect on net transport; this indicates its likely locus of action as sodium/sodium exchange. NS,
not significant.
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Inhibitin exerted an inhibitory effect in the presence of ouabain,
i.e., on ouabain-uninhibitable (passive) movements, decreasing
the sodium efflux rate constant from 0.1647±0.0214 to
0.1187±0.0186 (n = 8, P < 0.001). Inhibitin also decreased
the sodium influx rate constant from 0.0210±0.0017 to
0.0175±0.0016 (n = 4, P < 0.05). The inhibitin-sensitive com-
ponent of sodium efflux amounts to 0.43 mmol I-1 of eryth-
rocytes- h-', which matches the inhibitin-sensitive portion of
sodium influx, 0.49 mmol I1 - h-'. The mean difference between
these fluxes was small (0.06 mmol 1-' * h-') and not statistically
significant (for these calculations an initial intracellular sodium
concentration of 9.27 mmol/liter cells as measured was used,
together with an extracellular concentration of 140 mmol/liter).
Net sodium fluxes, shown in Table I b, were determined on four
paired influx-efflux studies over a 5-h incubation period. Normal
human erythrocytes incubated with 0.1 mMouabain had a final
intracellular sodium of 16.30±1.36 mmol/liter of cells, whereas
those incubated with ouabain and 0.1 Minhibitin had an in-
tracellular sodium of 15.76±0.47 mmol per liter of cells; there
being no significant difference between these two values. These
data suggest that inhibitin acts on a sodium/sodium exchange
mechanism where intracellular sodium is exchanged for extra-
cellular sodium with no net loss or gain.

Effect of inhibitin on erythrocyte potassium movements. Po-
tassium influx experiments in ouabain-treated erythrocytes (0.1
mM) were conducted as outlined in Methods using Rb86 as a
potassium tracer. The influx of Rbss was measured in the pres-
ence of furosemide (final concentration, 1 mM) and inhibitin
(0.1 tM), both separately and in combination. The external po-
tassium concentration was 8 mM. The results of these experi-
ments are outlined in Table II. Inhibitin failed to show a sig-
nificant reduction of potassium influx. Furosemide produced a
highly significant (P < 0.001) inhibition in agreement with the
observations of Wiley and Cooper (8).

Effect of inhibitin on erythrocyte lithium/sodium counter-
transport. Since lithium is thought to be transported by the same
carrier as sodium/sodium exchange (I 1, 12), we studied the ef-
fects of inhibitin on lithium/sodium countertransport by fol-
lowing the method of Canessa et al. (17). In the sodium medium
(145 mM), lithium/sodium countertransport is maximal with
other processes for passive lithium efflux also occurring, whereas

Table II. Effect of Inhibitin on Potassium Influx (as Measured
By ssRb Uptake) into Ouabain-treated Erythrocytes from
Two Donors in the Presence and Absence of Furosemide

Percent change and
Potassium influx significance

mmol/liter per h %

Ouabain (0.1 mM)(n = 12) 0.5050±0.0484 -

Ouabain (0.1 mM) + inhibitin
(0.1 LM) (n = 12) 0.5303±0.0531 5 (NS)

Ouabain (0.1 mM)+ furosemide
(I mM)(n = 12) 0.1313±0.0063* -

Ouabain (0.1 mM), furosemide
(I mM), and inhibitin
(0.1 sM) (n = 12) 0.1260±0.0096 4 (NS)

All data are shown as mean± 1 SDof 12 determinations. Inhibitin failed to have
any significant effect (NS), whereas furosemide significantly decreased (*, P
< 0.001) potassium influx into ouabain-treated cells.

in the Mg2" medium (i.e., sodium-free), lithium transport only
occurs by pathways other than countertransport. The difference
in lithium loss between the two solutions is therefore a measure
of the maximum rate of lithium/sodium countertransport be-
cause external sodium ions stimulate lithium efflux. Fig. 1 shows
the results of experiments in which the two solutions also con-
tained 0.1 sM inhibitin. 47% of the ouabain-insensitive lithium
movement (difference between columns 1 and 3) can be attrib-
uted to lithium/sodium countertransport; this value is in agree-
ment with previously published observations (11). Inhibitin
produced significant inhibition (46%; P< 0.02) of lithium efflux
in the sodium medium (columns 1 and 2), reducing the value
to that observed in the Mg2' medium, but had no significant
effect on the processes for lithium efflux which occur in the
Mg2" medium (columns 3 and 4). Addition of inhibitin, there-
fore, had the same effect as removal of sodium, i.e., complete
inhibition of lithium/sodium countertransport. These results
confirm that sodium/sodium exchange and lithium/sodium
countertransport are one and the same process, which are capable
of being blocked by inhibitin.

The interaction of inhibitin with other transport inhibitors.
The concept that sodium/sodium exchange is a carrier-mediated
transport process was tested in a series of experiments in which
inhibitin, a specific inhibitor of this process, was used in com-
bination with one or more of the other transport inhibitors. The
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Figure 1. The effect of inhibitin (0.1 M) on lithium/sodium counter-
transport in ouabain(0. I mM)-treated erythrocytes. Inhibitin produced
significant (P < 0.02) inhibition of total passive lithium movement (in
NaCl medium), but had no effect on the residual lithium movement
(in MgCl2 medium). The lithium efflux in the presence of inhibitin
was reduced to that observed in the absence of external sodium, i.e.,
complete inhibition of lithium/sodium countertransport. Data are
shown as mean± I SDof a single donor and the number of determina-
tions are indicated below each column.
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results of these experiments, as depicted in Fig. 2, clearly dem-
onstrate that the inhibitin-sensitive portion of sodium transport
(i.e., carrier-mediated sodium/sodium exchange diffusion) is
distinct and does not overlap with the ouabain-sensitive (column
3, P < 0.001) or furosemide-sensitive (column 5, P < 0.001)
sodium efflux components. The effect of inhibitin was also tested
in the presence of amiloride. Under our experimental conditions,
in which no pH gradient was established, amiloride did not pro-
duce inhibition of sodium efflux (data not shown). However,
when inhibitin was added, a significant decrease in sodium efflux
was again observed (column 7, P< 0.005). The inhibitin-sensitive
component of sodium efflux always remained distinct and rel-
atively constant (0.43-0.50 mmol/liter per h); these values are
in close agreement with the inhibitin-sensitive components of
sodium efflux (0.43 mmol/liter per h) and sodium influx (0.49
mmol/liter per h) shown in Table I. These experiments with
other inhibitors suggest that the sodium/sodium exchange pro-
cess is carrier-mediated and specifically inhibitable by inhibitin.

Effect of inhibitin on erythrocyte sodium/sodium exchange.
Sodium efflux was measured in the presence of ouabain (0.1
mM)and bumetanide (0.1 mM) in Ringer's solution (140 mM
sodium) and choline chloride solution (O mMsodium). Under
these conditions, in Ringer's solution, sodium/sodium exchange
will be maximal, with sodium "leak" also occurring due to the
ground permeability of the membrane. In choline chloride so-
lution, external sodium-stimulated sodium effiux (sodium ex-
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Figure 2. Histogram showing additional inhibition of sodium efflux
rate constant caused by inhibitin in combination with other transport
inhibitors, namely ouabain, which inhibits sodium-potassium-
ATPase; furosemide, which inhibits Na'-K+-Cl- cotransport; and ami-
loride, which blocks Na+/H+-exchange. Results are shown as mean± 1

SD from blood obtained from four separate donors, who were

grouped as shown. The number of determinations is indicated under
each column. The final concentrations of inhibitors was as follows:
ouabain, 0.1 mM; inhibitin, 0.1 sM; furosemide, 1 mM, and amilor-
ide, I mM. Ouabain alone decreased sodium efflux by 56% (P
< 0.001), giving an ouabain-sensitive fraction of 1.49 nmol/liter per h.
Inhibitin caused significant additional inhibition in the presence of
ouabain (41%, P < 0.00 1); ouabain and furosemide (42%, P < 0.00 1);
and ouabain and amiloride (44%, P < 0.005) with the inhibitin-sensi-
tive component of sodium efflux amounting to 0.49, 0.43, and 0.50
mmol/liter per h, respectively.

change) will not proceed, but sodium leak will. Therefore, the
difference in sodium efflux in the two solutions represents a
measure of sodium/sodium exchange by means of external so-
dium-stimulated sodium efflux. Inhibitin (1 iM) was tested un-
der these conditions and the results are summarized in Table
III. The sodium/sodium exchange component was equivalent
to 0.53 mmol/liter per h (difference in sodium efflux between
the 140 and 0 mMexternal sodium solutions). In the presence
of inhibitin, sodium efflux decreased (73%, P < 0.01) to that
observed in the choline chloride medium, the inhibitin-sensitive
component being 0.52 mmol/liter per h. These results are in
direct agreement with those from the lithium/sodium counter-
transport experiment (Fig. 1) where addition of inhibitin likewise
reduced efflux to that observed in the absence of external sodium.
In the choline chloride solution, inhibitin had no effect, indicating
that it is specific for the sodium/sodium exchange carrier.

Inhibitin was also tested on sodium efflux in solutions that
contained varying amounts of external sodium. These results
are depicted in Fig. 3. Inhibitin continued to produce significant
inhibition (P < 0.005) in the 100 and 50 mMsodium solutions,
but the effects were not significant at lower levels of external
sodium as the efflux due to exchange diminished. These results
suggest that inhibitin binds to the carrier that conducts sodium/
sodium exchange.

Effect of inhibitin on sodium-potassium-A TPase. Past studies
have shown that intracellular sodium-stimulated, ouabain-in-
sensitive, sodium efflux is not mediated through ATPase (7).
However, the inhibitors used such as furosemide, ethacrynic acid,
and analogues were not specific inhibitors of sodium/sodium
exchange. The availability of a specific agent, inhibitin, once
again raised the question whether there is any link between this
transport system and sodium-potassium-ATPase. To address
this question we studied the effect of inhibitin on sodium-po-
tassium-ATPase from human erythrocytes and on ouabain
binding to human red blood cells. Erythrocyte sodium-potas-
sium-ATPase activity was 0.493±0.070 (n = 4) ,umol phosphate/
mg protein per h. This accounted for 63% of total erythrocyte
ATPase activity. In the presence of 0.1 ,uM inhibitin, which had
decreased ouabain-insensitive sodium transport, the value was
0.517±0.083 (n = 5). These results, together with those in Fig.
3, show that inhibitin has no significant inhibitory effect on
erythrocyte vesicle sodium-potassium-ATPase and that it does
not displace [3H]ouabain from its binding site (Fig. 4). The in-
hibitory effect of inhibitin was also tested on canine kidney so-
dium-potassium-ATPase using an NADH-linked assay (23), in
which ATP hydrolysis was enzymatically linked to NADHox-
idation, and no inhibition was demonstrable (results not shown).
These results show that the inhibitory effect of inhibitin on so-
dium/sodium exchange is not mediated through sodium-potas-
sium-ATPase.

Effect of inhibitin onfibroblast sodium transport. While the
erythrocyte is a very useful model for studying sodium transport
pathways, it is atypical of most mammalian cells, as it is largely
dependent on anaerobic metabolism. For this reason the effect
of inhibitin has also been tested on normal human fibroblasts.
All these experiments were performed in the presence of 1 mM
ouabain since the inhibitory effect of inhibitin on erythrocyte
sodium movements is not mediated through sodium-potassium-
ATPase. The procedure used has been shown to be a reproducible
and reliable method of measuring sodium transport in cultured
fibroblasts (22). The ouabain-insensitive fibroblast sodium efflux
was 36.7±1.6 ,umol sodium/g protein per min (n = 3), and this
was significantly decreased (P < 0.001) to 30.8±0.9 umol so-
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Table III. Effect of 1 pM Inhibitin on Erythrocyte Sodium Efflux in 140 mM
and 0 mMExternal Sodium Solutions in the Presence of Ouabain (0.1 mM)and Bumetanide (0.1 mM)

Ouabain and Ouabain, bumetanide, Difference and
bumetanide and inhibitin significance

(a) [Na4] ext 140 mM
Sodium efflux rate constant (h-') (n = 3) 0.1007±0.0160 0.0271±0.0164 73

P < 0.01

Sodium efflux (mmol/liter per h) (n = 3) 0.71±0.11 0.19±0.12 0.52
P < 0.01

(b) [Na4] ext 0 mM
Sodium efflux rate constant (h-') (n = 3) 0.0255±0.0150 0.0251±0.0167 2 (NS)

Sodium efflux (mmol/liter per h) (n = 3) 0.18±0.11 0.18±0.12

Change (a - b) = sodium-stimulated sodium efflux (mmol/liter per h) 0.53±0.16 0.01±0.17 0.52
(n = 3) P < 0.02

Results are shown as mean± 1 SDof triplicate measurements on erythrocytes obtained from a single donor. The internal sodium concentration
was 7.1±0.3 (n = 3) mmol/liter erythrocytes. Inhibitin decreased the sodium efflux in the 140 mMexternal sodium solution to that observed in
the choline chloride medium.

dium/g protein per min in the presence of 0.1 M inhibitin.
The inhibitin-sensitive component of fibroblast sodium efflux
amounted to 5.9±0.9 gmol sodium/g protein per min. These
data show that the erythrocyte is not unique in having an in-
hibitin-sensitive component of sodium transport.

Discussion

The dual purpose of this study was to establish the precise locus
of action of inhibitin on erythrocyte sodium movements and,
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Figure 3. The effect of inhibitin (1 uM) on erythrocyte sodium efflux
in the presence of ouabain (0.1 mM)and bumetanide (0.1 mM) in so-

lutions containing different concentrations of sodium. External so-
dium up to 50 mMstimulated sodium efflux to a maximum (o);
above this concentration the system was saturated and efflux remained
constant. In the presence of inhibitin (A), the amount of efflux through
this pathway was decreased. As the external sodium increased, so the
amount of inhibition became greater and more easily detectable. All
points are shown as mean± 1 SDof triplicate measurements, which
were made on blood donated by a single subject.

using inhibitin with other inhibitors, to gain an insight into the
processes of sodium transport in the red blood cell. The data
presented provide strong evidence that inhibitin exerts its in-
hibitory effect on erythrocyte sodium transport by blocking a
distinct carrier-mediated sodium/sodium exchange process that
is not inhibited by ouabain, furosemide, or bumetanide. Past
experience with these inhibitors has suggested that stringent cri-
teria must be applied before a substance is accepted as being a
specific inhibitor of sodium/sodium exchange, since diuretics
and phloretin, previously considered to be sodium/sodium ex-
change inhibitors, have not fulfilled that promise. Webelieve

Inhibitin (Molar)

10 10 10 10CT I0

"Cold" Ouabain (Molar)

Figure 4. The effect of unlabeled ("cold") ouabain (- o-) and inhibi-
tin (-- o --) on 3[H]ouabain binding to intact human erythrocytes. The
displacement curve with cold ouabain was obtained from triplicate
samples with an intra-assay variability of <5%. Inhibitin was tested in
triplicate on three occasions, and the results, shown as mean±SD,
show that inhibitin does not displace the tritium label.
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that a specific inhibitor of sodium/sodium exchange must fulfill
at least six requirements: (a) show equal inhibition of sodium
influx and efflux; (b) the effect should decrease when external
sodium is lowered; (c) have no effect on net sodium transport;
(d) have no effect on potassium fluxes; (e) show no effect on
sodium-potassium-ATPase; and (f) it should show inhibition
in addition to that achieved with the inhibitors of other processes.
The results presented in this paper show that the inhibitory
characteristics of inhibitin meet all six requirements. Inhibitin
reduces both sodium efflux and influx by equivalent amounts
and does not alter net transport of sodium (Table I), it has no
significant effect on potassium influx (Table II), inhibition is not
seen when external sodium is removed (Table III and Fig. 3), it
has no effect on sodium-potassium-ATPase, and its inhibitory
effect is distinct and unaffected when combined with other in-
hibitors (Fig. 2). The last characteristic suggests that no other
inhibitor affects the transport system that is inhibited by inhibitin.

Although furosemide, and later phloretin, have both been
credited to possess inhibitory activity on sodium/sodium ex-
change, neither had been shown to have a specific inhibitable
component that did not overlap with, nor was influenced by,
the effect of other inhibitors. This was partly resolved by the
studies of Wiley and Cooper (8), who demonstrated that furo-
semide inhibited a specific sodium/potassium cotransport pro-
cess which was distinct from other pathways. Phloretin has been
shown to inhibit sodium/lithium countertransport (1 1) and par-
tially inhibit sodium/sodium exchange (24). Our studies have
shown that phloretin, in increasing concentrations, interferes
with other transport pathways (unpublished data), which suggests
than its effects are nonspecific and are probably achieved through
a toxic effect on the membrane. Shefcyk et al. (13) have shown
that phloretin binds to membrane lipids, adjacent to carrier pro-
teins, thereby affecting transport processes. Our recent unpub-
lished studies have shown that its actions overlap with those of
others and that it inhibits active transport in the absence of oua-
bain. However, it does not displace 3[H]ouabain from its binding
site, which suggests that its inhibitory effects of various transport
pathways are achieved through its nonspecific interference with
lipid and protein components of the membrane.

Sodium/sodium and sodium/lithium exchanges are known
to operate through the same carrier (1 1, 12). The present study
shows that a specific inhibitor of sodium/sodium exchange also
inhibits sodium/lithium countertransport. This suggests that both
processes are indeed conducted through the same pathway. In
this regard, the availability of inhibitin, as a specific inhibitor of
sodium/sodium exchange, should make an important contri-
bution in defining differing transport characteristics, e.g., the
relationship between sodium/sodium and sodium/hydrogen ex-
change systems, and also in determining the sodium transport
pathways which exist in various cell types.
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