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RED CELLS

Treatment with NS3623, a novel Cl-conductance blocker, ameliorates erythrocyt

dehydration in transgenic SAD mice: a possible new therapeutic approach

for sickle cell disease

Poul Bennekou, Lucia de Franceschi, Ove Pedersen, Lurong Lian, Toshio Asakura, Greg Evans, Carlo Brugnara, and Palle Christophersen

The dehydration of sickle red blood cells
(RBCs) through the Ca-activated K chan-
nel depends on the parallel movement of
Clions. To study whether Cl-conductance
block might prevent dehydration of sickle
RBCs, a novel Cl-conductance inhibitor
(NS3623) was characterized in vitro using
RBCs from healthy donors and sickle cell
patients and in vivo using normal mice
and a transgenic mouse model of sickle
cell disease (SAD mice). In vitro, NS3623
reversibly blocked human RBC Cl-con-
ductance (g ¢) with an IC 5o value of 210
nmol/L and a maximal block of 95%. In

vivo, NS3623 inhibited RBC g ¢, after oral
administration to normal mice (ED
mg/kg). Although g ¢, at a single dose of
100 mg/kg, was still 70% inhibited 5 hours
after dosing, the inhibition disappeared
after 24 hours. Repeated administration
of 100 mg/kg twice a day for 10 days
caused no adverse effects; therefore, this
regimen was chosen as the highest dos-
ing for the SAD mice. SAD mice were
treated for 3 weeks with 2 daily administra-
tions of 10, 35, and 100 mg/kg NS3623,
respectively. The hematocrit increased,
and the mean corpuscular hemoglobin

50=25

concentration decreased in all groups
with a concomitant increase in the intra-
cellular cation content. Aloss of the dens-
est red cell population was observed in
conjunction with a shift from a high pro-
portion of sickled to well-hydrated dis-
coid erythrocytes, with some echino-
cytes present at the highest dosage.
These data indicate feasibility for the po-
tential use of Cl-conductance blockers to
treat human sickle cell disease. (Blood.
2001;97:1451-1457)

© 2001 by The American Society of Hematology

Introduction

Red blood cell (RBC) dehydration is a key event in the pathogeniglg?* supplementation has been shown to inhibit KCI cotransport
sis of sickle cell disease (SS) because the rate of sickle hemogloaird to reduce dehydration in SAD mice and in patiéhts.

(HbS) polymerization is a high-power function of the HbS concentra- The role of the CI conductance-exchange system in sickle cell
tion! The sickling process of normally hydrated cells risadily ~dehydration had never been tested in vivo. Inhibition of theeiflux
reversible on reoxygenation, but dehydrated cells form irreversibfrough activated Gardés channels yiipckers is well-established in
sickled RBCs, which are highly susceptible to trapping in th¥tro, and theoretically this mechanism may be as effective as blocking
postcapillary venules and are associated with microvascular obstr{ffg K"-channek>*¢1t has been shown that in vitro loss of Krom

tions24 Two transport pathways have been identified as diregF oxy genated S3 C.eusf C.OU|d be I|m|teq by application of the revgr5|ble
. . . N . anion conductance inhibitor, NS1652This compound showed a high
mediators of the dehydration of sickle cells—the™Cactivated T .
degree of RBC Cl-conductance inhibition in normal mice and had no

K-channel, known as the Gardos channel, and the KCl cotransb%rte{OXic effects at high doses. However, the half-life in the plasma was too

Activation of the Gardo6s channel by deoxygenation—sickling-induces(plort (30 minutes) for the compound to be useful in vivo.

Ca’*-influx leads to K efflux, membrane hyperpolarization, and |, his report we have used NS3623, a more long-lived member

concomitant loss of anions through the conductive anion pathwgy the same class of compounds as NS1652, to investigate the

and, thereby, to dehydration of the cells. It has been proposed thag-term in vivo effects of RBC Cl-inhibition in normal mice and

the changed anion gradient causes intracellular acidification througl transgenic SAD mouse.

the Jacobs-Stuart cycle, which may activate the KCI cotransporter

and further accelerate the dehydration proééss.
Pharmacologic prevention of in vivo sickle cell dehydration hagaterials and methods

focused on blocking the Gardos channel with imidazole antimycot-

ics such as clotrimazole, which ameliorates RBC dehydration bd@iugs and chemicals

in atr_arlsgenic sickle cell mouse model (SAD mouse) andin F_)a?ightS-Valinomycin, CCCP (carbonylcyanide m-chlorophenylhydrazone), NaCl,
No clinically useful blockers of the KCI cotransporéetist, but dietary KcCl, ouabain, bumetanide, and Triton-X-100 (TX-100) were purchased
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Table 1. Treatment of SAD mice with varied doses of NS3623: effects on hematocrit, MCHC, intracellular cation concentrations, and Gardos channel activity

Gardos channel (mmol/L cell/min)

Na* (mmol/kg Hb) K* (mmol/kg Hb)

MCHC (g/dL)

Hematocrit (%)

Dosing
groups
(mg/kg)
No. mice

100

35

10

100

35

10

100

35

10

100

35

10

100

35

3740+ 111 3827 *119 4040x66 128+ 11 122=*19 100=*15

442 *+22 429+*38 443+13 316*13 343x28 330+x10 364=*56 416+*3.0 357*56

Pretreatment
11-day

49.0 + 4.2 66.6 = 18.8% 399.6 + 8.2+ 4189 + 12.0f 438.0 +46 124 +26 101+22% 92=+11

44.8 + 7.2%

292 +44% 323 *+26

29.3 £ 1.9*

449 + 238

47.0 = 1.0t 463 5.1

treatment

21-day

9.1+27f 45+ 15%

402.4 = 7.5% 418.8 = 12.0+ 451.0 =35 135=*0.9

49.2 = 1.3f 47.1 261 51.3+38F 29.0=* 1.4t 281*26% 299+17f 458+ 42t 54477t 549+ 88%

treatment

Numbers are means = SD.

*10 > P> .05;t.05> P> .01;1.01> P.
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from Sigma Chemical (St Louis, MO). NS3623 was synthesized at
NeuroSearch (Copenhagen, DenmafkigCl,, dimethyl sulfoxide, and
n-butyl phthalate were purchased from Fisher Scientific (Springfield, NJ).
Choline chloride was purchased from Calbiochem-Boehring (San Diego,
CA). Bovine serum albumin, fraction V, was from Boehringer Mannheim
(Mannheim, Germany). All inorganic salts were of analytical grade or
higher. All solutions were prepared using double-distilled water. For in vitro
studies all organic compounds were dissolved in dimethyl sulfoxide as
stock solutions. We used either 5% Cremophore (pig-40-hydrogenated
castor oil, CAS no. 61788/85/0) obtained from Basis Kemi A/S (Copenha-
gen, Denmark) or a mixture of Tween 20 (0.1%) and propylene glycol
(1.9%) in water as vehicles for the in vivo studies.

Determination of RBC membrane potential

The CCCP method was used for determination of the membrane poténtial.
RBCs were suspended (hematocrit 1.6% or 3.1%) in an unbuffered salt
solution (154 mM NaCl and 2 mM KCI), and the membrane potential
changes were reflected by a CCCP (2M)-mediated pH shift of the
buffer-free extracellular phase, whereas the highly buffered intracellular pH
remained constant. The membrane potential was calculated as &5 X

(PHin — pHow), (MV) and membrane potential read-outs were taken as peak
hyperpolarizations. The chloride conductance was calculated from the
Huxley-Hodgkin formalisnt”

Oxygen equilibrium curves, MADH, and met-hemoglobin

Oxygen saturation curves of RBC suspensions were determined with a
Hemox Analyzer (TCS Scientific, New Hope, PA) in Hemox buffer, pH 7.4
at 37°C2 The level of membrane-associated denatured hemoglobin
(MADH) was determined by measuring the heme in the washed ghost
fraction of hemolyzed erythrocyt@sThe presence of met-hemoglobin was
measured spectrophotometrically at 630 nm.

In vitro receptor screening

The specificity of NS3623 was tested in standard binding assays for the
following receptors: non-selective glutamate; strychnine-sensitive glycine;
histamine H; histamine H; insulin; leukotriene B, muscarinic M;
muscarinic M; muscarinic M; muscarinic M; neuropeptide ¥; nicotinic
acetylcholine central; opiate opiatek; opiatep; phorbol ester; progester-
one; purinergic B; purinergic By; serotonin 5-HT; serotonin 5-HTy;
serotonin 5-H7F; Sigmao; Sigma nonselective; sodium channel, site 2;
tachykinin NKg; testosterone; thromboxaneg;Aascular endothelial growth
factor; vasoactive intestinal peptide; nitric oxide synthase; phosphodiester-
ase PDES5; protease, calpain; protein kinase PKCq; protein kinase PKCR;
tyrosin kinase EGF receptor; protein kinase ERK1 serine/threonine kinase;
calcineurin PP2B phosphatase; adenosin@denosine As; adrenergiex;
adrenergicx,; adrenergic;; adrenergic,; angiotensin AT; bradykinin

B,; L-type Ca-channel; dopamine;Ddopamine B ; dopamine B 4
endothelin ET; endothelin EE; estrogen ERa; GABA A agonist site;
GABA A chloride channel; galanin; glucocorticoid; glutamate kainate;
glutamate NMDA agonist; glutamate NMDA phencyclidine. The assays
were performed at PanLabs, Taiwan.

In vivo experiments

NS3623 was dissolved in Cremophore or a Tween 20—propylene glycol
mixture at concentrations of 5 to 25 mg/mL. The results were not affected
by the kind of vehicle used. For intravenous (IV) administration approxi-
mately 250uL suspension (5 mg/mL) was injected slowly (30-60 seconds)
into the tail vein. Oral (PO) administrations were made by gavage directly
into the stomach.

Animals and experimental design

Animals. Wistar rats (males) were obtained from Mgllegard (Ejby, Den-
mark). NMRI mice (females) were obtained from Bomholtgard (GI.
Ry, Denmark).
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Cl-conductance block.Mice were killed at varied times after NS3623 A B NS3623 »

—N

L : . ) . < @)
administration. The collected blood was introduced into heparinized ¢ NQAH
vials, and the RBCs were immediately packed by centrifugation and _

1 8.0 UM F
. . . F NH, NH
stored on ice until use. Before the measurement of membrane potentials, ¢ T
the cells were washed once in 1 vol ice-cold, buffer-free salt solution 20uM © o
1.0
(\

A pH

and quickly transferred to a prewarmed (37°C) experimental solution®'5T 10

containing CCCP (final hematocrit, 3.1%) followed by the addition of
valinomycinl?

Mouse model for sickle cell diseasd@ransgenic HbBgle/singleSAD 1
(SAD) females and males between 3 and 6 months of age and weighing
25 to 30 g were used for this stué%23The SAD mice were divided into
3 groups dosed twice a day per os (PO) with NS3623 (potassium salt) in
the following strengths: group 1 at 10 mg/kg, group 2 at 35 mg/kg, and 0.0 T AL

0.5 uM L

Relative GCI
o
w

0.0 um

group 3 at 100 mg/kg. After the establishment of control values, 0.01 01 ! 10
. . . [NS3623] (uM)

hematologic parameters were evaluated in the different mouse groupso.g '--------- =7 mv---
after 11 and 21 days of therapy. Blood sampling and vehicle administigg,re 1. inhibition of the human RBC Cl-conductance by NS3623.  (A) CCCP-
tion has been shown not to affect the blood parameters measurednitiiated pH changes and the corresponding RBC membrane potentials (ordinate
this study?* axis) recorded on incubation of human RBCs with a valinomycin concentration of 50
nM (addition at first arrow) and increasing concentrations of NS3623 (0, 0.5, 2.0, and
8.0 uM). Experiments were terminated by the addition of TX-100 (second arrow) to
determine the intracellular pH, which corresponds to a membrane potential of 0 mV.
Two hundred microliters blood was drawn at specific time intervals frofjematocrit, 1.6%, 37°C. (B) Chemical structure of NS3623 and normalized Cl-

. . . . conductances versus the concentration of NS3623. The curve represents the best fit
each ether-anesthetized mouse by retro-orbital venipuncture into hepawg— : )
N X X Hill-type equation.
ized microhematocrit tubes. It was used for ‘Rimflux measurements,
determination of RBC phthalate density distribution curves, cell morphol-

ogy studies, determination of RBC cation content, and other hematolog'H:e NS3623 concentration in Figure 1A. The solid curve
parameters. The Hb concentration was determined by the spectroscoé%c )

Hematologic data and cation content

measurement of the cyanmet derivative. The hematocrit was determineJ .r_esenfts the best fit to a Hill-type gquathn ylefldlng a blfocrll(er
centrifugation in a microhnematocrit centrifuge. Cells were washed 3 tim inity of 210 nM and an NS3623-insensitive fraction of the

with PBS (330 mOsm). Density distribution curves and median RB_éZI-cc_Jnductan_ce of 5(_)/0- In comparison, the prototype compound
densities (g were obtained according to Danon and Marikovsky usin§? this chemical series, NS1652, blocked the Cl-conductance

phthalate esters in microhematocrit tubé%25 with an IG, value of 620 nM and a similar insensitive fractidh.
As for NS1652, the action of NS3623 was reversible and

Measurements of Ca *+ activated Rb * influx blocked S@*~-CI- exchange in parallel with the Cl-conduc

in SAD mouse red cells tance, indicating strong interaction with the band 3 protein. No

Whole blood (hematocrit range, 42.9%-51.3%; see Table 1 for details) w%geCtS Wgre found on the NEM-Inducgd KCl cotransport or the
incubated for 30 minutes at room temperature in the presence of 1 nfff® ' -activated K'-conductance activated by the Ca
ouabain, 10uM bumetanide, and 20 mM Tris-Mops, pH 7.4 (finalionophore A23187 (results not shown).

concentrations in plasma obtained with appropriate dilution of concentrated

stock solutions). The ionophore A23187 was added under stirring at 22° rt1OV|tro effects on human SS cells

the mouse blood to a final concentration of @®1. After 6 minutes of NS3623 blocked the g of human SS cells with the same
incubation, RbCl was added to the cell suspension (@ to a final !
concentration of 10 mM and incubated at 37°C. Aliquots were obtain{%.;f?gy :33;:5??2;;0;222;&;??\Ic;zgzegutsagi%t ?Sr?(\:l\‘zlnc?n;r)

after 0, 2, 3, and 5 minutes and transferred to 2 mL medium containing 15¢ - .
mM NaCl and 15 mM EGTA, pH 7.4, at 4°C and washed 3 times at 4°€/Ckle RBC parameters were evaluated at higher concentrations

with the same solution, followed by lysis in 1.5 mL 0.02% Acationox. Afte(10-200 uM) than needed for maximal Cl-conductance block.
centrifugation of the lysate for 10 minutes at 3000g, the Rbntent was Figure 2 shows oxygen saturation curves ang\VRlues from
measured in the supernatant by atomic absorption spectrophotometry. Stendard oxygen binding studies with suspensions of sickle
Rb* influx was calculated from Rbconcentration in the supernatant at 2RBCs exposed to varied concentrations of NS3623. Normal
and 5 minute8'2+3 sigmoid G-binding curves were obtained at all concentrations
(unchanged Hill coefficients). Slightly lower meagyRalues
were found at concentrations greater than |BBI, but the
Results statistical significance is questionable. NS3623 caused no
hemolysis of sickle cells. A dose-dependent change in RBC
morphology favoring the echinocyte rather than the discoid

Figure 1 shows the chemical structure of NS3623 and typiciirm was observed in accordance with NS3623 being an anionic
recordings of valinomycin-induced hyperpolarizations in §0mpounck® In the same range of concentrations (24-hour
suspension of normal human RBCs incubated with varidgcubation), NS3623 did notinfluence the amount of membrane-
concentrations of NS3623 (Figure 1B). A control hyperpolariz2ssociated denatured hemoglobin in sickle cell ghosts, and it did
tion to —32 mV was obtained. Increasing concentrations dtot induce the formation of met-hemoglobin (data not shown).
NS3623 resulted in enhanceq hyperpolarizgtions in re_sp(_)nsqr{givo effects of NS3623 on normal mouse RBCS

the constant K-conductance induced by valinomycin, indicat

ing an increasing degree of Cl-conductance block. The memS3623 blocked the Cl-conductance of mice RBCs in vitro with
brane potential approached the theoreticaléquilibrium poten  the same potency as the Cl-conductance of human RBCs (results
tial in the limit of a high concentration of NS3623. Thenot shown). To establish the functional properties of the compound
normalized conductance for chloride is plotted as a function @f vivo, NS3623 was given to normal mice by IV and PO

Human erythrocyte Cl-conductance block in vitro
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125 125 Figure 2. Sickle RBC oxygen equilibrium curves in
the presence of NS3623. Human SS cells were incu-
100 oum 1004 S0uM bated with NS3623 (0, 10, 50, and 200 pM). HbS-
¥ hemoglobin oxygen saturation (percentage, ordinate axis)
o < d in intact cells as a function of oxygen
X 75| X 75| was measure : i . C
~ ~ partial pressure (abscissa axis). Hill coefficients and
6 50 6 Pso = 28.6 £ 0.02 mm H oxygen half-saturation mean pressures * SDs (n = 4)
<] Pso = 30.0 + 0.8 mm Hg 8 %0 nValiessazoqm 9 are indicated on the individual curves.
I n Value = 2.7 + 0.2 I R
25 25
0 : T : 0 ) T T
0 50 100 150 200 0 50 100 150 200
POz (mm Hg) PO2 (mm Hg)
125 125
100, 10uM 100 200uM
’? _—
Cl
E 75 2\, 75
N o
Qe o
50 Pso = 30.2 + 0. H 2 50 Pso = 28.6 + 1.9 mm Hg
T ns\gaIn?g: z.gféﬁm 9 E n Value = 2.5 = 0.1
25 4 25 4
0 ; T T 0 T T T
0 50 100 150 200 0 50 100 150 200
PO2 (mm Hg) PO2 (mm Hg)

administration. Figure 3A shows the valinomycin-induced hyperp@-was important to show that mice can tolerate daily administra-
larizations from mouse RBCs isolated at various times after IV injectiaions of the compound without significant adverse effects. A
of NS3623 (50 mg/kg). Membrane potentials of RBCs from uninjectegknsitive index of general toxicology is the feeding behavior of the
animals were—31 mV, which did not significantly differ from the animal during compound administration. Figure 4 shows the
response of the RBCs from vehicle-injected animal3q-mV). change in body weight of normal mice given PO doses with
NS3623 injection increased the valinomycin-induced hyperpolarizationx 100 mg/kg per day for 9 days. The weight curves for
to —73 mV in blood cells obtained 1 minute after injection, indicating a@ehicle-dosed animals are shown for comparison. No significant
instantaneous high degree of in vivo Cl-conductance block. Tm‘ferences were observed between the groups. After the dosing
hyperpolarizations induced at increasing time intervals after injectiopgriod, all animals were killed. The erythrocytg-lock measured
gradually returned to the control level, reflecting the declining plasngg days 1 and 9 were identical, indicating that NS3623 did not
concentration of NS3623. To test the efficacy of the block after PQ.cymulate in the organism during the treatment. No signs of
administration, NS3623 was given in single doses from 10 t0 13Qacroscopic organ damage were observed. In a separate series of
mg/kg. Figure 3B shows the valinomycin-induced RBC hyperpOIa”Z@Xperiments, normal mice were dosed in the range of 25 to 300
tions obtained 1 hour after administration and plotted against the doﬁ‘?&/kg (PO, single administrations), and plasma samples were

of NS3623. An Elgyvalue of 25 mglkg for the Cl-conductance bloCkatnalyzed for possible increased activity of the liver enzymes
was calculated.

Evaluation of toxicology of NS3623 in normal mice and rats 30—

Because in vivo modulation of the normal mouse RBC CI
conductance is feasible with IV and PO administration of NS3623,

A 807 B #

60 60

25 —

Vi, (mV)
-Vm (mV)

40 40

Mice weight (g)

[Brgrommmmmomnmmo e

20

20 T T T T
0 100 200 300

5 10 25 50100150

Time (min) Cont. Veh. Doses (mg/kg)

Figure 3. Inhibition of RBC Cl-conductance after IV and PO administration of

NS3623 to normal mice. Animals were killed and bled at various times after dosing,
and the packed blood cells were transferred to buffer-free salt solutions containing T T | T
CCCP for recording of valinomycin-induced hyperpolarizations. Each point is a mean 0 2 4 6
of measurements on RBCs from 3 mice. Error bars represent SD. (A) Time Days of dosing
dependence of the Cl-conductance block after IV administration (att = 0) of NS3623
(50 mg/kg). ([J) indicates uninjected; (O), vehicle-injected (t = 1 minute); and (@),

20

[o2]

Figure 4. Weight development of mice dosed with NS3623. Curves show the daily

NS3623-injected. (B) Dose-dependence (5-150 mg/kg) of the Cl-conductance block
recorded 1 hour after PO administration of NS3623. The dashed line shows the
hyperpolarization at normal chloride conductance (mean of control hyperpolarizations).

weight of normal mice dosed orally with NS3623 (2 X 100 mg/kg per day) for 10 days.
Mice dosed with vehicle (Cremophore) (@), NS3623 as free acid ([]), or as potassium
salt (A). Each point represents the mean = SD (6 animals per group).
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alanine aminotransferase, aspartate aminotransferase, alkaline phos-

phatase, ang-glutamy! transferase and for increased creatinine 75> 100

and bilirubin levels. No effects on these toxicology markers were 0\\,
observed. However, a slight increase in the total bilirubin level was
found after repeated administration to rats of doses above 100
mg/kg per day. Additionally, NS3623 was tested for acute cardio-
vascular side effects in rats. Blood pressure and heart rate were®

unaffected by IV and PO administrations of up to 100 mg/kg. In @ 50 —

broad-scale in vitro screening, NS3623 exhibited no potency ©
(ICso = 10 uM) in the 60 different receptor binding assays listed in &

“Materials and methods.” g
Evaluation of dose administration in normal mice O
To establish the relevant dosing regimen for the efficacy studies, anE 0

extensive exploration of the RBC Cl-conductance dependency of
times and doses was performed using normal mice. Results of the
complete study are presented graphically in Figure 5. Mice

received single PO doses of NS3623 in the 10- to 400-mg/kg range

and were killed at various times (2-24 hours) to obtain a comprehen-

sive picture of the time dependence of the RBC Cl-conductance

block. The valinomycin-induced RBC hyperpolarizations at the

lower doses of NS3623 started to decline 3.5 hours after administra-__

tion. At 5 hours the drug-enhanced hyperpolarizations were stilk@ 100
highly significant, with doses greater than 50 mg/kg, whereas at 2

hours only the mice given the 400-mg/kg dose retained a slight block. At>XX

the highest doses, approximately 90% block of the chloride conductancé\

was found ex vivo. A comparison of this value with the in vitro ¢y
dose-response curve indicates a corresponding in vivo free concentrée

tion of NS3623 in the 10- to 2044 range. In support of the 8 50
pharmacodynamics shown in Figures 3 and 5, traditional pharmacoki,

netic measurements in rats were performed. After 1V injection NS3623=
distributed in a volume of 0.29 L/kg, and the elimination from plasma ¢3
followed first-order kinetics with a half-life of 2.1 hours. The PO
bioavailability of NS3623 was approximately 10%.

Frac

Effect of NS3623 treatment on RBCs in a mouse model
for sickle cell disease (SAD mice)

Based on the in vivo Cl-conductance blocking and toxicology
studies, we carried out experiments using the SAD mouse, a

11 days
Pretreatment
I I = | 1
1.08 1.09 1.10 1.41 1.12
Cell density (g/cms)
- 21 days
Pretreatment
1 I 1 I
1.08 1.09 1.10 1.1 1.12

Cell density (g/cm’)

Figure 6. Density profiles of RBCs from NS3623-treated SAD mice. Density

2h 35h profiles were obtained before (A), after 11 days (O), and after 21 days ([J) of PO
80 807" administration of NS3623 (2 X 100 mg/kg per day). Curves are based on individual
- measurements from 6 mice. Error bars represent +SD.
E 60 60 —|
=
= 49 40 model for sickle cell disease. The SAD mice were treated for 3
- weeks with NS3623 in 2 daily PO administrations of 10, 35, and
20—(.‘,on.Veh. 10 © 256 50 100 200 400 2O_Con.Veh 10 ° 25 ° 50 100 200 400 100 mg/kg per day’ respeCtlvely The purpose Was to Compare
Doses (mg/kg) Doses (mg/kg) the effect of a high-level Cl-conductance block throughout the
5h 24 h treatment period (the highest dose) with a lower level of
87 ] blockage (intermediate and lowest doses). Different hemato-
S o logic parameters were evaluated at baseline, at day 11, and at
EE day 21 of dosing. No changes in body weight were observed
2 a0 w0 during the treatment period.
- - Figure 6 shows the RBC density profiles obtained before, after
20 20 11 days, and after 21 days of dosing wittx2L00 mg/kg per day.

Con.Veh. 10 * 25 ° 50 * 100 200 400 Con.Veh. 10 ~ 25 ° 50 "100 200 400

Doses (mg/kg) Doses (mg/kg) At baseline, the SAD RBCs had a large proportion of dehydrated,

Figure 5. In vivo persistence of NS3623 induced g ¢ -block. Inhibition of erythro-

dense RBCs, quantified as the fraction with densities above 1.1

cyte Cl-conductance by NS3623 at varied doses (10-400 mg/kg) and times (2-24  G/CITE. After 11 days of treatment with NS3623, this fraction had
hours), as indicated on the individual curves, after PO administration of NS3623 to  essentially disappeared, and after 21 days the entire density profile
normal mice. Protocol as in Figure 3. Con, control mice; Veh, Cremophore. Individual was left-shifted. Table 1 shows the detailed changes in the

columns represent hyperpolarizations of RBCs from 3 mice, mean = SD. Arrows
show the hyperpolarization at normal chloride conductance (mean of control

hematologic parameters, intracellularfNand K*, and the Gart®

hyperpolarizations). channel-mediated Rbinflux. The concentrations of total intracellular
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cations increased dose dependently during the treatment period. Ir-alt normal mice, an in vivog block was obtainable after both IV
dosing groups, the hematocrit increased significantly with a concomitamid PO dosing of the compound, and the block persisted signifi-
decrease in mean cell hemoglobin concentration (MCHC), a swelliogntly longer than it had with NS1652. For single PO administra-
quantitatively accounted for by the assumption of isosmotic gain fions, the E3, dose for conductance inhibition was 25 mg/kg. The
intracellular cations. Rbinflux was found to decrease gradually in theduration of the Cl-conductance block depended strongly on the
35- and 100-mg/kg per day groups, whereas no effect was observedase. At 100 mg/kg the Cl-conductance was still 70% blocked after
the 10-mg/kg per day group. As shown in Figure 7, 21 days of NS3633nhours, but it was normal after 24 hours. NS3623 showed little
administration resulted in a change in general erythrocyte morpholagyicity, and mice could be dosed orally with>2100 mg/kg per
from predominantly sickled forms to a high proportion of well-hydratedjay for 3 weeks without adverse effects.
nonsickled forms. In accordance with the in vitro studies, echinocytes Increased in vivo persistence, PO availability, and low toxicity
were present in the high-dose group, whereas discocytes cleaiabled an in vivog block to be maintained for prolonged periods and
prevailed at the lower doses (results not shown). Withdrawal of NS36@i8is for the compound to be tested in the mouse sickle cell model, SAD.
treatment for 1 month resulted in a reversion of the hematologic pictuBAD mice were treated for 3 weeks with 2 daily administrations of
demonstrating the reversibility of the therapy. These data indicate th®3623 at doses of 10, 35, and 100 mg/kg, respectively. Significant
NS3623 treatment improves the hydration status of the SAD erythrocyéeluctions in the fraction of dehydrated, dense sickle cells were
(Figure 6, Table 1) and RBC morphology (Figure 7). observed at all doses. Evidence of echinocytosis was observed only in
the 100-mg/kg per day group, with discoid forms prevailing at the 10
and 35 mg/kg per day groups. RBC hydration was also markedly
Discussion improved, as judged from increased hematocrit, decreased MCHC, and
increased concentrations of erythrocyte dad K" content. The dense
We have investigated the effect of NS3623, a potent and reversifiction of RBCs (D> 1.1 g/cnd) had disappeared after 11 days of
blocker of RBC Cl-conductance, on normal mice and a transgerifeatment with 2< 100 mg/kg per day, and the entire density distribu-
mouse model of sickle cell disease. In vitro effects obtained dien curve was left-shifted by the end of the treatment. Selective early
human RBCs correspond to previous results from NS1652, witbss of the densest cell fraction might have indicated immediate
NS3623 showing a higher affinity for blocking Cl-conductafte. cessation of the recruitment of new cells to this population, which was
then quickly removed by the normal sequestration and degradation
mechanisms. Whether general left-shifting of the density distribution on
A Pretreatment continued treatment indicated gradual swelling of the less dehydrated,
" intermediate dense cell populations or population renewal remains to be
established. Whatever the mechanism, block of the Cl-conductance
affects both severely and moderately dehydrated RBCs.

Both the Ca*-activated K channel and the KCI cotransporter
seem to be critically involved in the formation of the dense
population of sickle RBCs. Their interrelation, however, is still
unclear. It has been suggested that activation of the Gardos channel
is the primary mechanism for the dehydration of mature erythro-
cytes. The cotransporter may represent an acid-induced amplifica-
tion mechanism secondary to activation of the Gardés channel,
which may explain the “fast-track” pathway directly from reticulo-
cytes to irreversibly sickled celfs$® Apovo et af” also found
evidence for a sequential activation of the channel and the
cotransporter under oxygenation—deoxygenation cycles. However,
other studies have pointed out that the cotransporter and the
channel may drive dehydration in parallel, resulting in intermediate
B 21 days of treatment and hyperdense fractions of sickle céfisJsing fast oxygenation—

| AT 2 deoxygenation cycles, McGoron ef%found evidence of Ca'-
dependent dehydration of immature and mature RBCs.

Because K loss by the activation of the Gardds channel is
electrogenic, it depends on a concomitant transport of anions through the
conductive anion pathway; therefore, it is possible to prevent salt loss
and dehydration by inhibition of the Cl-conductafe®.However, the
efficacy of this mechanism depends strongly on the kinetics and the
degree of activation of the Gardos channel. At high-dkannel,
open-state probability, the Cl-conductance becomes rate limiting for salt
loss, and g block is more effective than a corresponding block of the
K-channel. At a very low degree of K-channel activation, CI-

- : { s , i conductance blockers can be expected to be less effective than
= ns 2 - A e K-channel blockers. However, a theoretical analysis has shown 2

i O _ : conditions. First, provided the individual K-channel openings are long
S o . o enough to recharge the erythrocyte membrane capacitance, Cl-blockers

Figure 7. Changes in SAD mouse RBC morphology by NS3623. Representative . . . ..

pictures of RBCs drawn from a SAD mouse and fixed in formalin, before (A) and after may still be effective. Second, in the limit of frequent' very short

(B) 3 weeks of PO treatment with NS3623 (2 x 100 mg/kg per day). openings of the K-channel giving the same open-state probability as in
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the first condition, block of Cl-conductance has no influence on salarallel with the change in hydration and cation contents in the 35-
loss1617Although no direct experimental evidence about the degree aald 100-mg/kg per day dosing groups, is unexplainable in terms of
kinetics of the in vivo sickle cell Gardos channel activation exists, @nion restriction. Most likely this phenomenon represents a slowly
vitro experiments conducted by Lew e¥'alemonstrated that human SSprogressing and complex secondary adaptation to the Cl-conductance
RBCs exposed to deoxygenation pulses responded with the inductioblotk, which has yet to be explained. One possibility is that the increased
a Ca ' permeability stochastically distributed in the RBC populatiomtracellular Na& concentration increases the block of the Gardo
and with the near maximal activation of the Gardos channel in tishannel. Patch-clamp and in vitro experiments with RBC suspensions
affected cells. On resuspension of this fraction in isothiocyanate Ringratve shown that intracellular Nacauses a fast flickering, steeply
solutions, the red cells dehydrated rapidly in & Gadependent manner, voltage-dependent block of the Caactivated K -channel (Stampe
clearly indicating a relief of anion transport restriction mediated by faahd Vestergaard-Bogifithnd unpublished results). Both the net gain in
exchange of the less permeant Cl-ion with the highly permeada™ and a possible increased block of the Gardés channel adds to the
isothiocyanate anion. stabilization of cellular volume and, consequently, to the in vivo
The results presented in this paper show that the treatmentantisickling effects of NS3623.
SAD mice with NS3623 improves erythrocyte hydration and These experiments provide the first demonstration that an anion
diminishes sickling, probably by lowering of the Cl-conductancesonductance blocker enhances sickle cell hydration in vivo. In
which limits salt and concomitant water loss mediated by theddition, they provide the rationale for assessing this potential new
Gardos channel. In support of this view, both the steady state kherapeutic modality in patients with sickle cell disease.
content and the cellular volume were significantly increased during
the treatment with NS3623. Concurrent with these changes, the
treatment also raised the intracellular'Neontent. A mechanistic Acknowledgments
interpretation may be that the NS3623-enhanced hyperpolariza-
tions of “activated cells” accelerate Nainflux through the We thank Inge Huttel and Angela Siciliano for their expert
sickling-induced cation pathwa&§.The gradual depression of thetechnical assistance with the dosing of the animals. We also thank
Gardos channel-mediated Rinflux (Table 1), which appears in Dr Mauro Kampera for his help with the RBC pictures.
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