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Abstract 

Rehydration of red blood cells (RBC) in isotonic media after dehydration in hypertonic electrolyte or nonelectrolyte saline leads to 
their posthypertonic hemolysis (PH). Ca2+ ions at a concentration of more than 5 mM stimulated hemolysis of RBC treated by hypertonic 
sucrose but not NaCl if rehydration was carried out in the presence of cations. Zn*+ produced a more complex response of stimulation 
followed by inhibition as a concentration is increased. Mg2+, Ca2+, Zn2+, EDTA and sucrose exhibited only inhibition when added to 
isotonic NaCl media immediately after onset of rehydration or later on. At low ionic strength inhibition produced by divalent cations was 
markedly reduced and sucrose was ineffective. An equimolar concentration of EDTA abolished the inhibition of PH by Zn2’ ions if they 
were introduced into the isotonic media after the cells, but activated hemolysis when rehydration was carried out in the presence of ions. 
The same divalent cations prevented shape transformation and hemolysis induced by melittin if they interacted with the plasma membrane 
prior to the addition of melittin. Subsequent chelation of cations by EDTA triggers the full sequence of events characteristic to the action 
of melittin alone and resulted in cell spherulation followed by hemolysis. Inhibition of melittin-induced hemolysis produced by all cations 
was reversible because EDTA abolished the action of divalent cations and even stimulated hemolysis in isotonic sucrose. Similarities in 
the mode of action of divalent cations and EDTA on posthypertonic hemolysis which is attributed to endogenous stimuli and 
melittin-induced hemolysis as far as the exogenous agent is concerned imply that in both cases common intrinsic mechanisms are 
involved in the process of cation-sensitive pore formation in erythrocyte membranes, while differences indicate that more complex pores 
are formed during posthypertonic injury. 
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1. Introduction 

It has been shown that the agents as diverse as the 
Sendai virus, melittin, a-toxin, activated complement and 
detergents induce leakage of ions and low molecular weight 
metabolites through membrane lesions in various types of 
cells. Most types of lysis are known to be inhibited by 
Ca*+ and other divalent cations such as Zn*+ [l-5] and 
protons [2]. Circumstantial evidence has been presented 
that divalent cations and protons protect the cells by 
binding to the outside of cells [2]. On the other hand, a 
stimulatory action of divalent cations on peptide-induced 
hemolysis and lysis of phospholipid vesicles has also been 
reported [4]. The inhibitory and activating action of diva- 
lent cations with respect to formation of membrane lesions, 
induced by pore-forming substances, has been found to 
strongly depend on the experimental conditions such as the 
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ionic strength, phospholipid composition of vesicles, type 
of cells, etc. It has been suggested that the ability of 
divalent cations to inhibit hemolysis of RBC induced by a 
variety of agents possessing distinct molecular structure 
and the mode of action are due to some common intrinsic 
membrane components, comprising the pore structure itself 
[ 1,6]. Because pore-forming substances are, mainly, exoge- 
nous agents, it seems important to confirm or refute this 
view in the case when any exogenous contributions to the 
membrane damage are certainly excluded. Cell rehydration 
from hypertonic electrolyte or nonelectrolyte solutions is a 
useful example of this type of damage which is called 
posthypertonic hemolysis [7-91. When the cells loose the 
intracellular water below the critical threshold they will be 
damaged after returning them to the isotonic or nearly 
isotonic conditions [7-91. Although posthypertonic injury 
has been detected in cells of various types [lo], the molec- 
ular mechanism of hemolysis during rehydration is still 
poorly understood. It is reasonable to suppose that endoge- 
nous processes, taking place in dehydrated cells are re- 
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sponsible for this damage. The purpose of the present 
paper is to study the process of pore formation in the 
erythrocyte membrane during cell reswelling from hyper- 
tonic salines and to investigate the interaction of divalent 
cations with binding sites which may be involved in the 
regulation of pore structure as well as their possible local- 
ization on the membrane surface. To better understand the 
role of endogenous components in the process of pore 
formation the action of divalent cations on the posthyper- 
tonic pore will be compared with the corresponding action 
on the lesions, produced by the exogenous agent melittin. 

2. Materials and methods 

Ionophore A23187, Tris-HCl and EDTA were supplied 
by Calbiochem. CaCl,, MgSO,, ZnSO, were of the high- 
est grade available. Melittin free from phospholipase A, 
was the generous gift of Dr. C. Dempsey (Bristol Univer- 
sity). 

2.1, Hemolysis assay 

Human erythrocytes were obtained from bank-collected 
blood by washing three times in a lo-fold excessive 
Tris-buffered saline (TBS) (150 mM NaCl, 10 mM Tris- 
HCl, pH 7.4). The buffy coat and top of pellet were 
removed after each centrifugation (2000 X g, 3 min). 0.1 
ml of packed cells were transferred into 0.9 ml of pre- 
warmed at 37” C concentrated solutions of sucrose (1.2 M, 
5 mM phosphate buffer, pH 7.4) or NaCl (1.5 M, 5 mM 
phosphate buffer, pH 7.41, which may contain ions or 
A28187, and incubated on water bath at 37” C for 15 or 30 
min. 10 ~1 of the cell suspension were then added to 1 ml 
of isoosmotic (310 mosM) TBS or sucrose saline (0.27 M 

sucrose, 10 mM Tris buffer, pH 7.4) at room temperature 
(19-21’ C> in the presence or absence of CaCl,, MgSO, or 
ZnSO, for 5 mitt, and spun down for 2 min (2000 X g). 

The supernatant was removed and its absorbance at 415 
nm was determined relative to a suitable control. The 
percentage of hemolysis was calculated by comparing with 
the absorbance of a fully lysed sample. Results presented 
are the mean + S.E. for three to eight independent determi- 
nations using various blood samples. The dynamics of 
erythrocyte hemolysis in isotonic saline of different com- 
position were measured spectrophotometrically [ll-131. 
The RBC suspension was constantly stirred and its ab- 
sorbance at 720 nm was recorded continuously. Normally 
a concentration of cells, injected into a cuvette, was (4-6) 
. lo5 cells/ml. To investigate the influence of divalent 
cations on the time-course of hemolysis aliquots of cations 
(2-100 ~1) were added directly into the cuvette from 
concentrated stock solutions (1 Ml prior to or after injec- 
tion of cells. As reported elsewhere [11,12] a decrease in 
absorbance reflects a decrease in the amount of intact cells 
in the cuvette during hemolysis, absorbance, therefore, is 
inversely proportional to the extent of hemolysis. 

2.2. Determination of the distributions in the volumes of 
cells and ghosts 

Volume distributions of cells and ghosts, which were 
produced as a result of posthypertonic hemolysis were 
measured using a Coulter-Counter type apparatus [14-161. 
In the present study a cylindrical, 50 pm long, and 50 pm 
diameter orifice was used in a system of transducers 
provided for a practically complete hydrodynamic focusing 
of cells. The flow rate in the experiments was below 1 
m/s of the mean linear velocity of a cell suspension 
flowing through the orifice. Each measurement cycle ana- 
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Fig. 1. Influence of divalent cations Mg2+ (O,O), Ca2+ (A, A) and Zn2+ (0, ??) on hemolysis of RBC rehydrated in &osmotic NaCl (A) or sucrose 
(B) media in the presence or absence (v, 7) of ions after 1.5 min incubation at 37” C in hypertonic electrolyte (1.5 M NaCl, close symbols) or 
nonelectrolyte (1.2 M sucrose, open symbols) salines. 
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lyzed 215 cells and the current across the orifice did not 
exceed 0.2 mA, so that no electrical breakdown 1141 and 
no significant deformation of cell membrane [15,16] oc- 
curred, the method provided a measure for the true volume 
of both RBC and their ghosts (particles) in suspension. 

that after dehydration of cells in NaCl Zn2+ fails to 
activate PH during rehydration in NaCl but not in sucrose 
solutions. Thus, the presence of divalent cations in rehy- 
drative medium could produce either an activation or 
inhibition of posthypertonic hemolysis depending on the 
concentration used. 

3. Results 3.2. Inhibition of posthypertonic hemolysis 

3.1. Influence of divalent cations on posthypertonic hemol- 
ysis 

Fig. 1 shows the influence of divalent cations Mg’+, 
Ca*+ and Zn2+ on posthypertonic hemolysis of the 
erythrocytes, preincubated in hypertonic NaCl and sucrose 
media, and then transferred into the isotonic media with 
high and low ionic strength. The concentration of NaCl 
and sucrose in hypertonic solutions was chosen to produce 
a comparable value of hemolysis after rehydration. Zn2+ 
at both low and high ionic strength initially stimulates 
hemolysis but subsequently inhibits when the concentra- 
tion is increased. The activating and inhibitory action of 
Zn2+ ions is obvious for cells treated with hypertonic 
sucrose. In the case of hypertonic NaCl medium the in- 
hibitory effect of Znzf almost completely coincided with 
that for sucrose. Ca2+ ions activate hemolysis of cells 
dehydrated in sucrose during rehydration in both isotonic 
media up to the maximum concentration tested but have no 
effect on cells dehydrated in NaCl. In contrast to other 
cations Mg2+ is ineffective in producing changes in PH in 
the whole range of concentrations (0.1-100 mM). The 
main features of PH and the mode of action of divalent 
cations are similar in the electrolyte and nonelectrolyte 
rehydrative media, however, in all cases lysis is higher 
when dehydration and rehydration are performed in the 
same type of medium (NaCl or sucrose). It should be noted 

It is known that divalent cations Ca2+, Mgzf and Zn2+ 
inhibit membrane defects induced by a variety of pertur- 
bants [l-6]. However, in the case of PH (Fig. 1) inhibition 
was observed only at a relatively high concentration of 
Zn2+ (> 0.5 mM) and was not detected for other cations. 
At these concentrations Zn*+ may precipitate Hb [4] giv- 
ing an artifactual decrease in the measured values of 
hemolysis. To exclude this possibility we carried out con- 
trol experiments where Zn2+ at the maximal final concen- 
tration (1 mM) was added into the samples referring 100% 
blank of hemolysis. No changes in absorbance were de- 
tected after addition of Zn2+ ions, indicating an absence of 
Hb precipitation. Hence, the possible role of Hb precipita- 
tion may be ruled out. Time-courses of posthypertonic 
hemolysis during cell rehydration in isotonic media in the 
presence and absence of divalent cations are shown in Fig. 
2. The dynamics of hemolysis for control cells and cells 
rehydrated in the presence of an activating concentration 
of Zn*+ (0.1 mM) were close to the kinetic curves of the 
first order (Fig. 2a). Reduced absorbance changes and a 
biphasic response were observed at higher Znzi concentra- 
tion. These data indicate that inhibition is progressive in 
time. Inhibition was also observed after addition of the 
same amounts of divalent cations 12 s after the onset of 
hemolysis, the time at which approx. 50% reduction in the 
whole absorbance change was reached. It is interesting that 
Zn2+ at a concentration of 0.1 mM fails to accelerate 
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Fig. 2. Effect of Zn2+ on time-courses of hemolysis during RBC rehydration in isoosmotic NaCl media, containing Zn2* ions (panel a), or when ions 
were added at time indicated by arrows to give a final concentration in mM (panel b); panel c shows the influence of Mg”, Ca2+ and Zn2+ ions added 
from a concentrated stock solution to obtain final concentration 50 mM or 1 mM for Zn2+, on Zn2+ -stimulated hemolysis, i.e., rehydration in the presence 
of 0.1 mM Zn2+ in the isotonic media. RBC were incubated for 30 min in 1.2 M sucrose solutions at 3P C. The inset gives a definition of inhibition 
parameter H used to quantitatively assess the inhibition produced by addition of reagents. 
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Table 1 
Inhibition of nosthvoertonic hemolvsis (%) moduced bv divalent cations. EDTA and sucrose 

Type of hemolysis Medium Inhibitors (50 mM) 

Ca Mg EDTA sucrose Zn (1 mM) 

Control NaCl 72+ 4 95t 5 81+ 7 90 * 5 100 
Zn-activated (0.1 mM) NaCl 72+ 6 83k 4 100 58 + 3 100 
Ca-activated (10 mM) NaCl 44+ 16 76 + 16 94+ 5 88 + 6 100 
Control sucrose 39+ 4 42+ 3 60+ 3 0 100 
Zn-activated (0.1 mM) sucrose 40+ 8 40+ 8 62+ 5 0 100 
Ca-activated (5 mM) sucrose 15 + 12 32 + 10 80 + 10 33 f 8 100 

RBC were incubated at 37” C in 1.2 M sucrose for 30 min and then transferred into isotonic media. 12 s later aliquots of inhibitors were added and the 
extent of inhibition was calculated from hemolysis traces as indicated in the inset to Fig. 2. In the case of cation-activated PH, RBC were rehydrated into 
the media which contain the indicated amount of divalent cations. 

hemolysis, while a larger concentration acts in a manner as 
if the ions were originally presented in the rehydrative 
medium. Additional experiments have shown that Zn2+ in 
any concentration in the range from 0.01 to 1 mM fails to 
activate hemolysis when introduced after onset of hemoly- 
sis (not shown). Zn2+ at a concentration of 1 mM causes 
an increase in absorbance, an effect which was never 
observed using other cations (Fig. 2b, c). This may be 
probably due to Zn*+ -induced Hb precipitation in the 
vicinity of the plasma membrane, but not to precipitation 
of Hb in solution (see above) indicating a specificity of 
Zn*+ action compared to other divalent cations. We leave 
this question outside the scope of the present paper. To 
assess inhibition quantitatively we defined an inhibition 
parameter as indicated in Fig. 2. The extent of inhibition 
produced by divalent cations, sucrose and EDTA is sum- 
marized in Table 1. Inhibition parameters of Zn2+-activated 
PH (i.e., rehydration in isotonic media in the presence of 
0.1 mM Zn”) and Ca2’-activated PH (i.e., rehydration in 
the presence of 10 mM Ca2+ in isotonic NaCl, and 5 mM 
Ca*+ in isotonic sucrose solutions, respectively) are shown 
in comparison with control values. Zn2’ was found to be 
the most potent inhibitor for either type of PH in both 
electrolyte and nonelectrolyte media, producing 100% in- 
hibition in all cases. Sucrose exhibited a strong inhibitory 
effect in isotonic NaCl, except for Zn2+-activated PH, but 
it was ineffective in isotonic sucrose solutions. In all cases 
the inhibitory effect of Ca2+, Mg2+ and EDTA was less in 
isotonic sucrose compared to corresponding effects in iso- 
tonic NaCl. The same discrimination between electrolyte 
and nonelectrolyte isotonic media was observed for the 
monovalent cations Na+ and K+ [17]. These data imply 
that a different structure or size of the pore - presumably a 
larger pore size in sucrose media - may be formed during 
posthypertonic hemolysis. 

3.3. Combined action of diualent cations and EDTA on PH 

We have shown that the divalent cations Ca2+ and 
Zn2’ in appropriate concentrations stimulated PH in 
cation-contained media and inhibited it when were added 
later. Such dual influence implies that the effect may be 

due to the interaction of divalent cations with lipid and/or 
protein components of the plasma membrane (sites) which 
might regulate the dimension and/or the number of pores 
arising at the rehydration stage. The differences in cation 
concentration required to produce activation and inhibition 
may be explained by variations in ion specificity and 
affinity of sites toward divalent cations. In order to evalu- 
ate the ion specificity and affinity of sites as well as the 
reversibility of cation binding PH was investigated in the 
presence and absence of the cation chelator EDTA. As 
follows from Table 2, PH was the same during rehydration 
of cells in the isotonic media in the presence of an 
equimolar mixture of Zn2+ and EDTA at the whole range 
of concentrations used. Principally, other results were ob- 
tained after addition of EDTA into the media which previ- 
ously contained Zn2f. In this situation EDTA not only the 
canceled blocking effect of Zn2+, but also stimulated 
hemolysis above control value. Fig. 3 illustrates the role of 
order in addition of cations and EDTA. Zn2+ and EDTA 
produce no changes in time-courses of hemolysis in the 
following cases: (i) in the presence of EDTA alone, (ii) in 
the presence of an equimolar mixture of Zn2+ and EDTA 
in the whole concentration range used in the present study 
(0.01-l mM) (for example Fig. 3, track 2) (iii) when 
EDTA was added after onset of Zn’+-activated hemolysis. 

Table 2 
Effect of Zn2+ and EDTA on posthypertonic hemolysis (%) 

Media Concentration of Zn (mM1 

0.01 0.1 0.3 0.7 1 

Zn NaCl 54+ 6 60+ 5 44+ 8 7kO.4 5*7 
Zn + EDTA NaCl 44+ 4 40+12 40+ 9 38+ 8 385 8 
Zn + addition NaCI 48+ 5 67&11 76f 2 82+ 9 88+ 3 
of EDTA 

Zn sucrose 56+17 71+17 35f 7 lo*11 5+ 6 
Zn + EDTA sucrose 24+16 31+ 8 23+ 2 26+ 4 28*16 
Zn+addition sucrose 51+ 8 64+ 13 53+ 11 53+ 10 56+ 3 
of EDTA 

RBC were incubated 30 min in a 1.2 M sucrose solution at 37” C and 
rehydrated into isotonic NaCl or sucrose media in the presence of Zn’+, 
an equimolar amount of Zn2+ and EDTA or when equimolar concentra- 
tion of EDTA was restored 1 min after the onset of hemolysis. 
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Fig. 3. Effect of Zn’+, Ca*+ and EDTA on time-courses of hemolysis 
during rehydration in isoosmotic: NaCl media. Arrows indicate the addi- 
tion of cations and EDTA to the final concentration shown. Captures 
without arrows denote that rehydration was performed in the media in the 
presence of indicated amounts of these reagents. 

Inhibition of PH by Zn2+ ions was reversible (tracks 3,4). 
Moreover, EDTA strongly increased the rate and extent of 
changes in absorbance for cells which were initially reex- 
panded in the presence of 1 mM Zn2+ (track 4). This 
correlated well with the hemolysis data presented in Table 
2. Equivalent results with Zn2+ ions were obtained in the 
isotonic sucrose media (not shown). Slightly enhanced 
concentrations of EDTA ((5 and 10 mM) brought about a 
week inhibition of PH either in the presence or absence of 
Ca2+ (Fig. 3, tracks 56). In general these data indicate 
that the mechanism of interaction of divalent cations with 
the plasma membrane during PH is complex and depends 
on the free cation concentration, the time of cell exposure 
in isotonic media and th’e presence of a cation chelator. 
The main conclusion is that if a significant amount of 
divalent cations is bound in the complex Me’+-EDTA, the 

ions do not affect PH. However, the action of EDTA after 
the addition of ions would depend on the type of ion 
(Ca’+ or Zn2+) and its concentration (Fig. 3). To define a 
possible localization of activating and inhibitory sites on 
the internal or external leaflet of the membrane the cells 
were treated by hypertonic sucrose solutions in the pres- 
ence of divalent cations and ionophore A23187 which is 
known to facilitate the transport of cations inside the cells 
[2]. The data in Table 3 show that various treatments 
including treatment with A23187 and EDTA, 0.1 mM 
Zn2+, and 1 mM Ca2+ in the presence and absence of 
A23187 do not change the extent of posthypertonic hemol- 
ysis. Treatment by 0.1 mM Cazf and 1 mM Zn2+ en- 
hanced hemolysis which was further stimulated by A23187. 
Additional experiments have shown that Znzf-induced 
stimulation was due to Zn2+ action at the rehydration step 
of the procedure (see Materials and methods) where the 
residual concentration of Znzf (0.01 mM) became activat- 
ing. EDTA (0.01 mM) fully prevented this stimulation, so 
Zn2+ by itself also does not cause changes in PH. Hence, 
PH is affected only in the case of hypertonic treatment of 
the cells in the presence of 0.1 mM Cazf and 0.1 mM 
Cazf plus A23187. The same results were obtained after 
rehydration of the cells in an isoosmotic sucrose solution 
(not shown). 

3.4. Effect of divalent cations on volume distribution of 
cells and ghosts afrer rehydration 

Fig. 4 shows that rehydration in isotonic NaCl solution 
significantly affected the volume distribution of erythro- 
cytes generating ghosts which become visible in the right 
shoulder of the distribution or in the additional peak with a 
larger volume relative to the initial volume of the cells. 
The presence of a blocking concentration of Zn2+ (1 mM) 
in rehydrative media reduced the number of cells in the 
swollen subpopulation (curve 4). Subsequent addition of 
EDTA additionally reduced the volume of this subpopula- 
tion (curve 51, whereas rehydration in the media with both 
Zn2+ and EDTA did not significantly change a distribution 
relative to control (curve 6). Despite the large differences 
in the extent of control and Ca’+-activated PH the cells 
had a similar volume distributions (curves 2,7). There is, 
therefore, an absence of correlation between ion-modulated 
posthypertonic hemolysis and cell swelling taking place 

Table 3 
Influence of Ca*+, Zn ‘+ EDTA and ionophore A23187 on hemolysis (%) after cells rehydration , 
Media Control A23187 A23187 + 0.1 mM 0.1 mM 1mM 1mM 0.1 mM 0.1 mM 1mM 1mM 

EDTA Zn Zn Zn Zn Ca Ca Ca Ca 
+A23187 +A23187 + A23187 +A23187 

NaCl 51+2 49 k 4 56 +2 56 + 4 55.7 + 1.4 66 * 3 69.8 + 1.3 73 + 2 77 f 6 51-f 2 61+ 3 
Sucrose 5.5 + 1 53 + 4 57.3 f 1.6 53 * 3 53 +2 68 * 2 73 +3 69 + 5 85 f 5 51*2 59 + 2 

RBC were treated 15 min in hypertonic sucrose solution (1.2 M) at 37’ C in the presence or absence of divalent cations, 1 mM EDTA or 5 /.LM A23187 
and then transferred into isotonic NaCl or sucrose solutions. 
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Fig. 4. Volume distributions of mixed population of rehydrated cells and 
ghosts obtained after RBC rehydration in isoosmotic NaCl media in the 
presence of an activating or inhibitory concentration of cations and 
EDTA. Curve 1 represents control distribution of cells in isotonic saline. 
2, rehydrated erythrocytes. 3 and 4, RBC, rehydrated in the presence of 
Zn’+ at a concentration of 0.1 mM and 1 mM, respectively. 6, RBC 
rehydrated in the presence of 1 mM Zn*+ and 1 mM EDTA. 5, the same 
as 6 except that EDTA was added to the suspension of rehydrated cells 1 
min after the onset of rehydration. 7, RBC rehydrated in the presence of 
50 mM Ca2+. 

for example in hypotonic or lysolecithin-induced lysis 
[18,19]. This is apparent for ZnZf-activated and Zn’+-in- 
hibited PH (curves 3,4), where swollen subpopulation takes 
place at both high and low extent of hemolysis. The 
similarities in volume distributions in the absence as well 
as in the presence of both Zn2+ and EDTA (curves 2,6) 
and their significant differences in the media without 
EDTA provide additional support to the view that the 
affinity of Zn2+ ions in the Znzf-EDTA complex exceeds 
those of both activating and inhibitory sites. It is interest- 
ing to note that the addition of a small amount of EDTA (1 
mM) to the cells after interacting them with blocking 
concentrations of Zn2+ results in a decrease in the volume 
of ghosts, despite the increase of hemolysis (curve 5). A 
similar decrease in ghosts volume was also detected after 
applying an activating concentration of Zn2+ (not shown). 

3.5. Influence of divalent cations on inhibition of melittin- 
induced hemolysis. 

Fig. 5 shows the effect of divalent cations on time- 
courses of melittin-induced hemolysis in isotonic elec- 
trolyte and nonelectrolyte media. Melittin was 5-fold more 
effective in sucrose media. An additional difference was 
found in melittin-induced alteration of cell shape. In non- 
electrolyte saline melittin induces an abrupt increase in 
absorbance concomitantly with the disappearance of ab- 
sorbance noise, which corresponds to the rapid transforma- 
tion of cells into smooth spheres (for details, see Ref. [13]) 
followed by hemolysis. A similar but not identical effect 
was observed after the addition of EDTA into media which 
contained both melittin and divalent cations. Divalent 
cations added after completing a stage of melittin-induced 
shape transformation and at the onset of hemolysis inhib- 
ited this in both media. This inhibition was reversible 

I f-b rn EDTA I I \zn 

Fig. 5. Effects of divalent cations and EDTA on m>littin-induced hemolysis in 150 mM NaCl (a, b, c) or 270 mM sucrose (d, e, f) media. Open arrows 
indicate the addition of melittin in final concentration 0.5 pg/ml (a, b, c) or 0.1 Kg/ml (d, e, f). Close arrows show an addition of Mg2+ and Ca2+ at a 
final concentration of 25 mM or EDTA 50 mM for (a, b, d, e); and Zn 2+ 1 mM (c) or 0.2 mM (f) and EDTA 2 mM for (c,f). 
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inasmuch as subsequent addition of EDTA prevented inhi- 
bition in NaCl and even stimulated hemolysis in sucrose. 
However, the presence of divalent cations in the cell 
suspension prior to the addition of melittin completely 
prevented the melittin-induced shape transformation as 
well as hemolysis in both media except Mg2+ in sucrose 
saline where a slight cell crenation was observed. It seems 
that divalent cations occupy the same membrane sites, 
which normally interact with melittin permitting its inser- 
tion into membrane. This is supported by the fact that 
chelation of divalent cations by EDTA initiates the full 
sequence of events resulting in shape transformation fol- 
lowed by hemolysis similar to those induced by melittin in 
cation free media. These #data show that divalent cations 
are much more effective in prevention of melittin-induced 
pore formation than in inhibition of the preexisting pore. 
Although the rate 

+ 
d extent of shape transformation in- 

duced by melittin in nonelectrolyte media greatly exceeds 
those in electrolyte media the main features of the action 
of divalent cations are similar in both cases. 

4. Discussion 

Dehydration of erythrocytes in hypertonic media leads 
to changes in cell shape [20], decrease in cell volume [21], 
deformability [22] permeability for cations [23-261, stimu- 
lates endogenous transglutaminase [27], and others en- 
zymes [28]. Osmotically stressed cells in contrast to fresh 
cells become highly sensitive to chilling 1291, centrifuga- 
tion [30], hypertonic stress or freezing [31,32] and rehydra- 
tion [7-9,331. The fact that hypertonic treatment per se 
does not cause a significant damage of cells while leaving 
them sensitive to changes in temperature or ionic environ- 
ment implies that a variety of membrane defects arises 
mainly during changes in environment conditions. The 
present data support the view that posthypertonic injury is 
not due to solute ‘loading’ of cells in hypertonic conditions 
[9,33]. Moreover, dissociation between the extent of 
hemolysis and volume changes during Ca2+ and Zn*+ 
modulated PH and action of EDTA (Fig. 4) suggest that 
the overall mechanism of PH is not a colloidal-osmotic 
one in the sense that hemolysis is a result of cell swelling 
up to a maximal critical volume as in the case of hypotonic 
lysis [18] or lysis induced by toxins or other pore-forming 
substances [19,34]. PH, hence, may be attributed to the 
formation of pore permeable for hemoglobin while swelling 
and ghost formation occur secondary as a result of an 
increase in the membrane permeability. Besides, data show 
that Ca2+ and Zn2+ in contrast to Mg2+ possess the 
ability to stimulate PH when initially present in rehydra- 
tive media. On the other hand, all ions as well as EDTA 
and sucrose are able to inhibit it when introduced later 
(Fig. 2). The blocking effect of these substances was 
stronger in electrolyte compared to nonelectrolyte media, 
whereas the activating effect was dependent on the compo- 

sition of dehydrative media. These complex data, neverthe- 
less, permit to propose a simple and clear interpretation. 
We suggest that pore formation during reswelling may be 
regulated by at least two classes of cation binding sites on 
the erythrocyte membrane. 

One class of sites is activating, their specific binding to 
cations Ca2+ and Zn2+ but not to Mg2+ as well as Na+ 
and K+ (unpublished data) leads to the stimulation of 
hemolysis (Fig. 1). They possess a three order of magni- 
tude higher affinity for Zn2+ ions than for Ca2+ as judged 
from the concentration dependence of the effect. Failure to 
find activation by Zn2’ and Ca2+ in the presence of 
equimolar EDTA, as well as the inability of EDTA to 
block Ca2+ and Zn2+-activated lysis, suggest that the 
affinity of activating sites to divalent cations is close to the 
affinity of these ions for EDTA. Results may be nicely 
explained in terms of competition for divalent cation be- 
tween activating sites and EDTA. The data that the activa- 
tion effect of divalent cations could not be restored by 
adding cations as quickly as possible after the onset of 
rehydration may be explained on the basis that activating 
sites live relatively short, comprising cell reswelling to- 
ward isotonic volume followed by inactivation or disap- 
pearing. The fact that the mode of activation and inhibition 
is the same during rehydration at both high and low ionic 
strength indicates that the regulatory binding sites do not 
contain charged groups with a high protonated ability. This 
is also confirmed by a weak pH dependence of PH (unpub- 
lished data) in contrast to the corresponding properties of 
hemolysis induced by some toxins known to be inhibited 
at low ionic strength and low pH [6,35,36]. 

The second class of sites is inhibitory. These sites are 
less specific to cations because hemolysis was inhibited in 
a similar manner by all divalent as well as monovalent 
cations, EDTA and sucrose, Zn2+ had the highest affinity 
among cations tested. Inhibition of PH by a variety of di- 
and monovalent cations, EDTA and sucrose was accompa- 
nied by an increase in either ionic strength or osmolarity of 
media suggesting a role of cell volume. Indeed, a decrease 
in volume of rehydrated cells facilitates blocking primarily 
at high ionic strength (Table 1). Several findings support 
the conclusion that blocking sites are located on the exter- 
nal leaflet of the rehydrated erythrocyte membrane: (i) 
blocking occurs virtually after addition of blocking agents, 
(ii) reversibility of blocking as judged by releasing action 
of EDTA or washing divalent cations (data not shown), 
(iii) blocking does not depend on the intracellular concen- 
tration of Zn2+ or Ca2+ after loading cells using A23187. 
This is in agreement with the mode of action of cations on 
membrane lesions produced by melittin, a-toxin or Triton 
X-100 [1,5] in RBC or lipid vesicles [4,37], it is a common 
feature among pores induced by exogenous and endoge- 
nous stimuli. Crespo et al. [23] found that RBC dehydra- 
tion produced a subpopulation of RBC with enhanced 
permeability for monovalent cations, which was not 
blocked by the known transport inhibitors and did not 
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depend on intracellular Ca2’ concentration and ATP con- 
tent. Up to now there is no additional information regard- 
ing the mechanism of this alteration in permeability. Our 
data confirm the existence of a subpopulation of prolytic 
susceptible cells (Fig. 4) which swell during rehydration 
suggesting the involvement of activating and inhibitory 
sites in these new transport pathways. Failure to find either 
a significant activation or inhibition of PH after cell expo- 
sure at hypertonic solutions in the presence of Ca2+ or 
Zn2+ (Table 3) indicates that neither activating nor in- 
hibitory sites are exposed to the external leaflet of the 
membrane in hypertonic media. The simplest assumption 
is that they appear on the cell surface during the rehydra- 
tion process itself. Indeed, the fact that an elevated intra- 
cellular Ca2+ concentration increases posthypertonic 
hemolysis supports the view that activating sites are ini- 
tially located inside the cells. The mechanisms causing 
their exposure and the molecular nature of the ligands to 
which divalent cations bind are unclear. The questions 
must await elucidation of the molecular structure of pores. 
Nevertheless, it is obvious that triggering of both classes of 
sites correlate with a volume expansion of the shrunken 
cell as a result of inflicted osmotic gradient and water flow 
toward the cell interior. A causal role of each of these 
variables remains to be identified. Despite the clear differ- 
ences between the mechanisms of posthypertonic hemoly- 
sis and hemolysis induced by melittin they reveal surpris- 
ing similarities in many respects. Both have the same 
dependence on ionic strength of media showing larger 
extent of hemolysis at low ionic strength [4], and both are 
inhibited when the ionic strength is increased [4]. Both 
types of lysis may be reversibly blocked by divalent 
cations such as Ca2+ and Zn2+ which protect cells by an 
action at the extracellular side of the plasma membrane 
[l-5]. EDTA stimulates both cation-inhibited PH and 
cation-inhibited melittin-induced hemolysis in nonelec- 
trolyte media (Figs. 3 and 5). There are also some impor- 
tant differences: (i) divalent cations when initially pre- 
sented into rehydrative media stimulate PH, but signifi- 
cantly inhibit melittin-induced hemolysis, (ii) EDTA and 
sucrose are able to inhibit PH in electrolyte media (Table 
l), but stimulate melittin-induced hemolysis (Fig. 5). The 
fact that PH may be inhibited by both cationic (divalent 
cations), anionic (EDTA) and nonelectrolyte (sucrose) 
compounds and stimulated by Ca2+ and Zn2+ at an early 
stage of damage strongly suggests that the structure of the 
posthypertonic pore is much more complex and different 
from that of the pore induced in the RBC membrane by 
melittin. In the present experiments we have not detected 
even a weak stimulation of melittin-induced hemolysis by 
Ca2+ and Zn2’ in nonelectrolyte media as reported by 
Portlock et al. [4]. In both media these ions exhibited 
inhibitory action in the whole range of concentrations used 
(l-200 PM) for Zn2+ and (l-50 mM) for Ca2+. More- 
over, it appears that inhibition was even more severe in 
sucrose media. The reason for these discrepancies is not 

clear, though it may be due to the differences in procedure 
of preparation of the cells and the concentration. To ex- 
plain the activation ability of divalent cations Portlock et 
al. [4] proposed that the lytic activity of melittin is associ- 
ated with its binding to at least two types of anionic sites 
at the RBC membrane, only one of which is involved in 
the hemolytic mechanism. Our results regarding the ac- 
tions of divalent cations on melittin-induced hemolysis 
may be interpreted assuming the existence of only one 
lytic site. Divalent cations, when initially present in media 
occupy lytic membrane sites thus preventing the mecha- 
nism of pore formation, though, possibly, do not prohibit 
melittin insertion into the membrane. Pasternak et al. [38] 
and Alder et al. [3] have shown that the presence of 
divalent cations does not affect melittin binding to Lettre 
cells. EDTA deleting divalent cations from lytic sites 
permits melittin to create a pore, which is accompanied by 
a redistribution of membrane components [39] resulting in 
cell crenation. As shown in Fig. 5 crenation is a pre- 
requisite of melittin-induced hemolysis especially at low 
ionic strength and may reflect the initial stage of pore 
formation. This is in contrast with observation of Katsu et 
al. who has reported onset of hemolysis from discocytes 
[40]. Thus, divalent cations will interfere with pore forma- 
tion when initially present in media as well as block 
preexisting pore. All this supports the view that membrane 
damage caused by endogenous (posthypertonic hemolysis) 
and exogenous (melittin-induced hemolysis) factors affects 
some common intrinsic components of the membrane re- 
sponsible for common properties of two types of pores. 
Since membrane proteins (band 3-glycophorin complex) 
are probably involved in pore formation induced by melit- 
tin [39,41] one may expect that they are also implicated in 
the regulation of pore formation during posthypertonic 
hemolysis. 

Acknowledgements 

We thank Dr. C. Dempsey for providing melittin. 

References 

111 

121 

[31 

[41 

El 

161 

[71 

Bashford, C.L., Alder, G.V., Graham, J.M., Menestrina, G. and 
Pasternak, C.A. (1988) J. Memhr. Biol. 103, 79-84. 
Bashford, C.L., Rodriguez, L. and Pasternak, CA. (1989) Biochim. 
Biophys. Acta 983, 56-64. 
Alder, G.M., Arnold, W.M., Bashford, C.L., Drake, A.F., Pasternak, 
C.A. and Zimmerman, U. (1991) Biochim. Biophys. Acta 1061, 
111-120. 
Portlock, S.H., Clague, M.J. and Cherry, R.J. (1990) Biochim. 
Biophys. Acta 1030, l-10. 
Tomita, T., Watanabe, M. and Yarita, Y. (1993) Biochim. Biophys. 
Acta 1145, 51-57. 
Bashford, C.L., Alder, G.M., Menestrina, G., Micklem, K.J., Mur- 
phy, J.J. and Pastemak, C.A. (1986) J. Biol. Chem. 261, 9300-9308. 
Zade-Oppen, A.M.M. (1968) Acta Physiol. &and. 73, 341-364. 



S. V. Rudenko, S. V. Patelaros / Biochimica et Biophysics Acta 1235 (1995) I-9 9 

[8] Zade-Oppen, A.M.M. (19681 Acta Physiol. Stand. 74, 195-206. 
[9] Woolgar, A.E. (1974) Cryobiology 11, 44-51. 

[lo] Engel, J., Donath, E., Ermakov, Y.A., Meyer, H.W. and Richter, W. 
(1989) B&him. Biophys. Acta 895, 111-119. 

[ll] Degtyarov, A.V., Rudenko, S.V. and Bondarenko, T.P. (1990) Au- 
thor’s Certificate No. 15733,429, USSR. 

[12] Ilani, A. and Granoth, R. (1990) Biochim. Biophys. Acta 1027, 
199-204. 

[13] Hoffman, J.E. (1987) Blood Cells 12, 565-586. 
[14] Richiery, C.V. and Mel, H.C. (1986) Cell Biophys. 8, 243-259. 
[15] Akeson, S.P. and Mel, H.C. (1986) Biorheology 23, 1-15. 
[16] Richiery, C.V., Akeson, S.P. and Mel, H.C. (1985) J. Biochem. 

Biophys. Methods 11, 117-131. 
[17] Rudenko, S.V. (1994) Cryoletters 15, 33-40. 
[18] Jay, A.W. and Rowlands, S. (1975) J. Physiol. 252, 817-832. 
[19] Tanaka, Y., Mashino, K., Inoue, K. and Nojima, S. (1983) J. 

Biochem. 94, 833-840. 
[20] Ponder, E. (1948) Hemolysis and Related Phenomena, Grune and 

Stratton, New York. 
[21] Heubush, P., Jung, C.Y. and Green, F.A. (1985) J. Cell Physiol. 122, 

266-272. 
[22] Heath, B.P., Mohandas, N., Wyatt, J.L. and Shohet, S.B. (1982) 

Biochim. Biophys. Acta 691, 211-219. 
[23] Crespo, L.M., Novak, T.S. and Freedman, J.C. (1987) Am. J. 

Physiol. 252, C138-C152. 
[24] Meryman, H.T. (1971) Cryobiology 8, 489-500. 
[25] Plishker, G.A. and Gitelm.m, H.J. (1979) Am. J. Physiol. 237, 

C96-ClOl. 
[26] Nunes, M. (1981) J. Membr. Biol. 60, 155-162. 

[27] Lorand, L., Bjerrum, O.J., Hawkins, M., Lowe-Krentz, L. and 
Sierfing, G.E. (1983) J. Biol. Chem. 258, 5300-5305. 

[28] Dise, C.A., Goodman, B.P. and Rasmussen, H. (1980) J. Biol. 
Chem. 255, 5201-5207. 

[29] Takahashi, T., Noji, S., Erbe, E.P., Steere, R.L. and Kon, H (1986) 
Biophys. J. 49, 403-410. 

[30] Pegg, D.E. and Diaper, M.P. (1988) Biophys. J. 54, 471-488. 
[31] Pegg, D.E. and Diaper, M.P. (1991) Cryobiology 28, 18-35. 
[32] Pozdniakov, V.V. and Bondarenko, V.A. (1989) Kriobiologia 1, 

47-48. 
[33] Woolgar, A.E. and Morris, G.J. (1973) Cryobiology 10, 82-86. 
[34] Chi, L.-M., Wu, W.-G., Sung, K.-L.P. and Chien, S. (1990) Biochim. 

Biophys. Acta 1027, 163-171. 
[35] Pasternak, CA. and Bashford, CL. (1985) Studia Biophys. 110, 

113-122. 
[36] Pastemak, C.A. Alder, G.M., Bashford, CL., Buckley, C.D., Mick- 

lem, K.J. and Patel, K. (1985) Biochem. Sot. Symp. 50, 247-264. 
[37] Kaszuba, M. and Hunt, G.R.A. (1990) J. Inorg. Biochem. 40, 

217-225. 
[38] Pastemak, C.A., Bashford, C.L. and Micklem, K.J. (1985) Proc. Int. 

Symp. Biomol. Struct. Int. Suppl 1. J. Biosci. 8, 273-291. 
[39] Hui, S.W., Stewart, C.M. and Cherry, R.J. (1990) Biochim. Biophys. 

Acta 1023, 335-340. 
[40] Katsu, T., Kuroke, M., Morikawa, T., Sanchika, K., Fujita, Y., 

Yamamura, H. and Uda, M. (1989) Biochim. Biophys. Acta 983, 
135-141. 

[41] Clague, M.J. and Cherry, R.J. (1989) Biochim. Biophys. Acta 980, 
93-99. 


