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SUMMARY
A screening of several families of compounds on NEM-stimulated
K� efflux in human red cells allowed us to select a [(dihydroin-
denyl)oxyj alkanoic acid (DIOA) as the first potent inhibitor of

this K� flux (IC50 of 1 0� M) without side effects on the bumetan-
ide-sensitive [Na�,K�,Cr]-cotransport system. Incubation of hu-

man red cells in hypotonic media (1 79 mosm) increased cell
volume (by 1 8-20%) and provoked the appearance of a DIOA-
sensitive K� efflux of 4.48 ± 0.83 mmol.(liter of cells x hr)1
(mean ± SD of nine experiments). This DIOA-sensitive K� effiux
exhibited a Michaelian-like dependence on the Cl concentration
of the incubation media (freely equilibrated with intracellular CI)

with an apparent dissociation constant of 39.6 ± 14.7 m� and a
maximal rate of 4.7 ± 0.9 mmol .Qiter of cells x hr)1 (mean ±
SD of five experiments). The chloride effect was mediated by
intracellular and not by extracellular C1, as expected for an
outward [K�,Ci]-cotransport. The above properties of DIOA-
sensitive K� efflux clearly confirm that human red cells have a
[K4,Crj-cotransport system that regulates cell swelling. The
regulatory response to hypotonic media was also strongly de-
pressed by cytochalasin B at a concentration of 1 m�, suggesting
that the activating signal is probably transduced by the cyto-
skeleton.

In 1971 Kregenow reported that duck red cells extrude KC1
(and water) in response to hypotonic media (1; see also Ref. 2).

This phenomenon, subsequently found in erythrocytes from

other species (including humans), apparently reflected the reg-

ulatory activity of a transport system able to catalyze outward

and inward cotransport movements of K� and Cl and possess-
ing the following properties: (i) the system was silent under

physiological conditions and (ii) when the red cells were swollen

it used the energy of the electrochemical K� gradient in order

to catalyze a net efflux of both K� and C1, thus helping the

cell to extrude the excess intracellular water (2-8). In addition

to hypotonicity, C1-dependent K� fluxes (ascribed to a

[K�,Cl]-cotransport system) could also be unmasked by the

sulihydryl group reagent NEM (6-8).

On the other hand, the use of loop diuretics, particularly

bumetanide, allowed the clear characterization of a membrane

[Na�,K�,ClJ-cotransport system in erythrocytes and several

other cells (for recent reviews on the [Na�,K�,Cl]-cotransport

system see Refs. 8-11). It is interesting to note that the mech-

anism of action of these loop diuretics, which are carboxylic

acids, involves a competition with chloride for a common an-

ionic receptor site on the [Nae,K+,C1]�cotransport system (12).

In contrast to the [Na�,K�,Cl]-cotransport system, NEM-
stimulated K� fluxes were only inhibited by high concentrations

of bumetanide (7). This and other indirect evidence led most

authors to assume that the Cr-dependent K� fluxes, unmasked

by hypotonic media or NEM, were catalyzed by a [K�,Cr]-
cotransport system different from the [Na�,K�,Cl]-cotrans-

port system (8).

It appeared to us that one way to clearly demonstrate the

existence ofa membrane [K�,Cr]-cotransport system, different

from the bumetanide-sensitive [Na�,K�,Cr]-cotransport sys-

tem, was to develop a potent (and specific) inhibitory com-

pound. Therefore, during the past few years we have tested

several families of compounds on NEM-stimulated K� fluxes

(and on the [Na�,K�,Cr]-cotransport system) in human red

cells. Our guiding strategy was based in the screening of com-

pounds having the following potential activities: (i) carboxylic

or sulfonic acids, which may act at the Cr-site of the [K�,Cr]
-cotransporter; (ii) cinchona alkaloids, amiloride, and other

organic cations, which may act at the K�-site of the [K�,Cr]-
cotransporter; and (iii) diuretics, antihypertensives, or other

pharmacological agents used in transport-linked pathologies.

The above screening showed that four [(dihydromndenyl)oxy]
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alkanoic acids (see structures in Table 1) were able to potently

inhibit NEM-stimulated K� efflux without side effects on the

bumetanide-sensitive [Na�,K�,CrJ-cotransport system. The

use of one of these inhibitors (DIOA) clearly showed that

human red cell membranes have a [K�,CrJ-cotransport system

that regulates erythrocyte swelling.

Methods

NEM-stimulated K� efflux. NEM-stimulated K� efflux in human

red cells was measured by a method essentially similar to the one

previously published (7). Briefly, erythrocytes were washed three times
with 150 mM cold NaCl. After the last wash, the cells were suspended

at a hematocrit of 8-10% in two tubes containing K�-Ringer’s medium

with and without 0.5 mM NEM. The K�-Ringer’s medium contained

(mM): 135 KC1, 15 NaC1, 1 MgC12, 2.5 potassium phosphate buffer (pH
7.4 at 37), and 10 glucose. The osmolality was adjusted to 295 ± 5

mosm. Both cell suspensions were incubated for 15 mm at 37’. After
this incubation period, the cells were washed five times with 110 mM

cold MgCl2. After the last wash, the cells were suspended in Mg-sucrose

medium at a hematocrit of 5-7%. The Mg-sucrose medium contained

(mM): 75 MgCI2, 85 sucrose, 10 MOPS-Tris (pH 7.4 at 37*), and 10

glucose (the osmolality was adjusted to 295 ± 5 mosm). A portion of
each cell suspension was set aside to measure hematocrit, intracellular

Na� and K� by flame photometry, and hemoglobin absorbance by

spectrophotometry.

A volume of 0.5 ml of the cell suspensions in Mg-sucrose medium
was added to two tubes containing 2 ml of Mg-sucrose medium with 10

�sM bumetanide and 100 �M ouabain (final hematocrit was between 1

and 1.4%). The tubes were incubated for 30 mm at 37*� At the end of
the incubation period the tubes were chilled at 4 for 1 mm and then
centrifuged at 1750 x g for 4 mm at 4*� The supernatants were

transferred into tubes for K� analysis in an Eppendorf flame photom-
eter. K� standards (checked with commercial standards; Merck, Darm-
stadt, FRG) were prepared in water and compared with those prepared
in the different efflux media. In control experiments no evidence of red

cell lysis during the incubation in the efflux media could be detected.
NEM-stimulated K� efflux was calculated from the difference in K�

efflux between tubes with and without NEM. In some experiments

NEM-stimulated K� efflux in isotonic Mg�-sucrose was compared

with that meaaured in Na�,Rb�-Ringer’s medium of the following
composition (mM): 140 NaC1, 5 RbCl, 1 MgCI2, 10 MOPS-Tris (pH 7.4

at 37#{176}C),0.1 ouabain, 0.01 bumetanide, and 10 glucose.

The effect of drugs, hypotonicity, and C1 substitution. The
compounds used in the study have been described previously (13-15).

The structures of the [(dihydroindenyl)oxy]alkanoic acids are shown

in Table 1. The compounds that bear a common name are labeled

accordingly. The remaining compounds are given the code number used
in previous publications (13, 16). The absolute configuration and optical
rotation is noted for each chiral compound. The free acid (or base)

form was neutralized with Tris base (or with MOPS).
To study the effects of several compounds on NEM-stimulated K�

efflux in human erythrocyte8, the compounds were added from freshly
prepared concentrated stock solutions in water, ethanol, or DMSO,
provided that the final concentrations of these solvents had no effect
per se on ion transport (final DMSO concentration in the flux media
was always lower than 0.86%). In particular, [(dihydroindenyl)oxy]

alkanoic acids were tested from stock solutions containing 50-500 mM

of compounds in DMSO. All drugs were tested in concentration-
response curves.

In experiments with hyposmotic media, ouabain- and bumet.anide-

resistant K� efflux was studied in media with different concentrations
of NaC1 using a protocol similar to that described above. Briefly, fresh
erythrocytes were washed (three times) and resuspended with 150 mM

cold NaC1 at a hematocrit of 20-25%. A volume of 0.5 ml of the cell
suspension was added to duplicates of tubes containing 2 ml of Na�-

Ringer’s media of the following composition (mM): (140 - x) NaCl, 5

RbCl, 1 MgC12, 10 MOPS-Tris (pH 7.4 at 37�), 0.1 ouabain, 0.01

bumetanide, and 10 glucose, where x varied from 0 to 60 mM. The

osmolality of the solutions was measured by using a Knauer Semi-
micro-osmometer (Oberursel, FRG). The tubes were incubated for 0,

30, and 60 mm at 3T and K� efflux was measured as before.

To study the effect of C1 substitution, ouabain- and bumetanide-
resistant K� efflux was studied in fresh erythrocytes washed three

times with 150 mM NaNO3 and resuspended in Na�-Ringer’s media in

which different amounts of Cl were substituted mole by mole with

N03. K� efflux was measured as before (for further details see legends
to figures).

Results

Inhibition of NEM-stimulated K� efflux by com-
pounds. We found that NEM-stimulated K� efflux was much

more resistant to drugs than fluxes catalyzed by the

[Na�,K�,Cr]-cotransport system (and by other erythrocyte ion

transport systems). Fig. 1 shows that only certain carboxylic

acids, particularly four [(dihydroindenyl)oxy]alkanoic acids

were active on NEM-stimulated K� efflux. The structures and

IC� of these [(dihydroindenyl)oxy]alkanoic acids are shown in

Table 1. Fig. 1 shows that, of the remaining carboxylic acids

tested, only the loop diuretics furosemide and ethacrynic acid

and the anti-brain edema agent 5c(+) (see Ref. 16 for chemical

structures) were capable of inhibiting NEM-stimulated K�

fluxes and this at high concentrations (IC� of about i0� M or

higher). Even higher concentrations were required for inhibit-

ing NEM-stimulated K� efflux with organic cations or neutral

diuretics (for instance amiloride or hydrochlorothiazide, at

concentrations of 5 x 10� M, only inhibited 20-25% of NEM-

stimulated K� efflux; Fig. 1).

Among the compounds that were inactive on NEM-stimu-

lated K� fluxes it is interesting to mention the following: (i)

muzolimine (Specia Laboratories, Paris, France), a loop di-

uretic acting on the serosal side of Henle’s loop (17), where a

[K�,Cl1cotransport system has been suggested (18); (ii) cicle-

tanine (I.H.B. Research Laboratory, Le Plessis, France), a

furopyridine diuretic previously found to stimulate ouabain-

and bumetanide-resistant K� fluxes in human red cells (19);

and (iii) quinidine, an inhibitor of Ca2�-dependent K� channels

(tested up to a concentration of 10� M because it increases

nonspecific membrane cation leak). Finally, it should be noted

that high concentrations of DIDS (a potent inhibitor of the

Cr/HC03 anion exchanger) partially inhibited NEM-stimu-

lated K� efflux (about 30% inhibition between 10� and iO�

M).

Investigation of [K�,C1i-cotransport fluxes by using

[(dihydroindenyl)oxy]alkanoic acids. The above results

clearly showed that [(dihydroindenyl)oxy]alkanoic acids, par-

ticularly (R-(+)-8.4 A were potent inhibitors of NEM-stimu-

lated K� efflux in human red cells (see Table 1). In addition,

we have previously found that they have few or no side effect

on [Na�,K�,Cr]-cotransport fluxes (Ref. 16) (Table 1).

For the sake of simplicity (R-(+)-8.4 A is given the code

name DIOA. This compound inhibited NEM-stimulated K�

efflux with a mean IC50 of 1.0 ± 0.1 x i0� M (mean ± SE of

six experiments performed in Mg-sucrose medium; see Table 1

and Fig. 1). It is important to note that, in additional experi-

ments measuring NEM-stimulated K� efflux in Na�,Rb�-Ring-

er’s medium, DIOA exhibited similar IC� values (0.91 ± 0.23

x iO-� M, mean ± SE of five experiments). Moreover, a similar
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TABLE 1
Inhibition of erythrocyte Cl-transport systems by dihydroindenyloxyalkanoic acids
Values are given as meanS of three to six experiments.

CI

Compound

R1�COO#{234}

A’ A2

‘Cs0

lK�,CflCotransPort
[Na�,K�,CI�
COtranSpOrt’

Cr/HCO3 Anion

exchanger’

U

(R)-(+)-8.4 A
(R)-(+)-8.10 A
(±)-8.2�’
(S)-(-)-8.13 B

-CH�--
-(CH2)�--
-CH�--

-(CH2)�----

-(CH2)�---CH3
-CH3
-CH3

-(CH2)�---CH3

10�
3 x i0�

10�
-10�

No effect
No effect

i0�
No effect

10�
8 x 1O�
4 x iO�

10�

From Ref. 16.
S Racemic mixture.

-J
U-
U-
Ui
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DRUG CONCENTRATION (M)
Fig. 1. Inhibition of NEM-stimulated K� efflux by compounds in human
red blood cells. Each dose-response curve represents mean values of
three to six experiments (the ranges were almost similar in size to the
experimental points). It can be seen that only certain carboxylic acids,
particularly four [(dihydr�ndenyl)oxy]alkanoic acids inhibited NEM-stim-
ulated K� efflux (see structures in Table 1). Higher concentrations of the
remaining compounds (the carboxylic acids furosemide and ethacrynic
acid and the anti-brain edema agent 5c(+), the organic cation amiloride,
or the diuretic hydrochlorothiazide; see Refs. 13, 16, 21 , and 22 for
chemical structures) were required to inhibit NEM-stimulated K� fluxes.
Most of the tested compounds were inactive in this assay, i.e., muzoli-
mine, cicletanine, and quinidine (see text).

IC50 of about i0� M was obtained in experiments in which

DIOA was tested on a hyposmotically induced K� efflux.

Almost all tested drugs, at high concentrations, were able to

increase the nonspecific membrane K� leak (a prehemolytic

effect). Regarding DIOA, Table 2 shows that this toxic effect

appeared at concentrations of about 172 sM and that a DIOA

concentration of 344 �zM stimulated a K� leak that was similar

in magnitude to the NEM-stimulated K� efflux. Therefore we

used a DIOA concentration of 86 j�M in order to completely

inhibit [K�,Cr]-cotransport fluxes without increasing the non-

specific membrane K� leak.

Unmasking of DIOA-sensitive K� fluxes by red cell
swelling. The stimulation of outward [K�,Cr]-cotransport

TABLE 2
Nonspecific K� leak induced by DIOA in human red cells
Values of total K� leak are given as mean ± standard deviation. The number of
experiments is indicated in parentheses.

DIOA Totei K� �ak DIOA-stimulated K� �ak

U tnmol- (liter of cells mmol . (lter of cells % of lK�,CIico-�L � hr)’ X hr)’ transportfluxes

None 2.15 ± 0.51 (11)
86 1 .77 ± 0.41 (1 1) NSb 0.0

172 3.67 ± 0.90 (4) 1 .52c 25.3
344 10.1 ±5.2(4) 795C 132.5

a An estimation of the relative significance of DIOA-stimulated K� leak was done
by comparing it with a mean value of [K�,Cl]-cotransport fluxes of 6.0 mmot (liter
of cells x hr)�’ (taken from Ref. 7 and from this study).

0 NS, not significant, Student’s t test.

S � < � , Student’s t test.

fluxes by a hyposmotic stress was examined first. Fig. 2 shows

that, similar to erythrocytes from duck and other species (2, 4,

5), K� efflux was increased in human red cells incubated in

hyposmotic media and that DIOA completely abolished this

phenomenon. A careful inspection of Fig. 2 shows that in

isotonic media the system was almost silent (DIOA-sensitive

K� efflux was between 0.1 and 0.6 mmol. (liter of cells x hr)’).

Conversely, when the external osmolality was reduced to 179

mosm, DIOA-sensitive K� efflux was stimulated up to 4.48 ±

0.83 mmol. (liter cells X hr)�’ (mean ± SD of nine healthy

subjects). This procedure induced an 18-20% increase in eryth-

rocyte volume (measured as in Refs. 7 and 16), which resulted

therefore in a 4-5% loss of cell KC1 per hour.

Besides hypotonicity, another experimental condition induc-

ing erythrocyte swelling is acidification (20). We have found

that erythrocyte acidification induced a DIOA-sensitive K�

efflux of about 2 mmol. (liter of cells X hrY’ with a half-

maximal stimulation at a pH of 7.0 (Na� efflux remained

unchanged). However, it is important to note that this phenom-

enon was also inhibited by 10 zM DIDS (which blocks chloride

movements through the anion carrier).

The effect of cr substitution on DIOA-sensitive K�
fluxes. The next series of experiments was designed to inves-
tigate the Cr-dependence of DIOA-sensitive K� efflux. Fig. 3

shows DIOA-sensitive K� efflux as a function of the C� con-

centration in the incubation media ([Cr]0). It is important to
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outline that in replacing NaCl with NaNO3, the total (NaNO:t

plus NaC1) concentration was maintained constant at approx-

imately 89 mM and that the cells were preequilibrated with

N03 and C� (moving across the red cell membrane through

the anion carrier and by passive permeability). Fig. 3 (inset)

shows a Hanes plot of the data. The straight line that resulted

strongly suggested that DIOA-sensitive K� efflux was a Mi-

chaelian-like function of [Cr]0. The apparent dissociation con-

stant for [C�J (K�3) was obtained from the intercept with the

x axis and the maximal rate ( Vmax) from the reciprocal of the

slope (Fig. 3, inset). In erythrocytes from five different healthy

blood donors K�1 was 39.6 ± 14.7 mM and V,,,�. was 4.7 ± 0.9

mmol. (liter of cells X hrY’ (mean ± SD).
We explored cis- and trans-effects of chloride on DIOA-

sensitive K� efflux. Our main result was that, as expected for

an outward [K�,Cr]-cotransport flux, DIOA-sensitive K� ef-

flux was cis-activated by intracellular C� ([CrJ1) and not trans-

activated by [Cr]0 (i.e., DIOA-sensitive K� efflux was com-

pletely lacking in erythrocytes in which [Cr]� was replaced by

N03, subsequently washed with a DIDS-containing NO:� 50

lution, and incubated in Cr-media containing DIDS).

We investigated whether the carboxylic acid DIOA inhibited

outward [K�,Cr]-cotransport fluxes at the C� site, by devel-

oping dose-response curves for this compound at different C�

concentrations. Unfortunately, as shown in Fig. 4, we were

unable to determine ICan values in low-Cr media because

increasing DIAO concentrations in such low-Cr media initially

stimulated and then inhibited DIOA-sensitive K� efflux.

Inhibition of [K�,Cl]-cotransport fluxes by cytochal-
asin B. Fig. 5 shows that cytochalasin B strongly depressed

the hyposmotically induced DIOA-sensitive K� efflux. It is

important to emphasize the fact that we used high cytochalasin

B concentrations (1 mM) because erythrocytes are less sensitive

to this drug than are epithelia.
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Fig. 2. Stimulation of erythrocyte K� efflux by hyposmotic stress and full
inhibition by a [(dihydroiridenyl)oxyjalkanoic acid (DIOA; (R)-(+)-8.4A in
Table 1). Values are given with their range as a measure of variability.
DIOA-sensitive K� efflux was almost nonexistent in isotonic media.
Conversely, when the external OSmd�rty was reduced to 179 mosm,
DIOA-sensitive K� efflux was strongly stimulated up to about 4 mmol.
(liter of cells X hr)1. Similar results were obtained in eight other experi-
ments.

Fig. 3. DIOA-sensitive K� etfiux as a function of the CI concentration in
the incubation media ([CrJ.,). NaCI was replaced by NaNO3 and the total
(NaNO3 �1U5 NaCI) concentration was maintained constant at approxi-
mately 89 m�. The cells were preequilibrated with N03 and Cr (freely
diffusing through the an�n carrier and by passive permeability). DIOA
was used at a concentration of 86 �M. Values are given with their range
as a measure of variability. Similar results were obtained in four other
experiments. Inset, Hanes plot of the data. An apparent dissociation
constant for [CrJ,, (1(a) of about 42 m� was obtained from the intercept
with the x axis and a maximal rate (V,�) of 4.6 mmci .(llter of cells x
hrr’ from the reciprocal of the slope.

Discussion

The study of membrane ion transport was greatly facilitated

by the discovery of potent and quite specific inhibitory drugs.

A first generation of transport inhibitors was readily discovered
because these compounds were therapeutic agents, like the

cardiac glycosides are for the Na�,K�-pump and loop diuretics

(furosemide and bumetanide) are for the [Na�,K�,Crj-cotrans-

port system. Conversely, the development of inhibitors for

iO-�

DIOA CONCENTRATION (M)

Fig. 4. Stimulation of [K�,CrJ-cotransport fluxes by DIOA at low chloride
concentrations. A 2- to 3-fold stimulation of DIOA-sensitive K� efflux was
seen with iO� M DIOA at a chloride concentration of 7.7 m�. Similar
results were obtained in four other experiments.
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Fig. 5. Inhibition by cytochalasin B of the regulatory response of the
DIAO-sensitive [K�,Cr]-cotransport system to hyposmotic stress. The
erythrocytes were preincubated for 1 5 mm at 37#{176}with 1 m�.i cytochalasin
B and then further incubated during the flux period with the same
cythocalasin B concentration. Similar results were obtained in two other
experiments.

other transport systems such as Na�,Ca2� and Na�,H� exchan-

gers required the screening of large numbers of molecules (see

for instance Refs. 21 and 22).

Indirect evidence has previously suggested that the Cl-

dependent K� fluxes, unmasked by hypotonic media and by

NEM, are catalyzed by a [K�,Cr]-cotransport system different

from the bumetanide-sensitive [Na�,K�,Cr] -cotransport sys-

tern (see for instance Refs. 7 and 8). Therefore, we were

interested in discovering an inhibitor of NEM-stimulated K�

efflux without side effects on the [Na�,K�,Cr]-cotransport

system. To expedite the screening of molecules, we used the

precise and rapid assay of NEM-stimulated K� efflux in human

red cells. Unfortunately, NEM-stimulated K� efflux was resist-

ant to a number of treatment modalities. This obliged us to

screen a large number of drugs before observing significant

inhibition with the [(dihydroindenyl)oxy]alkanoic acids. These

compounds are indane analogues of ethacrynic acid that have

lost both diuretic activity and inhibitory activity on the

[Na�,K�,Cl]-cotransport system (13, 16). This latter property

was crucial because it permitted the discrimination between

[K�,Cr]- and [Na�,K�,Cr]-cotransport fluxes (Table 1).

We supposed that, similarly to loop diuretics for the

[Na�,K�,Cr]-cotransport system, the mechanism of action of

[(dihydroindenyl)oxy]alkanoic acids may involve competition

with C� for a common site on the [K�,Cr]-cotransport system.

Unfortunately, with media low in Cl we were unable to deter-

mine IC50 values because increasing DIAO concentrations mi-
tially stimulated and then inhibited DIOA-sensitive K� efflux

(Fig. 4). This suggests that low DIOA concentrations may

displace C� from a regulatory site, as previously reported for

furosemide on the anion carrier (23). Therefore, similar to the

anion carrier, the [K�,Cr]-cotransport system could have both

regulatory and catalytic C1 sites. Whether C1 and/or other

anionic effectors can modulate the activity of the [K�,Cl]-

cotransport system (and cell volume) at a regulatory site is a

matter for further investigation.

Lauf (6) has previously found in sheep red cells that external

Rb� increases the apparent affinity of NEM-stimulated K�

efflux for furosemide. However, this was not the case for

[(dihydroindenyl)oxy]alkanoic acids, suggesting that the sites

at which these compounds and furosemide act on the [K#{247},Cr]

-cotransport system may be overlapping, but not identical.

Of course [(dihydroindenyl)oxy]alkanoic acids, which are

carboxylic acids, can be potential inhibitors of other C1 trans-

port systems. Indeed, we have previously observed that, similar

to several other carboxylic acids, [(dihydroindenyl)oxy]alka-

noic acids are able to inhibit the DIDS-sensitive C1/HCO3

erythrocyte anion exchanger (Ref. 16 and Table 1). However,

this side effect was not important for our purposes because the

anion carrier does not catalyze KC03 movements (24; see also

Ref. 25) and because the study was conducted in the absence

of added HC03. Indeed, furosemide was used for almost 15

years to characterize the [Na�,K�,ClJ-cotransport system (see

for instance a recent use in Ref. 26), in spite of the fact that it

also effectively inhibits the anion carrier (23). On the other

hand, Table 1 shows among other things that decreasing the

number of C-atoms in the alkyl R2 residue, i.e., the (R)-(+)-

8.10 A analogue, increases by about 3-fold the inhibitory activ-

ity on NEM-stimulated K� efflux as compared with that on

Cr/HC03 exchange. This can be used as a guiding criterion

for the chemical synthesis of an inhibitory analogue without

side effects on the anion carrier.

High concentrations of (R)-(+)-8.4 A induced an increase in

the nonspecific membrane K� leak (a prehemolytic effect). In

addition, the range of (R)-(+)-8.4 A concentrations for com-

plete inhibition of NEM-stimulated K� efflux without impor-

tant side effects on the K� leak was very narrow (�86-172 �M;

Table 2). Again, a parallel could be established with the narrow

range of furosemide used for inhibiting the [Na�,K�,Cr]-co-

transport system (an inhibitory concentration of 1 mM was

commonly used, whereas the compound induced an increase in

K� leak at concentrations of 2 mM).

Based on the above considerations, we selected (R)-(+)-8.4

A (Table 1) as a useful tool for reinvestigating the possible

existence and physiological role of an erythrocyte [K�,Cr]-
cotransport system, which is different from the well established

bumetanide-sensitive [Na�,K�,CrJ-cotransport system. For

the sake of simplicity, we gave this particular [(dihydroin-

denyl)oxy]alkanoic acid the code name DIOA. Of course, future

screening studies may allow the development of a better inhib-

itor than DIOA (without side effects on the anion carrier and

with a better range between inhibitory and toxic doses). Indeed,

such kind of improvements allowed the introduction of bume-

tanide for replacing furosemide in studies of the [Na�,K4�,Cl]-

cotransport system.

DIOA completely abolished the KC1 loss of human erythro-

cytes in response to hypotonic stress. A DIOA-sensitive, 4-5%

cell KC1 loss per hour was found after an 18-20% increase in

erythrocyte volume, as expected for a regulator of erythrocyte

swelling. Interestingly, DIOA-sensitive K� fluxes were 1 to 2

orders of magnitude higher than the K� fluxes catalyzed by the

[Na�,K�,Cr]-cotransport system (19), a transport system with-

out apparent physiological role in human red blood cells.

DIOA also inhibited a K� efflux induced by erythrocyte

acidification (and its consecutive cell swelling). However, the

participation of the [K�,Cr]-cotransport system in this phe-

nomenon requires further investigation because (i) the anion
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carrier is involved in the cell swelling that follows erythrocyte

acidification (20); (ii) K� efflux induced by erythrocyte acidi-

fication was also inhibited by DIDS; (iii) DIOA is also able to

inhibit the anion carrier (Ref. 16 and Table 1); and (iv) in low-

K� sheep red cells, DIDS stimulates K� efflux (27).

The only C� fluxes that can be accurately measured in

human red blood cells are those catalyzed by the anion carrier.

To our knowledge, no one has been able to determine C� fluxes

catalyzed by the [Na�,K�,Cr]-cotransport system, even when

the anion carrier was blocked with DIDS (measurement of C1

fluxes catalyzed by the [Na�,K�,CrJ-cotransport system was

performed on red cells from other species; see for instance Ref.

28). Therefore, we tried to adapt an alternate procedure, pre-

viously used by several authors for the characterization of co-

or countertransport mechanisms, i.e., to study cis- and trans-

effects of co- or counterions. This clearly showed that DIAO-

sensitive K� efflux was cia-stimulated by C� as expected for

an outward [K�,Cr]-cotransport movement.

The results obtained with DIOA show that the erythrocyte

swelling induced by a variety of pathophysiological circum-

stances unmasks a compensatory KC1 extrusion through a

[K�,cr]-cotransport system. However, this regulatory behavior

raises the intriguing question as to how a membrane transport

system may sense that the cell is swollen. We suspected a

possible participation of the cytoskeleton and we tested the

effect of cytochalasin B. This compound induced a partial

suppression of the regulatory properties of the [K�,ClJ-co-

transport system, suggesting that erythrocyte swelling may

unmask the activity ofthe [K�,Cr]-cotransport system through

an interaction with the cytoskeleton (Fig. 5). However, further

experiments are required in order to confirm this interaction

because, besides the action on the cytoskeleton, cytochalasin B

interacts with the glucose carrier and other membrane proteins.

In conclusion, [(dihydroindenyl)oxy]alkanoic acids (particu-

larly DIOA) are potent inhibitors of NEM-stimulated K� efflux

in human red cells without side effects on the bumetanide-

sensitive [Na�,K�,CrJ-cotransport system. The study of DIOA-

sensitive K� movements clearly confirmed that human red cell

membranes possess a [K�,Cr]-cotransport system that regu-

lates cell swelling. The signal for the swelling-dependent acti-

vation of this transport system seems to be transduced by the

cytoskeleton. We anticipate that the use of DIOA for charac-

terizing the [K�,Cr]-cotransport system may help to under-

stand physiological and physiopathological aspects of cell vol-

ume regulation in the near future.
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