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Abstract. K-Cl cotransport is abnormally active in eryth- tory volume decrease (RVD) includes conductive K and
rocytes containing positively charged hemoglobins suclCl channels, K/H and CI/HCQexchangers, amino acid
as Hb S (SSB6 Glu - Val) or Hb C (CC:p6 Glu - and taurine transport systenseéfor review Rasgado-
Lys). The relatively younger age of erythrocytes in theseFlores, Penarasgado & Ehrenpreis, 1995ussinger,
diseases cannot completely account for the increaseti996; Sachs, 1996) and the K-Cl cotransport system
K-ClI cotransport activity. It has been suggested thatwhich contributes to RVD in human and several other
these positively charged Hb may interact with the K-Clanimal red cells.
cotransport system or one of its regulators and induce  Volume-sensitive K-Cl cotransport system is present
changes in its functional activity. We report here data onin normal young human red cells containing Hb A (AA)
the volume- and pH-dependence of K-CI cotransport inand disappears on cell aging (Kaji & Kahn, 1985; Hall &
ghosts obtained from normal and sickle erythrocytes, andllory, 1986; Brugnara & Tosteson, 1987Canessa et
on the effect of addition of either Hb A or Hb S before al., 1987). However, it remains abnormally active in red
resealing. In erythrocyte ghosts prepared with the getells containing Hb S (SS; Brugnara et al., 1986) or Hb
column method to contain minimal amounts of Hb, C (CC; Brugnara et al., 1985). Several studies have
(white ghosts, WG), K-CI cotransport has similar mag-shown that activation of K-Cl cotransport system gener-
nitude in normal and sickle erythrocytes, is not inhibitedates K and water loss and induces formation of high
by alkaline pH and it is volume-independent. Addition density sickle cells (Brugnara et al., 1986; Brugnara &
of low concentrations of Hb A to WG from normal eryth- Tosteson, 1987: Franco et al., 1994, 1995). The dehy-
rocytes decreases the magnitude of K-ClI cotransport andration produced by the abnormal K-Cl cotransport sys-
restores its volume dependency, but not its pH sensitiviem has important pathophysiological consequences.
ity. Addition of Hb S to WG from either normal or Sickle cell dehydration increases Hb S polymerization
sickle erythrocytes restores the volume-dependent comand sickling, and leads to loss of membrane deformabil-
ponent of K-ClI cotransport and increases the magnitudéy (Clark, Mohandas & Shohet, 1980). DIOA (Dihydro-
of flux mediated by this transporter. Thus, Hb A and Hbindenyl Alkanoic Acid), an inhibitor of K-Cl cotransport,
S seem to affect in different manners the functional propprevented acid pH-induced formation of dense cells (Vi-
erties of K-CI cotransport. toux et al., 1989). Dehydration mediated by K-CI co-
transport is inhibited by increased intracellular Mg, both
Key words: Erythrocyte — Sickle cell — Hemoglobin in vitro and in vivo (Brugnara et al., 1987; De Franceschi

— K-Cl cotransport et al., 1996, 1997, 1998).
An abnormally active K-CI cotransport system is
Introduction also present in red cells containing Hb C (Brugnara et al.,

i i 1985; Brugnara, 1989). We have shown that the loss of
Most_anlmal erythrocytes are alqle to decrease_ their volg, o negative charge or the presence of positive charge or
ume in response to hypo-osmotic swelling. This regulagg o7 positions of Hb could modulate the activation of

the KCI cotransport system in red cells (Olivieri et al.,
I 1992). There is evidence that the volume-dependence of
Correspondence taD. Vitoux K-CI cotransport is altered in cells containing Hb C
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(Brugnara 1989; Canessa et al., 1994). However, directontaining the membranes were pooled and spun down at 9gd0orx

evidence of a Hb role on this modulation has not beentO min. The supernatant was removed and the white ghosts were
aced in a resealing solution for 10 min at 0°C (equilibration) and at

demonstrated. It has been SqueSted that the VOlun%T for 50 min (resealing) with gentle shaking. The resealing solu-

sensor could be the intracellular protein/Hb concentrag, "~ . . (in m): NaCl 10, KCI 140, TRIS-MOPS 10 pH 7.40 at

tion (Minton, Colclasure & Parker, 1992). This hypoth- 37-c mgcy,0.15, DTT 2, EGTA 0.1, K phosphate buffer (pH 7.40) 1
esis is supported by the fact that in dog erythrocytesind ATP 0-2. DTT has been shown to inhibit K-Cl cotransport in
activation of KCI cotransport in intact erythrocytes and intact sheep erythrocytes (Bergh et al., 1990). Although we were un-
ghosts occurs at the same level of dilution of intracellularable to show any effect of DTT on the K efflux from normal white
constituents (Colclasure & Parker, 1991). ghosts, we elected to include DTT in our preparation to rule out any

Hb could also play a direct role in affecting RVD via possible oxidative effect induced by the incorporation of sickle Hb into

K-Cl In f ink gh df normal cells and to assess the effect of Hb S in normal and SS ghosts
B cotransport. In fact, pink ghosts prepared from independently from thiol oxidation.

normal human red cells with 1/10 or 1/20 diluted cyto- The white ghosts were collected after spinning at 90@fer 5
plasmic content demonstrate a volume-sensitive, chlomin and the ghosts were washed three times with the choline-washing
ride-dependent K movement (Dunham & Logue, 1986;solution at 4°C and used for K efflux measurement.
O’Neill, 1989) which is absent in white ghosts (Brug-
nara, Van Ha & Tosteson, 1988). However, Sachs
(1988) reported the presence of volume-sensitive KPINK GHOSTS PREPARATION AND HB INCORPORATION
movement in white ghosts of normal erythrocytes. INTO WHITE GHOSTS

To examine the possible role of Hb S in abnormal
activation of the KCI cotransport system in sicklg eryt_h— Pink Ghosts Preparation
rocytes, we measured Cl dependent K efflux in white

ghosts from normal erythrocytes (WGAA) and SICkl_e Washed red cells were lysed directly by addition of a lysing-solution
cells (WGSS) resealed in presence of low Concentrat'o'aontaining choline-chloride (in m): 15, TRIS-MOPS 10 pH 7.4 at
of Hb A (WGAA-HbA) or Hb S (WGSS-HbS) and in  o°c, DTT 2, EDTA 0.1 at 10% Hct. After 10 min equilibration at 0°C,
pink ghosts (PG). We show that both Hb S and Hb A cana concentrated stock resealing solution was added to obtain a final salt
induce a volume-sensitive and chloride-dependent kconcentration of NaCl 10 mn KCI 140 mu. After 10 min at 0°C, the
movement in ghosts. However only Hb A and not Hb SPink ghosts were resealed by incubation for 50 min at 37°C in the same
reduces the magnitude of K-Ci cotransport-mediated Kresealing solution described above for the white ghosts method.
efflux in isotonic conditions. Thus, these two Hb types,
or their associated cytoplasmic components, have differs

. . .~ RECONSTITUTION EXPERIMENTS
ential effects on the regulation of K-Cl cotransport in
human erythrocytes.

Homologous Reconstitution

Materials and Methods Hb A or Hb S were incorporated in white ghosts obtained from normal
and sickle erythrocytes, respectively. The corresponding definition for

Blood was drawn from normal subjects and from patients with homo-these two cell types is WGAA-HbA and WGSS-HbS, respectively.

zygous sickle cell disease and low reticulocyte count (<4%), into hep-

arinized Vacutainer tubes. The red cells were immediately washed

three times by centrifugation and resuspended in isotonic washing choHeterologous Reconstitution

line chloride solution at 4°C containing (innm: choline chloride 140,

TRIS-MOPS pH 7.4 (at 4°C) 10, Mg¢ll. Hb S was incorporated into white ghosts obtained from normal eryth-

rocytes. This cell type is defined as WGAA-HbS.

Ten volumes of Hb solution (2—4 g/l) were added to one volume
of the white ghosts suspension prior to the addition of the concentrated
stock resealing solution. After 10 min equilibration at 0°C, salts were
White ghosts preparation were performed by the gel filtration method,qqed and the ghosts were resealed as previously described. Hb wa:
at 0°C (Wood, 1989). Washed erythrocytes were suspended at 10%ptained by lysing red cells in double distilled water and 0.2 volume of
hematocrit (Hct) in an ice-cold pre-lysing solution containing: choline CCl,. Membrane free Hb A and S were purified by ion exchange
chloride 140 rm, dithiotreitol (DTT) 2 mu, Tris (hydroxymethyl) ami-  hrgmatography according to Abraham et al. (1976) and dialyzed ex-
nomethane-3-(N-morpholino) propanesulfonic acid (TRIS-MOPS) 10gnsjvely against 10 m phosphate buffer for 24 hr using a dialysis
pH 7.40 at 0°C with a final volume of 30 ml and applied to the top of ,amprane with a mw cutoff of 10.000 Daltons.

a jacketed column containing agarose gel (exclusion limit of 50 million

daltons; Biorad A50m dalton, 50—100 mesh). The column temperature

was maintained between 0 and 2°C and equilibrated with a lysing
solution containing (in m): choline-chloride 15, TRIS-MOPS 10 pH
7.4 at 0°C, DTT 2, EDTA 0.1. Just prior to the addition of cells to the
column, 20 ml of pre-lysing solution were layered into the column. Density gradient centrifugation in presence of sucrose according to
The pre-lysing solution was used as eluent. The fractions of the eluatBodemann and Passow (1972) was used to determine the proper re-

WHITE GHOSTS PREPARATION

DENSITY GRADIENT CENTRIFUGATION
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sealing of ghosts. A Coulter counter was used to determine the homodetermine the proper resealing of white ghosts. In our
geneity of the volume distribution of pink ghosts. experimental conditions, type Il ghosts (properly re-
sealed) represented 80—85% of the total ghosts popula-
tion. Type | ghosts (improperly resealed) were less than
2% and type lll ghosts (empty) represented about 15—
Smith and Lauf showed that NEM stimulates K efflux in “pink” 20% of the total ghost population after the last washing.
ghosts obtained from normal human erythrocytes (Smith & Lauf, The ghosts populations were homogeneous: filtration
1985). NEM was used in white ghosts as specified by Brugnara et almegsyrement showed that 95% of ghosts were filtered at
S:;S\)A’Kx't;:‘op;zgggtgfenctﬂy Sih'\?”ﬂig'%”;aiwmslome experiments + _ 1 89 msec and the mean cellular volume varied
between 80-90 fl. No Hb was detected in the ghosts
when the suspension was analyzed on a Coulter countel
K EFFLUX MEASUREMENTS or with the Drabkin’s solution. Homogeneity of pink
Resealed _ , rghosts preparations was assessed with a Coulter Countel
ghosts were suspended at 30—40% (vol/vol) in choline wash- | . [ ]
ing solution, and 25Qul of this suspension were added to 10 ml of which demonStrate.d a homageneous distribution of red
previously chilled flux medium. Briefly the cells were incubated with cell volume, including at least 90% of the total popula-
an incubation medium containing either 10riiris-MOPS in the pH tion of cells.
range 6.75-8.00 or Tris (hydroxymethyl) aminomethane-3-(N-morpho-
lino)ethanesulfonic acid (Tris-MES) at pH 6.25-6.50 at 37°C, (iMm

140 NaCl, 10 glucose, 1 Mggl0.1 ouabain and 0.01 bumetanide. pH AND VOLUME DEPENDENCE OFKCL COTRANSPORT IN
When osmolarity was varied the medium contained (imn100 NacCl, WHITE GHOSTS FROMNORMAL AND

10 glucose, 0.1 ouabain, 0.01 bumetanide, 10 Tris-MOPS (pH 7.4) an
the osmolarity was varied from 220 to 400 mosM by adding choIine-félCKLE ERYTHROCYTES
chloride. After 5 and 30 min incubation at 37°C in shaking waterbath,
aliquots were taken in triplicate. The flux suspension was spun for 1K efflux was measured in WGSS and WGAA resealed at
min in an Eppendorf microcentrifuge, and the supernatant was re H 7.40. In these conditions, K efflux was higher in the
moved. The incubation times were chosen based on our previous wor . . . .
(Brugnara et al., 1988) and work by others (Sachs, 1988; Dunham & ! medla.than in the Ng)medla when pH and osmolarlty
Logue, 1986) showing linearity of fluxes over this time course. The K We_re varied. The Cl dependent CF’mpO”e”t of K efflux,
concentrations in the supernatant were measured in a Perkin EIméhich was calculated from the difference of K efflux
Atomic Absorption spectrophotometer. The percentage of packeddetween Cl and NPmedia, is presented in Figaland
ghosts in the suspension was measured by spinning down an aliquot ¢§. It can be appreciated that the magnitude of ClI-
ghosts suspension for 20 min in an hematocrit microcentrifuge. Thisdependent K efflux was similar in SS and AA ghosts.
was used to calculate both K content and K efflux (expressed as ratq—he pH and volume dependence of this Cl-dependent K
constant, hrt). .
efflux were strongly altered compared to that observed in
the intact sickle cells (Brugnara et al., 1986). Cl-
Results dependent K efflux was a shallow hyperbolic function of
pH, between pH 6 and 8, suggesting pH titration of some
Density gradient centrifugation in presence of sucrosgesidues and loss of inhibition by alkaline pH. A similar
according to Bodemann and Passow (1972) was used foH titration of internal sites has been described in sheep

NEM TREATMENT
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Table. Comparison of rate constants for Cl-dependent K efflux from dicating that the presence of either Hb type can restore
intact erythrocytes, pink and white ghosts obtained from normal Convolume-dependence of K-Cl cotransport. However the
trols and patients with sickle cell disease effects of Hb A and Hb S were different. The presence
of Hb A produced a significant reduction in Cl-

Intact cells Pink ghosts White ghosts .
dependent K efflux at any of the three osmolarities stud-
Normal cells  0.015 +0.01 0.071 + 0.005 0.14 + 0.032 ied, whereas Hb S induced a significant stimulation of
Sickle cells 0.15+0.02 0.191 + 0.019 0.17 = 0.02 the Cl dependent K efflux in hypotonic medium. Similar

results were obtained for pink ghosts prepared from nor-
Cl-dependent K efflux (h‘ﬁ) measured in intgc_t cells, pink and vyhite mal and sickle erythrocytes (PGAA and PGSS, respec-
ghosts from normal and sickle erythrocytes in isosmotic Ng medla (300[ively' Fig. 3aandb). Thus, the volume dependent com-
mOsm/kg), pH 7.40. Data are presented as measp Hf triplicate ! ! L .
measurements in 2 patients with sickle cell disease (reticulocytes counfPonent of K'_Cl cotransport Wa§ significantly _'ncreased
4 + 1%) and two normal subjects (reticulocyte count <1%). by the addition of Hb S, both in ghosts derived from
SS erythrocytes and from normal control erythrocytes
(Fig. 3).
erythrocytes with low Mg content (Lauf & Adragna,
1998). There was also no volume-dependent componeMeterologous Reconstitution
of the Cl-dependent flux, which was essentially un-
changed when osmolarity was varied from 200 to 400rig. 3 presents data on the effect of Hb S on normal
mosM (Fig. b). These results are similar to those we erythrocyte ghosts (WGAA-HbS). Incorporation of Hb
had reported in normal human red cell ghosts (Brugnars resulted in significant stimulation of Cl-dependent flux
et al,, 1988). In addition, in both WGSS and WGAA, in hypotonic medium, similar to what was shown in
there was no effect of NEM treatment on the Cl- sickle ghosts reconstituted with Hb S (WGSS-His8e
dependent K efflux in isotonic medium at pH 7.4a(a  Fig. 3). This effect markedly differs from that of Hb A
not showi. on normal ghosts preparations (WGAA-HbA), where the
The rate constant for Cl-dependent K efflux wasincorporation of Hb A results in a significant reduction in
strongly increased in WGAA compared to the intact nor-the magnitude of the Cl-dependent flux into hypotonic
mal cells. In WGSS, the rate constant for Cl-dependenfhedium (Fig. @). These results suggest that low
K efflux was not significantly different from that ob- amounts of Hb A or Hb S have important and differential
tained in intact sickle cellsTable). regulatory effects on K-ClI cotransport.

KCL COTRANSPORTACTIVATION BY PH AND VOLUME IN
WHITE GHOSTS RESEALED WITH HB A AND HB S

Discussion

The regulation of KCI cotransport system is markedly
Homologous Reconstitution altered in white ghosts as compared to intact cells and

pink ghosts (Brugnara et al., 1988; Sachs, 1988; O’Neill,
When WGAA and WGSS were resealed with Hb A 1989). We have shown here that this applies not only to
(WGAA-HDbA) and Hb S respectively (WGSS-HbS) CI- ghosts obtained from normal erythrocytes but also from
dependent K efflux still progressively increased whensickle erythrocytes. White ghosts of either cell type ex-
the pH of the flux medium was increased from 6.00 tohibit a K-Cl cotransport which has lost: (a) the inhibition
8.00 (Fig. 2). Thus, re-incorporation of either Hb A or by alkaline pH and (b) the volume-dependence.
Hb S failed to restore the inhibitory effect of alkaline pH In intact erythrocytes from the least dense fraction of
on KCI cotransport. However, Hb A reduced the mag-normal cells, and in CC or SS erythrocytes, loss of the
nitude of the Cl-dependent K efflux for external pH val- inhibition by alkaline pH is observed when cells are ex-
ues of 6.5 or higher to values similar to those observed irposed to NEM, isosmotically swollen with nystatin tech-
pink AA ghosts. In contrast, K efflux was not affected in nique or Mg-depleted (Brugnara et al., 1988; Lauf et al.,
WGSS by the addition of Hb S (Figbp and no differ- 1994; Godard & Ellory, 1996). In sheep erythrocytes,
ences could be demonstrated in the magnitude of the fluinactivation of K-Cl cotransport by alkaline pH is depen-
between WGSS and pink SS ghosts. dent on internal Mg, and is abolished by Mg removal, or

Studies of the volume-dependence of K-Cl cotrans-treatment with NEM or staurosporine (Lauf & Adragna,

port also showed differential effects of Hb A and Hb S. 1998). Although these data suggest the possible involve-
Fig. 3a andb show Cl-dependent K efflux from WGAA- ment of kinases, no direct experimental confirmation of
HbA and WGSS-HbS suspended in media at 220, 30@his hypothesis is available. In our study, erythrocyte
and 400 mosmol/kg, pH 7.40. Increasing the osmolarityghosts were resealed in the presence of M ofi Mg.
from 200 to 400 mosmol/kg significantly inhibited K This leads to an internal Mg concentration higher than
efflux in WGAA-HbA and WGSS-HbS, respectively, in- the physiologic one which should lead to a reduction in
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Cl- dependent

K-Cl cotransport activity. However, the persistence of(Lauf et al., 1995; Flatman et al., 1996). It is also pos-
the abnormal pH dependence of K-CI cotransport sugsible that reduction of intracellular Mg stimulates KCI
gests that changes in cell Mg alone are not sufficient tacotransport system indirectly via inhibition of a kinase or
explain this phenomenon. stimulation of a phosphatase.

With our experimental protocols, a cytoplasmic ki- We also observed that Cl-dependent K efflux is
nase (or phosphatase) would be diluted to the same exXighly activated in WGAA compared to that measured in
tent as Hb (1:10) in pink ghosts, and would be greatlyintact cells. In sickle erythrocytes, the magnitudes of
reduced or disappear in white ghosts. Thus, a reductiol-dependent K efflux in intact sickle cells and in WGSS
in this yet to be identified cytoplasmic kinase could ex- are similar (Table). Cl-dependent K efflux was slightly
plain why there is no K-CI cotransport inhibition in higher in WGSS compared to WGAAgeFig. 1). It has
ghosts by either increased concentration of internal fredeen reported that WGAA possessed a K-ClI cotransport
Mg, or alkaline pH and no K-Cl cotransport activation by system that depended on the density of the cells from
NEM. The role of kinases in K-Cl cotransport stimula- which the ghosts were made (Brugnara et al.,
tion has been highlighted in sheep erythrocytes by thel988). Since we used in this report only blood from
work of Lauf et al. (1995). However, there are different sickle patients with moderate reticulocytosii¢s), we
interpretations of their role in K-CI cotransport regula- attribute the slightly increased K efflux in WGSS to their
tion. Jennings and Schulz (1991) proposed the existenceticulocytosis and not to a specific membrane abnor-
of a volume dependent kinase, which is inhibited bymality of sickle cells.

NEM. Others have proposed that NEM may act on a  We have suggested that Hb C and S may play a
Mg-sensitive kinase which regulate protein phosphatasepecific role in the activation of the K-ClI cotransport
1 (PP1) and not directly on the volume dependent kinasaystem, perhaps via an abnormal interaction of this Hb
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with the cell membrane (Olivieri et al., 1992). This ab- white ghosts indicate a role for the specific Hb type,
normal interaction is not a property of all positively unless one assumes that the creatine kinase of norma
charged Hb variants but is mainly associated with theerythrocytes differs in quantity or quality from that of
loss of the negative charge at {B& or 37 residues of Hb  sickle erythrocytes.
(Olivieri et al., 1992). We have now compared K-ClI The results previously described on normal erythro-
cotransport properties in WGAA with WGSS resealed incytes ghosts (Dunham, 1986; Sachs, 1988; Brugnara e
presence of low concentration of Hb A and Hb S respecal., 1988; O’'Neill, 1989) and the results obtained in this
tively. The use of low Hb concentrations in these ex-study suggest that Hb may play a sensor role in human
periments permitted to compare WGAA and WGSS witherythrocyte volume regulation, as hypothesized in the
pink ghosts which were resealed with their cytoplasmicmolecular crowding model for volume-dependent regu-
contents diluted 10-fold, to a final Hb concentration of lation of transport, (Minton et al., 1992; Colclasure &
2—-4 g/dl of ghosts. This low concentration of Hb was Parker, 1991; Parker, 1993).
sufficient to restore the volume dependency of K-CI co- The present studies highlight differences between
transport. In all the experimental conditions studied forHb S and Hb A regarding their effect on K-CI cotransport
K efflux, incorporation of low concentrations of Hb A regulation in erythrocyte ghosts. We did not observed
induced a reduction in the Cl-dependent K efflux ratedownmodulation of K-Cl cotransport by alkaline pH, ei-
(Figs. 22 and 3) suggesting that either Hb A, or the ther by incorporation of Hb S into WGSS or in pink SS
cytoplasmic content of Hb A cells, downmodulate K-CI ghosts (Figure B). Moreover, ghosts containing Hb S
cotransport in ghosts. Although it is possible that a di-demonstrated a marked increase in Cl-dependent K ef-
luted kinase present within the Hb suspension could acflux in hypotonic conditions compared with Hb A con-
count for the reduction in K-CI cotransport, this possibletaining ghosts (Fig. 8. As a consequence, the volume-
mechanism does not explain the differences observedependent component of K-Cl cotransport (defined as
between Hb S and Hb A suspension, unless one postuhe difference between Cl-dependent K efflux at 200 and
lates the presence of different kinases in sickle erythro400 mosM) was markedly increased in Hb S containing
cytes. ghosts. This effect is specific for Hb S since it can be
Similar results were obtained in pink ghosts suggestreplicated when Hb S is incorporated into normal ghosts
ing that it is unlikely that an additional cytoplasmic fac- (Fig. 3b).
tor other than Hb may account for the recovery of the  The volume dependency of the K-Cl cotransport
volume-dependence of K-Cl cotransport. Several ausystem may require the presence of a cytoplasmic factor
thors reported volume dependence of K efflux in normalthat is lost during the ghost preparation (Brugnara et al.,
erythrocyte ghosts (Dunham & Logue, 1986; O’Neill, 1988). This factor may be the volume-dependent kinase
1989). It is interesting to note that these authors prepostulated by Jennings and Schulz (1991) or the volume-
pared ghosts by a modification of the method of Bode-dependent protein phosphatase 1 described by Bize et al
mann and Passow (1972) at acid pH. At low pH, the(1998). However, Kelley and Dunham (1996) have
erythrocyte ghosts obtained are pink and resealed witshown the presence of volume-dependent K movement
their cytoplasmic content just diluted 10-fold (Dunham in inside-out vesicles obtained from sheep erythrocytes.
& Logue, 1986) or 24-fold (O'Neill, 1989). Therefore, Their findings are consistent with a three-state model of
the volume dependence of K effluxes described in thes&-ClI cotransport, which has also been proposed for hu-
studies may reflect the presence of residual Hb in erythman erythrocytes (Kaji & Gasson, 1995). It is also pos-
rocyte ghosts. sible that in white ghosts the dilution of the cytoplasmic
We have been unable to explain the difference bekinase controlling K-Cl cotransport may lead to dephos-
tween our data showing lack of volume dependence ophorylation of the transporter and increased functional
K-CI cotransport in white ghostsséethis paper and activity. Sachs and Martin (1993) have shown that
Brugnara et al., 1988) and those of Sachs (1988), whiclswelling can further activate K-Cl cotransport by a
showed volume dependence of K-CI cotransport usednechanism which does not require kinases or phospha-
an identical gel filtration system for ghosts preparation.tases.
Sachs (1988) used a resealing solution containing albu- It has been shown that kinases and phosphatase:
min (from 104 to 42 mg/100 ml), creatine phosphateplay an important role in the mechanism of erythrocyte
(from 10.4 to 4.2 mn), and creatine kinase (from 10.4 to RVD regulation. However, there are significant differ-
4.2 1U/ml). These substances were not present in ouences regarding the role of these enzymes in controlling
resealing solution. Creatine kinase has been shown tthe volume-dependence of K-Cl cotransport and the pos-
induce volume-dependent K-ClI cotransport in dog eryth-sible functional configuration of the transporter. Inhibi-
rocytes (Colclasure, Parker & Dunham, 1995). How-tion of protein phosphatases by specific inhibitors such
ever, the different effects we have observed on K-Clas okadaic acid or calyculin A (Jennings & Schulz, 1991,
cotransport by reincorporating either Hb A or Hb S into Kaji & Tsukitani, 1991; Sachs & Martin, 1993) results in
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complete inactivation of KCI cotransport activated by  dependent K transport in human erythrocytes homozygous for he-
cell swelling and suggests that a type | phosphatase is moglobin C.J. Membrane Biol111:69-81
implicated in KCI cotransport regulation. A cytoplasmic €anessa, M., Fabry, M.E., Blumenfeld, N., Nagel, R.L. 1987. Volume-
kinase (Krarup & Dunham 1996) could play a role in stimulated, Cl-dependentKefflux is highly expressed in young

. . ! . . human red cells containing normal hemoglobin or HBSMem-
this regulation becquse KCI cotransport system is acti- p.ane Biol.97:97-105
\{at(‘?‘d by staurosporine (Bize and Dunham, 1994). ThesSganessa, M., Romero, J.R., Lawrence, C., Nagel, R.L., Fabry, M.E.
findings suggest that at least two states of the KCI co- 1994. Rate of activation and deactivation of K:Cl cotransport by
transport protein may exist in the erythrocyte membrane: changes in cell volume in hemoglobin SS, CC, and AA red célls.
a phosphorylated state which represents the resting form, Membrane Biol 142:349-362 -
and a dephosphorylated state being the active form of th&ark. MiRd' _MOha”qtjs' N'I'(lszc’he"té S(':?' 1|980. ?g;‘?lrg"gabl'gg of oxy-
protein (Jennings & Schulz, 1991). The two-state mode| 9eNated IMEVErsibly sickied ces. ~An. Invest.os.169= -
. ted by the dependence of calveulin inhibition OfColclasure, G.C., Parker, J.C. 1991. Cytosolic protein concentration is
IS Suppor y p y_ the primary volume signal in dog red cell§. Gen. Physiol.
K-Cl cotransport on the phosphorylation state of the gg.g51-g92
transporter (Ortiz-Carranza et al., 1997). A three stateoiclasure, G.C., Parker, J.C., Dunham, P.B. 1995. Creatine kinase is
model has been proposed by Kelley and Dunham (1996) required for swelling-activated K-Cl cotransport in dog red blood
and (Kaji and Gasson, 1995). Sachs (1994) has proposed cells. Am. J. Physiol268:C660-C668
the presence of a fourth state in K-Cl cotransport, base®e Franceschi, L., Beuzard, Y., Jouault, H., Brugnara, C. 1996. Modu-

on the effect of soluble polycations and cationic amphi- Ie_ltion of _erythrocyte K-_CI cptransport, potass_ium content and den-
. ] sity by dietary magnesium intake in transgenic SAD moieod
philes in human erythrocyte ghosts. 8827382744
We conclude that Hb plays an important role in the De Franceschi, L., Bachir, D., Galacteros, F., Tchernia, G., Cynober,
regulation of erythrocyte volume, most probably as a 1 aiper, s., Platt, O., Beuzard, Y., Brugnara, C. 1997. Oral mag-
volume sensor and that Hb S, by increasing the sensitiv- nesium supplements reduce erythrocyte dehydration in patients
ity of the KCI cotransport to volume activation, plays a  with sickle cell diseasel. Clin. Invest.100:1874-1852
specific role in the deregulation of RVD in sickle eryth- De Franceschi, L., Cappellini, M.D., Graziadei, G., Manzato, F., Ol-
rocytes. ivieri, O., Corrocher, R., Fiorelli, G., Beuzard, Y., Brugnara, C.
1998. The effect of dietary magnesium supplementation on the
cellular abnormalities of erythrocytes in patients witthalassemia
intermedia.Haematologica83:118-125
Dunham, P.B., Logue, P.J. 1986 . Potassium-chloride cotransport in
resealed human red cell ghosfsn. J. Physiol250:C578-583
Flatman, P.W., Adragna, N.C., Lauf, P.K. 1996. Role of protein kinases
in regulating sheep erythrocyte K-Cl cotranspdsim. J. Physiol.
271:.C255-C263.
sheep erythrocytes: kinetics of stimulation by cell swellidg Franco, R.S., Barker-Gear, R., Miller, M.A., Williams, S.M., Joiner,
) ’ C.H., Rucknagel, D.L. 1994. Fetal hemoglobin and potassium in

Membrane Biol.117:177-188 ) . " } .
. ; isolated transferrin receptor-positive dense sickle reticulocytes.
Bize, I., Buchbinder, G., Guvenc, B., Brugnara, C. 1998. Red cell  g|17484:2013-2020

swelling induces translocation of serine-threonine phosphatasetypgranco R.S., Palascak, M., Thompson, H., Joiner, C.H. 1995. KCI

. 1 (PP-1) to the cell membrang. Gen.'PhyS|oI112':246'1 o cotransport activity in light versus dense transferrin receptor-
Bize, I., Dunham, P.B. 1994. Staurosporine, a protein kinase inhibitor, positive sickle reticulocytesl. Clin. Invest95:2573-2580

activates K-Cl cotransport in LK sheep erythrocyis. J. Physiol 5,454 1. Ellory, J.C. 1996. KCI cotransport activation in human
266:C759-C770 ) ) erythrocytes by high hydrostatic pressuiePhysiol.491:423-434
Bodemann, H., Passow, H. 1972. Factors controlling the resealing ofj5) ... Ellory, J.C. 1986. Evidence for the presence of a volume-
the membrane of human erythrocyte ghosts after hypotonic hemo-  ¢ansitive KCI transport in ‘young’ human red celRiochim. Bio-
lysis. J. Membrane Biol8:1-26 phys. Acta75:317-320
Brugnara, C., Kopin, A.K., Bunn, H.F., Tosteson, D.C. 1985. Regula- jssinger, D. 1996. The role of cellular hydration in the regulation of
tion of cation content and cell volume in erythrocytes from patients  q|| function. Biochem. J313:697—710

with homozygous hemoglobin C diseadeClin. Invest.75:1608— Jennings, M.L., Schulz, R.K. 1991. Okadaic acid inhibition of KCI
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