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either the nystatin technique, to make cells 
homogeneous for cation and water content, 
or the Stractan method, to separate red cells 
according to density (6). In brief, the red 
cell membrane is made permeable to Na and 
K by exposure to nystatin; the Na, K, and 
water content are adjusted to desired values; 

Regulation of Erythrocyte Cation and Water 
Content in Sickle Cell Anemia 

and the nystatin is removed to restore Na 
and K permeabilities to normal. 

When SS red cells were treated with nys- 
tatin to make their Na, K, and water con- , , 

tents similar to those of normal AA cells, the 
ouabain- and bumetanide-resistant K eHux 

The pathophysiological events in sickle cell disease are critically dependent on the 
intracellular concentration of hemoglobin S, which varies inversely with cell cation and 
water content. Erythrocytes of SS homozygotes exposed to oxygen or carbon monox- 
ide decrease their potassium and water content through a pathway for potassium 
transport that is activated by both cell swelling and decrease in internal pH. This 
pathway is not inhibited by ouabain either with or without bumetanide. When SS 
erythrocytes were separated according to density, the pH- and volume-dependent 
potassium transport was greatest in the least dense fraction and was reduced in the 
densest cells. This pathway, which does not depend on polymerization of sickle 
hemoglobin, may be important in regulating the cation and water content of SS 
erythrocytes. 

T HE POLYMERIZATION OF DEOXYHE- 
moglobin S is the proximate cause of 
the vaso-occlusive and hematologic 

manifestations of sickle cell disease. This 
concerted process is markedly dependent on 
the intracellular concentration of hemoglo- 
bin S (1). Therefore, alterations in cell vol- 
ume would be expected to influence the 
pathogenesis of sickle cell disease. We re- 
cently reported that red cells of patients 
homozygous for hemoglobin C (CC) can 
regulate their volume through a pathway for 
K transport that is not active in normal AA 
erythrocytes (2). This pathway depends on 
cell volume and p H  and is not inhibited by 
ouabain or bumetanide (inhibitors of the 
Na-K pump and of the Na-K-CI cotrans- 
port). This pathway is probably responsible 
for the reduced K and water content ob- 
served in CC erythrocytes. We have tenta- 
tively attributed the activation of the vol- 
ume-dependent K transport in CC erythro- 
cytes, which does not occur in AA erythro- 
cytes, to the presence of the more positively 
charged hemoglobin C, perhaps through an 
electrostatic interaction (3)  between hemo- 
globin C and components of the red cell 
membrane. 

Since hemoglobin S, like hemoglobin C, 
is less negatively charged than hemoglobin 
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MA 02115. 
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A [replacement of the glutamic acid at posi- 
tion 6 in the p chain of hemoglobin A by 
valine in hemoglobin S and lysine in hemo- 
globin C (4)] and since erythrocyte water 
content and hemoglobin concentration 
(MCHC) are important determinants in the 
pathogenesis of sickle cell disease, we inves- 
tigated whether erythrocytes containing he- 
moglobin S also express a volume- and pH- 
dependent K transport pathway. 

Experiments were carried out in oxygen- 
ated or carbon monoxide-treated erythro- 
cytes from four patients homozygous for 
sickle cell anemia (SS). To overcome the 
problems related to heterogeneity of cell 
cation and water content (4, 5), we used 
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- 
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showed a p H  and volume dependence simi- 
lar to those described for CC cells. The pH- 
dependence of K efflux gave a bell-shaped 
curve, with apH optimum of 6.7 to 7.0 and 
inhibition at both acid and alkaline pH. Cell 
swelling induced by hyposmotic media (220 
instead of 300 m o m  resulted in a four- to 
fivefold increase in K eHux. 

Similar studies were performed in SS cells 
isolated with the Stractan density gradients. 
Three fractions are obtained: thetop frac- 
tion contains the lightest cells, including 
reticulocytes; the middle fraction contains 
the mature discoid cells: and the bottom 
fraction contains the most dense cells, in- 
cluding irreversibly sickled cells (6). 

The ouabain- and bumetanide-resistant K 
eHux was different in the three fractions of 
SS erythrocytes and was differently affected 
by changes in cell volume (obtained by 
altering the osmolarity of the media) (Table 
1). In the top fraction, the K eHux was 
stimulated by hyposmolarity and reduced to 
almost normal values by hypertonicity. In 
contrast, the K efflux from the bottom frac- 
tion was small and showed much less vol- 
ume dependence. However, the different 
hemoglobin concentrations and cation and 
water content of the three fractions could 
have been responsible for these differences. 
Therefore the cells were first separated with 

Fig. 1. Dependence on pH of the ouabain- and 
bumetanide-resistant K efflux from the top, mid- 
dle, and bottom fractions of SS and AA erythro- 
cytes separated on a discontinuous Stractan densi- 
ty gradient. The red cells had been incubated 
earlier with carbon monoxide. After separations, 
the fractions were treated with nystatin to obtain 
similar Na, K, and water contents. MCHC values 
before and after nystatin treatment for top, mid- 
dle, and bottom fractions of SS cells were 32.6 
and 31.1 gidl, 37.8 and 32.1 gldl, and 48.6 and 
35.3 gldl, respectively, and for the three fractions 
of AA cells were 31 and 31 gidl, 32.6 and 32.2 gl 
dl, and 34.1 and 32.2 gidl, respectively. K efflux 
was measured in room air with media containing 
140 mM NaCI, 1 mM MgC12, 10 mM tris-MOPS 
(pH 6.0 to 8.0), 10 mM glucose, 0.1 mM oua- 
bain, and 0.01 mM bumetanide. The incubation 
times were 5 and 25 minutes at 1% hematocrit 
(6). Results are means ? SEM of the fluxes. 
Similar results were obtained in two other pa- 
tients and in one normal control. 

SCIENCE, VOL. 232 



Table 1. Ouabain- and bumetanide-resistant K efflux from SS erythrocytes separated according to density. Straaan density gradients were used according to 
the method developed by Clark et al. (6). The K efflux was measured at three different osmolarities in media containing 100 mM NaCI, 1 mM MgCI,, 10 mM 
tris-MOPS @H 7.4 at 37"C), 10 mM glucose, 0.1 mM ouabain, and 0.01 m M  bumetanide. The osmolarity of the medium (220 mosM) was increased to 300 
mosM and 400 mosM with choline chloride (50 mM and 100 mM, respectively). The incubation times were 5 and 25 minutes at 1% hematocrit. Details of 
the method are given in (2). Results are means 2 SD for three patients. Erythrocyte cation content is measured as millimoles per liter of cells. 

-- 

Erythrocyte cation content Ouabam- and bumetanide-resistant K efflux 

Fractlon MCHC (mrnol a hter-') (mmol . liter-' . hour-') 
(gldl) 

Na K Total 220 mosM 300 mosM 400 mosM 

Top 32.4 * 0.5 12.1 * 5.5 105.4 t 5.0 117.5 + 1.0 30.5 + 9.0 4.2 0 0.8 2.1 & 0.3 
Middle 38.3 t 1.5 29.5 2 16.0 70.0 + 17.6 99.4 + 1.6 4.2 * 0.5 2.3 2 1.0 1.7 a 0.4 
Bottom 45.6 2 2.3 38.4 t 10.5 35.6 2 6.0 73.6 t 4.1 1.5 t 0.2 1.3 a 0.5 1.1 + 0.4 

the Stractan density gradients and then the 
cation and water content were changed by 
the nystatin method (2). This procedure 
yielded cells with similar cation and water 
content and similar hemoglobin concentra- 
tions in the three different fractions. ThepH 
and volume dependence of the K efflux were 
then studied. The pH-dependent K efflux 
was greater in the top fraction (Fig. 1) .  All 
the fractions had K efflux values greater than 
those of the corresponding fraciions of the 
AA control cells. However, in the least 
dense fraction of AA control cells, the K 
efflux had a p H  dependence qualitatively 
similar to that of SS cells (Fig. 1). Similar 
results were obtained for the volume depen- 
dence of K efflux. 

To show that SS erythrocytes can effec- 
tively reduce their cation and water content 
through this pathway, we performed experi- 
ments with the top fraction of SS erythro- 
cytes or the whole population of SS red 
cells. In both cases, the K and water content 
of the cells were increased by the nystatin 
technique. The cells were then incubated at 
37°C in room air in a medium with Na and 
K concentrations similar to those of ~lasma. 
At different incubation times (0 to 6 hours) 
a portion of cells was washed, and determi- 
nations of cell Na and K content, MCHC, 
and phthalate density distribution (7) were 
carried out. SS cells incubated under these 
conditions shrank toward the original vol- 
ume (Fig. 2). This response was not blocked 
by ouabain or bumetanide and was ex- 
plained primarily by K loss. 

These experiments indicate that, like the 
CC cells, swollen SS erythrocytes shrink 
through a ouabain- and bumetanide-resist- 
ant K and water loss. The expression of this 
K transport pathway in CC and SS cells 
suggests that less negatively charged hemo- 
globins participate in the activation of this 
pathway. Further research is necessary to  
clarify whether this property is a common 
feature of all cells containing hemoglobin 
less negatively charged than hemoglobin A, 
or whether the system is activated only by 
hemoglobins with a substitution at position 
6 of the p chain of globin. 

The correlation between the magnitude of 

the volume- and pH-dependent K transport 
pathway and cell density raises another pos- 
sibility. In both SS and AA cells, the system 
is expressed maximally in the least dense cells 
and minimally in the most dense cells. It will 
be important to investigate whether this K 
transport pathway is expressed in all cells 
with a low density and how its expression 
relates to cell age. At present, we cannot 
reject the hypothesis that, in addition to the 
presence of less negatively charged hemo- 
globin, cell age is an important factor affect- 
ing the expression of this transport system in 
human red cells. 

These experiments show that SS erythro- 
cytes can decrease their water content when 
the hemoglobin is ligated with O2 or CO 
and therefore not sickled. In contrast, most 
previous work on cation permeability of SS 
cells has focused on changes induced by 

deoxygenation and sickling. In 1952, Toste- 
son et al. (8) showed that sickling was 
accompanied by a large increase in the Na 
and K permeabilities. When SS cells were 
depleted of adenosine triphosphate (ATP), 
the K loss was larger than the Na gain, and 
the water content decreased (9). Internal p H  
also plays an important role in sickling. 
First, acid shifts in internal p H  have been 
shown to induce more sickling than could 
be expected from the change in the oxygen 
affinity due to the Bohr effect (10); and 
second, the deoxygenation-induced K efflux 
has also been shown to be dependent o n p H  
(11). The high Ca content of sickle cells has 
led many investigators to propose a role for 
the Ca-activated K channel in reducing the 
cell K and water content (9, 12). However, 
there is recent evidence that most of the Ca 
in SS cells is stored in cytoplasmic inside-out 

Cell cation content 
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Fig. 2. Erythrocyte density profile of swollen SS cells incubated in isotonic medium. The nystatin 
technique was used to make SS erythrocytes swollen compared to their normal volume. The cells were 
then incubated at 37°C in room air, in a medium containing 140 mM NaCl, 4 mM KCl, 1 mM MgC12, 
1 mM phosphate, 10 mM tris-MOPS @H 7.4) at 3TC, 10 mM glucose, 0.1 mM ouabain, and 0.01 
mM bumetanide. At given times the cells were washed with choline washing solution, and determina- 
tions of cell Na, K, MCHC, and phthalate density distribution were carried out. Twenty different 
phthalate densities (range 1.060 to 1.136) were used. The density profile of the same SS cells before 
nystatin treatment is included for comparison. Inset: cell cation content, in milliioles per kilogram of 
hemoglobin, for cells incubated in the presence of ouabain and bumetanide. Similar results were 
obtained when ouabain and bumetanide were omitted from the incubation medium: cell cation content 
at 3 hours was Na, 32; K, 343; and total, 375 mrnoYkg; and at 6 hours was Na, 32; K, 305; and total, 
337 mmolikg. Similar results were obained for the top fraction of SS erythrocyte isolated with Stractan. 
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vesicles and therefore unable to activate 
membrane transport of K (13). Moreover, 
the increase in Na and K permeabilities 
induced by short periods of deoxygenation 
has no effect on the water content and 
hemoglobin S concentration (14), and it is 
probably produced by membrane damage 
induced by hemoglobin S polymerization, 
rather than by activation of specific trans- 
port pathways. 

Earlier studies have not systematically ad- 
dressed the problem of regulation of cell 
volume and cation transport in oxygenated 
SS cells. In one report (6), the oxygenated, 
low-density, reticulocyte-rich fraction of SS 
cells was found to have a large ouabain- 
resistant K efflux. We have now shown that 
this increased K transport takes place 
through a pH- and volume-dependent sys- 
tem, maximally active in the least dense 
fraction but present also in other fractions of 
SS cells. When SS erythrocytes are swollen 
atpH 7.4 or incubated in acid medium, they 
can effectively decrease their water content 

and increase their MCHC. Because cellular 
dehydration makes a major contribution to 
the abnormal rheology of SS cells (15), it 
will be important to identify the role of this 
K movement in the formation of irreversibly 
sickled cells. The effect of deoxygenation on 
the pH- and volume-dependent K transport 
pathway and the relation to the increased K 
and Na permeabilities induced by sickling 
await hrther investigation. Our findings 
suggest that in SS erythrocytes a reduction 
in cell volume (with a parallel reduction in 
cell deformabilitv) can be accomplished not 

8 1  

only by repetitive cycles of polymerization 
and depolymerization, but also by a decrease 
in internal p H  when hemoglobjn is in the 
fully ligated state. 
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pressin rhythmicity. Cells in the SCN are 
heavily implicated in circadian cyclicity by a 
variety of lesion, metabolic, and electro- 
physiologic studies (7). However, these 
neurons contain only a modest fraction of 
total hypothalamic vasopressin (8). The su- 
prachiasmatic pacemaker could therefore act 
either directly by regulating vasopressin re- 
lease from SCN neurons or indirectly by 
modulating other vasopressin-containing 
nuclei receiving SCN input, such as the 
PVN. 

Finally, we could examine Brattleboro 
rats for regional diurnal vasopressin mRNA 
cyclicity. These animals display diabetes insi- 
pidus, lack hypothalamic vasopressin, and 
have a deletion mutation in a structural 
portion of their vasopressin gene (9). Sever- 
al groups have also searched for regulatory 
defects in the Brattleboro gene, and have 
found either reduced or normal hypotha- 
lamic vasopressin mRNA levels in the Bratt- 
leboro animals (1 0-12). Interpretation of 
these studies is complicated, however, by 
the difficulty in matching the degrees of 
dehydration in Brattleboro and control 
groups. Examination of the diurnal vaso- 
pressin rhythm in the SCN can obviate this 
problem, since vasopressin mRNA in this 
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