RED CELLS

Volume control in sickle cells is facilitated by the novel anion conductance

inhibitor NS1652

Poul Bennekou, Ove Pedersen, Arne Mgller, and Palle Christophersen

A low cation conductance and a high
anion conductance are characteristic of
normal erythrocytes. In sickle cell ane-
mia, the polymerization of hemoglobin S
(HbS) under conditions of low oxygen
tension is preceded by an increase in
cation conductance. This increase in
conductance is mediated in part through
Catt-activated K * channels. A net efflux
of potassium chloride (KCI) leads to a

decrease in intracellular volume, which in
turn increases the rate of HbS polymeriza-
tion. Treatments minimizing the passive
transport of ions and solvent to prevent
such volume depletion might include
inhibitors targeting either the Ca
tivated K * channel or the anion conduc-
tance. NS1652 is an anion conductance
inhibitor that has recently been devel-
oped. In vitro application of this com-

++_ac-

pound lowers the net KCI loss from de-
oxygenated sickle cells from about 12
mmol/L cells/h to about 4 mmol/L cells/h,
a value similar to that observed in oxygen-
ated cells. Experiments performed in mice
demonstrate that NS1652 is well tolerated
and decreases red cell anion conduc-
tance in vivo. (Blood. 2000;95:1842-1848)

© 2000 by The American Society of Hematology

Introduction

The polymerization of hemoglobin S (HbS) has been shown to baion pathway by application of inhibitors of chloride conductance

extremely concentration dependénthe formation of sickle cells may represent another approach to controlling the net loss of salt.

is enhanced when solute is lost, since changes in intracellular saltlt has been shown that decreasing the anion conductance using

content are accompanied by the transport of water in the form of &n4’ diisothiocyano-2,2stilbene-disulfonic acid (DIDS) lowers

isotonic or near isotonic solution, leading to an increase in thlke potassium loss after activation of the *Ceactivated K

intracellular concentration of hemoglobin. channel® However, until now, targeting the anion conductance in
When the red blood cells of patients with sickle cell anemigivo has not been practical due to the lack of suitable high affinity

enter areas of the circulation where the oxygen tension is low, thehibitors of the red cell anion conductance. A nhew compound,

cells lose solute due to increased net transmembrane cation flu¢S1652, has recently been synthesized and seems promising in this

At least in part, this is due to an increase in the cation conductanegard!* Here we describe the effect of this potent reversible

resulting from the opening of Ca-activated K channels. Itis not inhibitor of conductance on human sickle red cells in vitro and on

clear that this potassium channel is ever activated under normalrrine red cells in vivo.

physiologic conditions. However, due to an influx of calcium, this

pathway is probably activated when sickle cells are deoxygen-

ated3# As a consequence, HbS polymerizes, causing red cellsNbaterials and methods

sickle and to be less deformable, thus impairing their flow through

the capillary bed8.Therapeutic interventions have been centerdgeagents

on the dilution of HbS, either through the stimulation of theyjinomycin, DIDS, CCCP (carbonylcyanide-m-chloro-phenyl-hydra-

synthesis of fetal hemoglobin, HEFr through the inhibition of zone), and NEM (N-methyl-maleimide) were obtained from Sigma (Vallens-

electrolyte loss through the blockade of'Caactivated K chan- bokstrand, Denmark) and NS1652 (2-¢tifluoromethylphenyl)ureido)-

nel current$:”® The rationale for the latter approach is thabenzoic acid) was synthesized at NeuroSe'r(iallerup, Denmark). For

polymerization of HbS occurs after a lag time that is extremeMe in vitro experiments, all chemicals were prepared as stock solutions in

concentration-dependent. Even a slight decrease in the rateD#SO and diluted to the final concentration by direct addition to the cell

solute loss increases this lag time enough to delay the onsetSpgPension. The final DMSO concentration was 0.3%, a concentration that

sickling until the cells have passed through the canpillaries thﬁEeCted neither the membrane potentials nor the ion fluxes reported in this
avoidir?g occlusion P 9 P ' 7 study. All basic salts were of analytical grade or higher. Cremophore was

. from Basis Kemi A/S, Copenhagen. A 5% (w/v) solution prepared in water
The normal human red cell has a high conductance for affons, .5 ysed for the injections.

such as a conductance of 25 uS#dor chloride}* and a very low

conductance for cations. As a consequence, increases in potassium

conductance can result in a massive loss of salt. Since the pas&0dnrocytes

transport of potassium is dependent on the kinetics of the mov@ood from healthy human donors, A/A cells (the authors), or from
ment of this ion as well as those of counter-idAmhibition of the  homozygous sickle cell patients, S/S cells (informed volunteers), were
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drawn into heparinized vacuum tubes. They were then washed 4 times wstispension of red cells for 30 minutes with 1 mmol/L NEM in nitrate
unbuffered saline to remove the buffy coat and plasma proteins. Followingedium. After incubation, the cells were washed 3 times in 10 volumes of
the last centrifugation, the packed cells were stored on ice in an oxygenatiee actual efflux medium before the experiment was started.

environment until use. In vivo experiments.NS1652 was suspended in a carrying vehicle,
cremophore (pig-40 hydrogenated castor oil, CAS nr. 61788/85/0), at a
Determination of membrane potential concentration of 5 mg/mL. At time zero, an amount corresponding to 1% of

o animal weight (about 250 pL of suspension) was injected into mice though
The CCCP method was used for the determination of membrane potehs t5il veins (NMRI strain, 5-6 weeks, from Bomholtgérd, GI, Ry,

tial.1>1*When erythrocytes are suspended in nominally buffer-free solutighenmark). At several time intervals after the injection, the mice were
in the.presence of the protonophore CCCP, changgs in the membraaeapitated and the blood collected was collected and centrifuged for 60
potential are reflected by changes in extracellular pH, since protons are kggtyngs. The plasma was removed by aspiration and the packed cells were

at equilibrium across the membrane. The membrane potential can thussRfeq on ice until use. Immediately before measurement, the packed cells

estimated from: were resuspended in 1 volume of ice-cold experimental medium and
V= 61.5mV# (pHy, — pHou) F:entrifgged for 30 seconds. A total of _100 uL of packed cells were the_zn
immediately transferred to 3 mL medium, and CCCP and valinomycin
Due to the high red cell buffer capacity, the intracellular pH remaingdded. The blood samples were analyzed in random order with respect to
constant{7.2) throughout an experiment and can be estimated as the pHtloé time of decapitation.
the solution after lysis with Triton-X-100 at the end of the experiment.

. Correction for number of binding sites
Standard experimental procedures

Determination of inhibition constants for compounds binding to the anion
lonophore-induced net efflux.Red cells were washed 3 times in 10exchange/conductance sites in a suspension of red cells represents a special
volumes of wash buffer. After the last wash, the cells were transferred pPoblem, since the number of binding sites is comparable to the number of
Eppendorf centrifuge tubes, centrifuged for 30 seconds at 28,@)@nd  molecules of inhibitor. It can be assumed that the number of binding sites on
the remaining buffer was aspirated off. The cells were then stored on iceAgd cellis 1.2 10F/cell as determined by binding &f-DIDS 17 Since 1 L
packed cells (estimated cytocrit 95%). For studies, 100 UL of packed celispacked cells contains 14101 cells, the number of binding sites in 1 L
were added to 3 mL of experimental solution (2 mmol/L,Kl54 mmol/L 4 packed cells equals 1:310'° sites, corresponding to 21.2 umol/L
Na*, 156 mmol/L CI") to give a final cytocrit of 3.2%. CCCP (20 uM final packed cells.
concentration) and test compound were added, and a KCI net-efflux was |pibjtor constants are determined by a fit to
induced after 1 minute by increasing the potassium conductance, usually by
application of 0.1 pM valinomycin. [17

Potassium net fluxeswere estimated from changes in the extracellular 9o =G =1- [ + Ko
K*-concentration determined by flame photometry (Radiometer, Copenha-
gen, Denmark). The instrument was calibrated against standard solutioMBere [I] is the actual concentration of inhibitor. This concentration can be
Red cell suspensions (100 pL) were added to ice-cold phthalate-containgxgressed as:
tubes (400 pL phthalate, 873 pL stop-buffer). The tubes were then inverted
several times and centrifuged for 30 seconds at 205090 Using this i =t-le
procedure, the K efflux is stopped by isolation of the cells as a pellet belowhare I-is the total concentration added, apdhe bound fraction.
the phthalate oil, whereas the extracellular solution is diluted in the aqueous Assuming the binding of the inhibitor to follow a standard competitive
phase. Potassium was measured against an internal Li-standard of $é1£:tion, the bound amount can be expressed as:
mmol/L contained in stop-buffer. Since the standard dilution factor for the
flame photometer is 200 and the dilution factor for the phthalate tube [17*Cr
samples is 10, the signal is consequently amplified 20 times, resulting in a B~ [+ Ko
functional sensitivity of 5 uM.

Conductance.Assuming zero current conditions at the peak of thavhere G is the concentration of binding sites.
ionophore-induced membrane hyperpolarization (dWd3; Ix = —Ilg), Inserting Equation 3 into Equation 2 leads to:
the K* or I~ chord conductance can be calculated according to:

gar = lc/(Vimn — BEc)) = =Xk * F/(Viy — Eq)

Equation 1

Equation 2

Equation 3

[+ [1]*Kp=Ilrx[I] + l1% Ky — [I] *C; Equation 4

which after rearranging gives:
or
[P+ {Kp— I+ + Cq}*[I] — 1Ky =0 Equation 5
Ok = I/(Vm — BEx) = J * FI(Vin — Ex)

where & is the Kf-efflux, Ec; and E the K* and CI equilibrium

potentials, and F is Faradays constant. Kp = It + Cy] = \;’{KD — I+ G+ 41 %Ky
Spontaneous efflux.The buffer contained 149 mmol/L Na2 mmol/L [11= 2

K*, 5 mmol/L MOPS, 5 mmol/L glucose, 0.05 mmol/L Cg and 0.1

mmol/L ouabain. This buffer was adjusted to a pH of 7.0 at 38°C. Red cellhere thet sign gives physical meaningful results. This expression should

were suspended at a hematocrit of 10% in the reaction buffer and weke substituted into Equation 1. Under standard experimental conditions,

pre-equilibrated at 38°C for 30 minutes before addition of NS1652 apo uL cells in 3 mL buffer, €has a value of 0.6835 pmol/L.

time = 0. Deoxygenation by a continuous stream of argon (saturated with

water at 38°C) was initiated 105 minutes after the start of the experiment:

Samples of 400 pL of the suspension were taken every 15 minutg sults

transferred to Eppendorf centrifuge tubes, centrifuged for 30 seconds ?

20,000¢ g, and the supernatant was diluted with stop-buffer as describeg,gies with normal red blood cells

above. Hemolysis was followed by photometric determination of the

hemoglobin content of the extracellular solution. To investigate the properties of the novel compound, NS1652
KCI co-transport. KCI co-transport was induced by incubating a 109 Figure 1), this compound was tested on human red cells with

The solution of this is:

Equation 6
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Figure 1. Right panel. Carbonylcyanide-m-chloro-phenyl-hydrazone-mediated pH
traces (left axis) and corresponding membrane potentials (right axis) from suspen-
sions of normal erythrocytes (A/A) showing the increasing hyperpolarization due to
inhibition of the chloride conductance with increasing concentrations of NS1652 (0,
1.0, 3.3, 10, and 20 puM) under standard experimental conditions. The valinomycin
concentration was 10~7 mol/L. All experiments were stopped by addition of Triton-X-
100 to determine the pH; and thereby the corresponding zero membrane potential.
Left panel: Chemical structure of NS1652.
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sed: (fbr comparison. The fractional volumes at 5 minutes were fitted to

an equation of the form:
V(INS1652])= V([0]) + V([«]) * [NS1652)/(IG, + [NS1652]).

An ICsq value of 1.3 uM was found for the decrease of volume loss
at 5 minutes. Since the hematocrit in the conductance experiments
was 3.2% compared to 10% in the experiments on volume loss, and
the number of binding sites for the inhibitor are roughly on the
same order of magnitude as the number of inhibitor molecules, the
ICso values are of comparable potency at infinite dilution (see
“Materials and Methods”).

To verify that the effect of NS1652 was reversible, a total of 60
mL of erythrocyte suspension (cytocrit 3.2%) was incubated at
37°C. Initial aliquots of 3 mL were transferred to the experimental
chamber for determination of valinomycin-mediated hyperpolariza-
tion. NS1652 was added to a concentration of 20 uM and the
suspension incubated for 15 minutes. Aliquots of 3 mL were then
distributed to centrifuge tubes, and valinomycin-induced hyperpo-
larization was determined for each pair. The remaining samples

determination of the red cell membrane potential as a function @kere centrifuged at 4500 g for 10 minutes and 2.5 mL of
the NS1652 concentration following an induced increase in tRgipernatant was replaced by an equal volume of an identical salt
potassium conductance and (2) concomitant determination ¥lution. After resuspension, the cells were allowed to equilibrate

K* fluxes.

for 5 minutes at room temperature before the next analysis/

The red cell potassium conductance was manipulated B¥ntrifugation step. The procedure was repeated until complete
addition of either the Ca" ionophore A23187, which activates therecovery of the Cl-conductance was obtained. Figure 3 shows that

Ca' *-activated K channel, or by the addition of the'konophore
valinomycin. Figure 1 shows typical experimental pH traces
obtained with valinomycin-treated cells in the presence of NS1652A 1 ¢
Using high concentrations of NS1652, the maximal hyperpolariza-
tion approached the calculated equilibrium potential for(k 110
mV) and the initial K efflux was reduced by more than a factor 0
of 10.

As shown in Figure 1, the hyperpolarization observed increase:r ¢ -
in a dose-dependent manner. Since this hyperpolarization could t
caused both by an increase gf'gor by a decrease otg, the flux
was estimated from the change in the extracellulardgncentra- 925 1
tion, and the conductance calculated according to the equations f
calculation of the chord conductances. Although NS1652 inhibitec

Relative g,

the rate of K efflux, both when valinomycin or A23187 were used, o
the K* conductance was unaffected. In the case of the*€a B1-
activated K conductance these values were 48:21.70 (SD)
without NS1652 and 44.0+ 1.13 (SD) at 10 uM NS1652.
Consequently, the hyperpolarization is due to inhibition of the
chloride conductance. The Chround conductance was found to
be 25 uS/cry in accordance with previous estimates obtained with
the CCCP techniqu&:’® This conductance was inhibited by
NS1652 with an apparent inhibitor constantgd®f 0.62 uM and 084
an insensitive fraction of 0.066, corresponding to a maximal
inhibition of 295% (Figure 2A). The data were fitted to a single-site
inhibitor equation of the form:

0.9 4

10 20

o

Relative volume
change

30 NS1652 (uM) 40

*

0.7 4

Ge([NS1652])= 1 — {1 — Gy([])) * [NS1652)/(1G, + [NS1652]),

where capital G represents the relative conductance.

0 10 20 30 NS1652 (uM) 40

Figure 2. (A) The relative Cl~ conductance for normal erythrocytes versus the
concentration of NS1652. The solid line represents the best fit to a single-site inhibitor
equation with ICso = 0.62 pM, and an insensitive fraction (G¢([*<])) of 0.066. (B) Effect

Due to the high permeability of red cells for water, a net salt lo® NS1652 on valinomycin-induced erythrocyte dehydration. Erythrocytes were

is coupled to loss of cellular water, and an inhibitor of C

[ suspended at a cytocrit of 10% and incubated with various concentrations of NS1652

or 4,4'-diisothiocyano-2,2'-stilbene-disulfonic acid (DIDS) for 2 minutes before

conductance should be able to restrict the salt as well as the Ggltion of 5 + 10-8 mol/L valinomycin. After 5 minutes of valinomycin incubation, the
volume loss induced by valinomycin. Figure 2B shows the effect oftocrits were measured. The solid line represents the best fit of the NS1652 data (#)
various concentrations of NS1652 on the change in fractiontﬁF‘ single-site inhibitor equation. The ICsq value was estimated at 1.3 uM, the relative

volume after valinomycin incubation in absence of blocker (V[0]) was 74.2%, and the

Ce||l.J|al' VOIu_me (CytOCI’It) _In a suspens!on of r_ed cells mcu_bated fgf!lative volume at saturating concentrations of NS1652 (V[«<] + V[0]) was 93.1%.
5 minutes with valinomycin. Data obtained with DIDS are includedips data (0) are shown for comparison only.
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Figure 5. KCI co-transport in mmol/L cells/h estimated from the changes in the
extracellular potassium concentration following suspension of NEM-treated

cells (10% cytocrit) in a low-potassium (2 mmol/L) medium containing 0.1 mmol/L
ouabain. The concentration of NS1652 was 10 pM. Bars indicate SD of duplicate
experiments.

Figure 3. Reversibility of the NS1652-mediated CI  ~ conductance block. From left
to right, valinomycin-induced hyperpolarization before addition of inhibitor, in pres-
ence of 20 pM NS1652, and washout profiles for NS1652. Error bars show SD for 2
determinations.

NS1652 is a completely reversible inhibitor of the red cell
Cl-conductance, since repeated washing restores the valinomycin-
induced hyperpolarization to control levels in contrast to the iftudies on sickle red blood cells

reversible effect of DIDS. _ Dose-response experiments were performed using red blood cells
To verify whether NS1652 had an effect on the obligatoryained from homozygotes for HbS to verify whether NS1652
anion-exchange mechanism, the effect of the compound W@Ss 55 effective an inhibitor of the Cl conductance in oxygenated as
investigated in CI/SO,*" hetero-exchange experiments at room),q|| a5 deoxygenated sickle erythrocytes as in normal cells after
temperature. In contrast to GCI™ exchange, which even at room, yjication of valinomycin. Furthermore, experiments were per-
temperature is very fast, the hetero-exchange approach makegfieq to demonstrate whether NS1652 was able to lower the
possible to use an extracellular Gensitive electrode to measuregy,ntaneous cellular salt loss, which occurs when a suspension of
the changes in extracellular Clconcentrations. The insert in gjcyje cells is deoxygenated. Dose response experiments are shown
Figure 4 shows the extracellular Gtoncentration as a function of i, Figyre 6. The uninhibited CI conductances were identical for
time after injecting packed erythrocytes into isotonic low (0.5 mM), ., oxygenated and deoxygenated cells and were in the normal
CI~/high SQ?" salt solution containing various concentrations of,nqe NS1652 inhibited the conductance of both oxygenated and
NS1652. The rate of appearance of @ the extracellular phase is 4oy genated sickle cells with potencies close to the values found
clearly slowed by NS1652, indicating an inhibition of the anioR,. ormal red cells.
exchange process. Figure 4 itself shows the initial rate of the ClI Figure 7 shows the effect of NS1652 on the passiveefiux
effluxes plotted against the concentrations of NS1652. A& ICom normal and sickle erythrocytes under oxygenated as well as
value of 1.49 uM was estimated for inhibition of the exchanger. T&’eoxygenated conditions. The basal &flux from healthy cells is
further characterize its specificity, tests were performed to see if 10 sitive to deoxygenation, which can be seen from the middle
HM NS1652 had an effect on the NEM-induced KCI co-transpoft, e of Figure 7, showing a linear increase in the extracellutar K
As can be seen from Figure 5, the effect, if any, is very small.  ,ncentration, independent of the deoxygenation by the introduction
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Figure 4. NS1652 effect on Cl =/SO4?~ exchange in A/A erythrocytes. Initial Cl~ 0 10 20 30 NS1652 (uM) 4'0

fluxes (calculated between 5 and 15 seconds after injection of the cells) versus the
concentration of NS1652 (0, 1, 3.3, 10, or 20 uM). At time zero, 100 pL packed cells
were transferred to vigorously stirred 3 mL isotonic SO42~ exchange solutions

Figure 6. Inhibition of CI ~ conductance in sickle (S/S) erythrocytes by NS1652.
Dose-response curves showing the effects of NS1652 on the CI~ conductance in

containing various concentrations of NS1652. The increase in the extracellular Cl
concentration (insert) was followed by on-line recording of the potential from a
calomel-Ag/AgCl electrode pair. The electrodes were calibrated by Cl~ standards
immediately before and after the exchange experiments. NS1652 had no effect on
electrode sensitivity. The extrapolation of the curves to zero intercept at a higher
extracellular chloride concentration than 0.5 mmol/L due to the trapped volume of
high-chloride medium between the packed cells.

deoxygenated (M) as well as oxygenated (#) sickle cells. A suspension of erythro-
cytes (cvf = 30%) was deoxygenated in a humidified argon atmosphere for 2 hours.
The cells were then packed and stored on ice in a tightly sealed argon-filled vial until
use; 100 pL deoxygenated, packed cells were quickly transferred to 3 mL deoxygen-
ated experimental salt solution. The suspension was kept under argon throughout the
experiment. The oxygenated cells were handled in parallel, but exposed to the normal
atmosphere. Experimental details are otherwise as in Figure 1.
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Figure 7. Effect of NS1652 on deoxygenation-induced cation fluxes. Normal or

sickle erythrocytes were suspended (hematocrit = 10%) in an oxygenated, buffered,
ouabain-containing (0.1 mmol/L) salt solution for 105 minutes before deoxygenation
was initiated by application of a humid stream of argon. Upper panel: The effects of
deoxygenation and NS1652 (10 pM) on the net K* efflux from sickle (S/S)
erythrocytes. Middle panel. Similar experiment as in (A) except with normal (A/A)
erythrocytes. The extracellular K* concentration (Y-axis, upper and middle panel)
was followed as a function of time (X-axis) by flame photometry on samples of the
extracellular solution taken every 15 minutes. Control (M) as well as NS1652-
containing suspensions (®) were run in parallel. The broken line (middle panel) is the
linear regression curve to the data obtained with the normal cells. This line has been
superimposed on the data from sickle cells (upper panel). Lower panel: Net
potassium effluxes per liter cells per hour, calculated by linear regression to the data
points in the linear phases (0-105 minutes for oxygenized cells, 135-240 minutes for
deoxygenized cells) of efflux experiments as shown in the panels above. Text boxes
indicate the number of experiments; error bars indicate SD.

of argon gas. In contrast, the corresponding efflux from sickle cells
was increased up to 4-fold by deoxygenation, as demonstrated t ** ] o
the accelerated rise in extracellular KFigure 7, upper panel).

BLOOD, 1 MARCH 2000 « VOLUME 95, NUMBER 5

experiments (not shown) it was found that, although the chloride
conductance of murine red cells was somewhat higher than that of
human red cells, the pattern of inhibition was identical. The
compound showed no acute toxicity at doses up to at least 250
mg/kg (single doses, 3 days’ survival), and there were no behav-
ioral side effects observed. Toxicology experiments were per-
formed in rats as well: In these animals, no effects were observed
on blood pressure or heart rate (data not shown). Figure 8 shows the
valinomycin-induced hyperpolarization obtained with suspensions
of murine erythrocytes isolated at various times after injection of
NS1652 (50 mg/kg). Injection of the cremophore was without
effect on the standard hyperpolarization obtained after 1 minute.
However, after NS1652 injection, the cells hyperpolarized to about
—90 mV, indicating a block>90% of the CI conductance. The
NS1652 effect declined fairly steeply after the injection, and the
Cl~ conductance normalized after 2 hours. It should be noted that
the observed values are somewhat lower than the actual in vivo
values due to the wash (see Figure 3), and do not necessarily
exactly mirror the in vivo conductances. The experiments are
qualitative rather than quantitative with regard to the feasibility of
in vivo inhibition of the red cell anion transport system.

Discussion

It is generally accepted that sickle cells respond to deoxygenation
with increased net cation fluxes, leading to dehydration. It is
probable, however, that more than 1 pathway is involved in this
process. Mechanisms attracting attention as possible major path-
ways are the sodium/potassium pump acting on sodium/potassium
leaks induced by deoxygenatiétthe KClI co-transport systeA{;?*
and the Ca*-activated K channeP

The Ca *-activated K channel has recently been the target of
successful symptomatic treatment aimed at reducing cell shrinkage
by reducing the K efflux through the use of clotrimazole as
inhibitor.8 Since this pathway involves the transport of a cation, it is
dependent on a concomitant transport of counterions. In principle,

1009 vy

EmV)

80 4

60 4

This stimulation was largely blocked in the presence of 10 uM ,, Injection ¥ .
NS1652. In summary, as shown by the bar diagram, Figure 7 lowe 0 30 0 30 50 S0 Min. 120
panel, the application of 10 uM NS1652 to sickle cells reduces thgure 8. Transient in vivo inhibition of the murine erythrocyte CI = conduc-

K™ loss during deoxygenation to values close to the level found ignce. The mice were intravenously dosed with NS1652 (50 mg/kg) or vehicle (5%

the oxygenated state. Hemolysis, determined as the increasq\fi’l/é

f:remophore) attime 0. At 1, 5, 30, and 120 minutes after injections, 3 mice were
d and their blood collected in heparin and immediately centrifuged. The

hemoglobin in the extracellular solution, progressed linearly duriRghicie-injected animals were killed after 1 minute. The packed erythrocytes were
the experiment, probably due to the action of the stirring magnetparated from the plasma and stored on ice until use (1-2.5 hours). Erythrocytes
and at the end of the experiments was about 1%. The COﬂtI’ibUtiffﬂm uninjected control animals were processed similarly. Immediately before

to the extracellular K compartment was thus insignificant.

In vivo murine experiments

analysis, the packed cells were resuspended in 1 vol experimental salt solution and
centrifuged, and 100 pL were transferred to 3 mL experimental solution for recording
of hyperpolarization induced by a fixed valinomycin concentration (5 * 10~7 mol/L).
The individual blood samples were analyzed at random. O indicates control animals;

ndicates cremophore-injected animals; 4 indicates NS1652-injected animals. n =

.. . . . i
The acute tOXIC_Ity and the funCtK_)n_al ph_armaco_klnetlcs Of NSl_G@()r each group. Data are means * SD. Broken line indicates the mean of control
were tested by intravenous administration to mice. In prior in vitrénd cremophore-injected animals.



BLOOD, 1 MARCH 2000 « VOLUME 95, NUMBER 5 SICKLE CELL VOLUME CONTROL BY NS1652 1847

it should be possible to obtain the same effect by a down-regulatio1200
of the anion conductance.

The present experiments demonstrate the feasibility of volum
control of red cells using the new red cell anion conductance
inhibitor NS1652, which has been shown to selectively decreas
the chloride conductance. Comparison of the correctegh IC
observed for NS1652 inhibition of the chloride conductance on
normal red cells with that of other conductance inhibitors demon-
strates that it is a powerful agent, with ansd@wer than that found 300 +
for DIDS for reversible inhibitio#® Contrary to DIDS, the
long-term action of NS1652 is reversible, as shown by washou
experiments. The potency of NS1652 for inhibition of the chloride 9 i
conductance is paralleled by its potency for reducing the rate o, © 0.25 0.5 0.75 1
solute loss in the presence of vaIinomycin, and it should be notéiaurelQ. KCI fluxes calculated a§ function of the relative condu(l:tance for

. . . tassium (upper trace) or chloride (lower trace). For a given curve, the
that the latter experlment was performed without CCCP, ru"ng Y ductance of the co-ion is assumed to have its ground value. The ground values
interference from this compound. used for normalization were: gk 85 uS/cm? and gg 25 uS/cm?2. The corresponding

Parallel experiments performed on sickle cells showed th%ﬂ“li"bfil%'m Potéf?“a't_sweffe131::";%56'—9???11 —l5t$V~ﬂfeSPe°“V?'y-tThhe horizon:a'
these cells had a chloride conductance identical to the one found3§5§Th$evjoirl'§"r';asﬂﬂﬁnﬁz o vl o ot e forfe coon &ta
healthy human red cells, in accordance with previous repdrts.

Identical IG, values for inhibition of the chloride conductance by

NS1652 were found. As in the case of DIDS, a fraction of about 5%

seems to be insensitive to NS1652. Furthermore, it has been shaiflbition than inhibition of the potassium conductance at the same
that the anion exchange pathway in sickle red cells seems to|Bgel. The broken lines indicate that a 50% inhibition of the
unaffected by this conditioff. Thus it seems reasonable to assumgotassium conductance results in the same flux as 25% inhibition of
that the properties of sickle cells with regard to conductive anige chjoride conductance. Correspondingly, a 50% inhibition of the

transport are identical to normal red cells. Furthermore, it has be@r’ﬂoride conductance gives the same flux reduction as an 80%
shown that NS1652 has little if any effect on the NEM-induced KCAIock of the potassium conductance.

co-transport, which supports the notion that the mechanism behindThe interpretation supported by the present work is that NS1652
the reduction in net salt loss from deoxygenated sickle red cells iggems to be a rather specific inhibitor for anion exchange and

block of the chloride conductance. conductance, having no effect on basal cation limited fluxes, the

Even using a high potency inhibitor of the chloride conduckﬁl co-transporter, or the Cd-activated K channel. Nonethe-

tance, however, it is not certain that an appreciable effect on the sa .
. pp S %&ss, 10 uM of NS1652 is able to reduce a spontaneous efflux of
and concomitant solute loss can be attained. This is based on the

fact that the increase in thetkconductance estimated on the basigbOUt 1 mmoI/I_. cells/h from deoxyg.enlz.ed sickle refj cells by at
of the flux acceleration for deoxygenated sickle cells is rath!a(?"”lst 50% (see Flgure7, lower panel, in this case alsomthe absence
modest. Based on theoretical arguments it has been shown th& f CCP)- Assuming that an 11 mmol/L celis/h transport is due to
the increased efflux is due to a slight increase of the cellular catiBgthways involving the movement of ions, the corresponding mean
conductance in a homogeneous population, only an extremely higpfassium conductance can be calculated to be about 0.1531S/cm
degree of inhibition of the anion pathway suffices to make the anidf$ing this value, even a 95% inhibition of the chloride conductance
pathway rate limiting, and thus capable of lowering the volum@ould resultin a far lower effect.
loss!2 If, however, an apparent small increase in potassium It has thus been demonstrated, in accordance with existing
conductance (mean conductance) is the result of a considera@yédence, that at least part of the increase in net fluxes occurring
increase in only a short time or in a small subpopulation, inhibitiohen sickle cells are deoxygenated results from ion movement.
of the anion conductance leads to a proportional decrease of thelnigtthermore, it has been shown that a possible target for a
efflux. Experiments have been presented indicating that a popuggmptomatic treatment of sickle cell anemia is moderation of red
tion of identical cells can behave in a nonhomogeneous fashion; ¢l volume loss by inhibition of anion conductance. This method
calcium entry, which activates the*Kchannel, is a stochastic represents an alternative to inhibition of the *Ceactivated
all-or-none proces® This means that the small increase in meapotassium channel. In many respects, NS1652 shows properties
conductance is based on a full activation of a small fraction of tilbat may be desirable for a compound with the potential for
cells at a time leaving the rest unaffected. symptomatic treatment of sickle cell anemia using the anion
Assuming maximal activation of the Ca-activated K chan- conductance as target. However, our work has centered on the use
nels at about 10% (37%€and 150 channels per red é@With a  of this compound to demonstrate the principle, rather than on the
single-channel conductance of 102fSresults in a potassium application as a pharmaceutical. Future work will need to be
conductance of 85 pS/énThis estimate corresponds nicely withperformed to address this possibility.
the value of 62 uS/chdetermined directly using an experimental
setup of the same type as that used for the present experitients.
Using a chloride conductance of 25 uSféfand equilibrium
potentials of—15 and —95 mV, the fluxes at a given level of Acknowledgments
inhibition of either the Ci- or the K" conductance can be
calculated as described above (see Figure 9). It is apparent frigva thank Henrik Olesen for the supply of sickle erythrocytes; Inge
Figure 9 that, given this mode of operation, inhibition of théduttel for performing the animal experiments; and Sgren Johansen
conductive chloride fluxes is more efficient at a given degree &br expert assistance with the in vitro experiments.
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