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Summary. Leakage of ions (Na ~, K ~) and phosphorylated 
metabolites (phosphorylcholine, 2-deoxyglucose 6-phosphate) 
through membrane lesions in intact cells or in cells modified by 
'pore-forming' agent has been studied. Leakage from intact cells 
is induced by protons and by divalent cations such as Ca 2§ Cd 2+ 
or Zn 2+. Leakage from agent-modified cells--or across phospho- 
lipid bilayers modified by agent--is prevented by low concentra- 
tions of the same cations and by higher concentrations of Ca >,  
Mn z+ or Ba2"; Mg 2+, dimethonium, spermine, or spermidine are 
virtually ineffective. The relative efficacy of a particular cation 
(e.g. Ca 2+) depends more on cell type than on the nature of the 
pore-forming agent. The predominant effect is on binding of cat- 
ion to specific sites, not on surface charge. Surface charge, on 
the other hand, does affect leakage from agent-modified cells in 
that suspension in nonionic media reduces leakage, which can be 
restored by increasing the ionic strength: univalent (Na +, K +, 
Rb + , NH2) and divalent (Mg 2+, dimethonium) cations are equally 
effective; addition of protons or divalent cations such as Zn 2- to 
this system inhibits leakage. From this and other evidence here 
presented it is concluded that leakage across membranes is mod- 
ulated by the presence of endogenous anionic components: when 
these are in the ionized state, leakage is favored; when unionized 
(as a result of protonation) or chelated (by binding to divalent 
cation), leakage is prevented. It is suggested that such groups are 
exposed at the extracellular face of the plasma membrane. 

Key words divalent cations �9 membrane permeability �9 planar 
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Introduction 

The actions on cells of agents as diverse as Sendai 
virus, Staphylococcus aureus s-toxin, melittin and 
other cationic proteins, activated complement, or 
detergents below their critical micellar concentra- 
tion, have certain features in common (Esser et al., 
1979; Bashford et al., 1984; Pasternak et al., 
1985a,b; Esser, 1986). Pores with an average func- 

tional diameter of approximately 1 to 2 nm (Sims & 
Lauf, 1980; Wyke et al., 1980; Ramm, Whitlow & 
Mayer, 1985) are induced at low concentrations of 
agent, as a result of which intracellular ions and low 
molecular weight metabolic intermediates leak out 
(Pasternak & Micklem, 1973; 1974a), and extracel- 
lular ions like Na + (Poste & Pasternak, 1978) and 
Ca 2+ (Volsky & Loyter, 1978; Impraim, Micklem & 
Pasternak, 1979; Campbell et al., 1981; Suttorp et 
al., 1985), or compounds such as ~-methylglucoside 
(Pasternak & Micklem, 1974b; Impraim et al., 1980) 
and sucrose (Sims & Lauf, 1978; Ramm, Whitlow & 
Mayer, 1982) leak in (the word "pore" is used in a 
purely operational sense to imply some kind of 
membrane deformity that allows leakage of water- 
soluble compounds across the plasma membrane). 
Proteins do not leak in or out, except at high agent: 
cell ratio (Yamaizumi, Uchida & Okada, 1979; 
Basbford, Micklem & Pasternak, 1985): the agents 
are h6molytic because erythrocytes are less able to 
withstand the osmotic pressure induced by Na + and 
C1- entry than are nonerythroid cells (Knutton et 
al., 1976), and because erythrocytes do not possess 
mechanisms for recovery (Campbell et al., 1981; 
Ramm et al., 1983; Bashford et al., 1985) and mem- 
brane repair (Campbell & Morgan, 1985; Carney, 
Koski & Shin, 1985). Induction of leakage by each 
agent shows apparent positive cooperativity, and 
when added in pairs, agents act synergistically 
(Bashford et al., 1986). Leakage is inhibited by Ca 2+ 
(Pasternak & Micklem, 1974a; Masuda & Goshima, 
1980; Harshman & Sugg, 1985) and by other diva- 
lent cations (Impraim et al., 1979) such as Zn > 
(Gotze, Haupt & Fischer, 1968; Yamamoto & Taka- 
hashi, 1975; Avigad & Bernheimer, 1976; Boyle, 
Largone & Borsos, 1979; Pasternak et al., 1985a,b); 
suspending cells in media of low ionic strength also 
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reduces leakage, which can be restored by the ad- 
dition of NaCI in a Ca 2+- or Zne+-sensitive man- 
ner (Pasternak et al., 1985a,b; Bashford et al., 
1986). 

Lesions created by detergents have been used 
to introduce 'nonpermeant' compounds into cells 
(e.g. Miller, Castellot & Pardee, 1978, 1979; Dunn 
& Holz, 1983; Wilson & Kirshner, 1983), and more 
recently Sendai virus and S. aureus  s-toxin have 
been employed to bring Ca 2+ chelates (Gomperts, 
Baldwin & Micklem, 1983; Ahnert-Hillger, Bhakdi 
& Gratzl, 1985), GTP analogues (Gray et al., 1983; 
Barrowman, Cockroft & Gomperts, 1986) or antibi- 
otics (Cameron et al., 1986) into metabolically com- 
petent cells to study processes such as exocytosis. 
Pore-forming agents therefore have a role as biolog- 
ical tools, in addition to their relevance to diseases 
of viral (Pasternak, 1987a), microbial (McCartney 
& Arbuthnott, 1978; Arbuthnott, 1983), animal (e.g. 
Prince, Gunson & Scarpa, 1985) or immune 
(Schreiber, 1983; Morgan et al., 1984) origin. 

The fact that cations modulate the extent of 
membrane damage induced by pore-forming agents, 
makes it desirable to understand the mechanism of 
their action. Because it is unlikely that cations inter- 
act with negatively charged (e.g. Sendai virus), pos- 
itively charged (e.g. melittin) or neutral (e.g. Triton 
X-100) agents in a similar manner, at least part of 
their action is probably on the cell membrane itself. 
We have therefore compared the effects of cations 
on two types of cell that differ in the composition of 
their plasma membrane, namely erythrocytes and 
Lettre cells (an established line of malignant murine 
cells grown intraperitoneally), as well as on isolated 
phospholipid bilayers. At the same time we have 
examined the role of protons, since one explanation 
of the inhibitory action of low ionic strength could 
be in termff of a localized increase in H + concentra- 
tion at the cell surface. In addition, we tried to an- 
swer two questions: do divalent cations affect leak- 
age by binding to specific membrane components or 
by exerting a nonspecific screening effect on sur- 
face charge? Is the site inside or outside the cell? 
During this investigation we found that protons and 
certain divalent cations themselves induce leakage 
at sufficiently high concentration, and we have 
therefore examined the nature of this effect. Taken 
together, the results support a model to account for 
the various effects of different cations on the per- 
meability characteristics of agent-modified cells. 
Our findings are compatible with the views that ex- 
tracellular Ca z+ (Frankenhauser & Hodgkin, 1957; 
Wyn Jones & Lunt, 1967) and Zn 2+ (Chvapil, 1976) 
play an important protective role on the integrity of 
cells in vivo. 

Materials and Methods 

CATION AND METABOLITE LEAKAGE 

Cells were washed in 150 mM NaCI, 5 mM KCI, 5 mM HEPES, 1 
mM MgSO4, pH adjusted to 7.4 at 22~ with NaOH (HEPES- 
buffered saline, HBS). 20% Vol/vol cell suspensions in HBS 
were incubated at 37~ for 30 to 45 min in the presence of 
[3H]choline or [3H]2-deoxyglucose to label the intracellular phos- 
phorylcholine or 2-deoxyglucose 6-phosphate pools (Impraim et 
al., 1980). Washed cells were then incubated at approximately 
5 x 106/ml with or without pore-forming agents with or without 
divalent cations in HEPES-buffered saline at 37~ Cation leak- 
age and leakage of phosphorylated metabolites was assessed af- 
ter pelleting cells through oil as previously described (Impraim et 
al., 1980; Bashford et al., 1985). Hemolysis was measured by 
conventional means. 

ELECTROPHORETIC MOBILITY OF CELLS 

Free-flow electrophoresis was carried out using Bender and Ho- 
bein (Munich, W. Germany) Elphor vap 5 apparatus. The separa- 
tion buffers contained 0.3 M mannitol, 1 mM MgSO4, 5 mM 
HEPES, pH adjusted to 7.4 at 22~ with NaOH and additional 
salts as described below. The electrode medium contained 50 
mM HEPES, pH adjusted to 7.4 at 22~ with NaOH. Cells were 
washed twice and finally resuspended at approx. 5% vol/vol in 2 
ml of the separation buffer. The cells were applied to the electro- 
phoresis apparatus at about 6 ml �9 hr-1; the buffer flow rate was 
600 ml .  hr I and the temperature was 6.5~ The distribution of 
cells in the effluent was assessed turbidometrically by monitoring 
absorbance at 500 nm. 

Electrophoresis of single cells (microelectrophoresis, cy- 
topherometry) was measured at 25~ using the apparatus de- 
scribed by Bangham et al. (1958) which was loaned to us by Dr. 
D. Gingell. Cells were washed twice in the appropriate medium 
and finally suspended at approximately 0.1% vol/vol prior to 
electrophoresis at an applied voltage of 50 V. The 'stationary 
level' of the cylindrical electrophoretic chamber was determined 
as described by Bangham et al. (1958). For 0.02 < I < 0.16 the 
stationary level did not differ significantly from the theoretically 
expected location of 0.293r from the wall of the tube of radius r 
and in every case the mobility/level profile had the expected 
parabolic shape. In all experiments a minimum of five measure- 
ments were made of cells in the stationary level before and after 
reversal of the current flow on duplicate samples (Graham et al., 
1986). 

CONDUCTIVITY CHANGES OF LIPID BILAYER 

Planar bilayer membranes were prepared by the apposition of 
two monolayers of egg phosphatidylchofine (Montal & Mueller, 
1972; Menestrina, 1986). Bathing solutions (4 ml on each side of 
the membrane) contained salt solutions as indicated; Ca z*, when 
present, was added to both sides. S. aureus a-toxin was added to 
one side (cis side) to give a final concentration in the range 5 to 30 
/-~g/ml. The cis compartment was connected to the virtual ground 
and voltage signs are referred to it. Currents were recorded with 
Ag-AgCI electrodes monitored with a virtual grounded opera- 
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Table 1. Effect of cations on membrane permeability a 
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Cell type Cation Protection against 
leakage induced by 
pore-forming agent 

Induction of leakage 
in absence of pore- 
forming agent 

Stimulation of leakage 
induced by pore-forming 
agent at low ionic strength 

Lettre cell; other 
nonerythroid cells 

Erythrocytes 

H + + + + + + +  + + + + +  
Zn  2+, Cd 2+, Cu 2+ + q-if- + + +q~q- 

Ca 2+, Sr z+, Mn 2+ + + +  
Ba 2+, Mg > + - 
Dimethonium, NH2, 
K +, Na +, Rb + - _ 
H + + + + + + +  + + + + +  
Zn 2+, Cd 2., Cu  2+ +q -q -+  + +q-q- 

Ca 2+, Sr 2+, Mn 2+ + 
Ba 2+, Mg > + - 
Dimethonium, NH2, 
K +, Na +, Rb + _ _ 

+ + + + + + :  active below 10 ~ M (in HBS) 
+ + + + + :  active below 10 4 M 
+ + + :  active at 10 -3 M 
+: active above 10 .2 M 
--: no activity below 5 • 10 2 M 

Membrane permeability measured by leakage of phosphoryl[3H]choline (Lettre cells; other nonerythroid cells) or by hemolysis 
(erythrocytes). Data based on results presented in the Appendix and elsewhere in this paper, as well as on previously published 
(Impraim et al., 1979; Pasternak et al., 1985a,b; Bashford et al., 1986) and unpublished results. 
b, Difficult to assess, as cation strongly inhibits leakage (see column 1). 

tional amplifier with feed-back resistors in the range 107 to 109 
ohms. 

PORE-FORMING AGENTS AND OTHER CHEMICALS 

Sendal virus was grown in embryonated eggs for three days (Im- 
praim et al., 1980). S. aureus c~-toxin was isolated (McNiven, 
Owen & Arbuthnott, 1972) from strain Wood 46 (NCTC 7121) 
and kindly donated by Dr. Joyce de Azavedo, Moyne Institute, 
Trinity College, Dublin; the S. aureus c~-toxin used for lipid 
bilayer experiments was donated by Dr. K.D. Hungerer, 
Behringwerke, Marburg, W. Germany. Purified melittin (Dufton 
et al., 1984) was donated by Dr. R.C. Hider, University of Es- 
sex. Polylysine (Sigma Type IV, Mr 4000 to 1500), Triton X-100 
(BDH) and divalent cations were commercial samples. Dimetho- 
nium (dibromide salt) was synthesized (McLaughlin et al., 1983) 
and donated by Dr. S.G. McLaughlin. 

CELLS 

Lettre cells were grown intraperitoneally as an ascitic suspen- 
sion in Swiss white mice, strain TO and harvested into heparin- 
ized HEPES-buffered saline. Blood from humans, dogs and rab- 
bits was obtained by venepuncture and collected in heparinized 
tubes. Lettre cells and erythrocytes were washed in HEPES- 
buffered saline and stored as 20% vol/vol suspensions at room 
temperature for up to six hours prior to use. 

ABBREVIATIONS 

HAU: hemagglutination unit; HEPES: N-2-Hydroxyethylpipera- 
zine-N'-2-ethanesulfonic acid; MES: 2-[N-Morpholino]ethane- 
sulfonic acid; TEA: Tetraethylammonium; PIPES: Piperazine- 
N,N'-bis-2-ethanesulfonic acid; MOPS: 3-[N-Morpholino]pro- 
panesulfonic acid; EPPS: N-[2-Hydroxyethyl]-piperazine-N'-3- 
propane sulfonic acid. 

Results 

DIVALENT CATIONS AND PROTONS PREVENT 

AGENT-INDUCED LEAKAGE 

It has previously been shown that > 10 mM Ca 2+ is 
required to inhibit leakage from erythrocytes af- 
fected by hemolytic viruses (Burnet, 1949), by acti- 
vated complement (Kabat & Mayer, 1961), or by S. 
a u r e u s  o~-toxin (Harshman & Sugg, 1985) whereas 
approx. 1 m M  C a  2+ inhibits a similar amount of leak- 
age from Lettre or Daudi cells (Bashford et al., 
1984; Micklem et al., 1984). In contrast, Zn 2+ is 
equally effective at inhibiting leakage from human 
erythrocytes or Lettre cells (Table 1). Rabbit, dog 
and sheep erythrocytes are as sensitive to Z n  2+, and 
as insensitive to Ca 2+, as are human erythrocytes. 
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Fig. 1. Effects of Ca z+, ionic strength and H + on S. aureus e~- 
toxin-induced conductance in planar lipid bilayers. Panels a-d 
show the effect of applying a +60-mV voltage step from a 0-mV 
holding potential to membranes containing many channels. (a) 
0.1 M KC1, pH 7.0; (b) 0.1 M KC1, 0.025 M CaClz, pH 7.0; inset 
shows a single-channel recording obtained under similar condi- 
tions; (c) 0.02 M KC1, pH 7.0, and (d) 0.1 M KC1, pH 5.0 (e, f )  
Voltage-dependence of the steady-state current (lss) to instanta- 
neous current (I0; see panel b) ratio at different KC1 concentra- 
tions in the absence (e) or presence ( f )  of 25 mM Ca z+. (g) K + 
dependence oflss/Io to a step change of 100 mV from zero in the 
absence (�9 or presence (e )  of 25 m g  Ca ~+. (h) Voltage depen- 
dence of Iss/lo ratio in 0.1 M KC1 at pH 7 (c7) or pH 5 ( i )  

This suggests that inhibition of leakage by Zn 2+ is 
due to interaction with a different component(s) of 
the plasma membrane than is inhibition by Ca 2+. 
The interaction with Zn z+, or with Ca 2+ at physio- 
logical concentration, is likely to reflect specific 
binding rather than nonspecific screening of surface 
charge because dimethonium (+NH3-CH2-NH~), a 
compound that is as effective as Ca 2+ or Mg 2+ at 
screening surface charge (as judged by its ability to 
reduce electrophoretic mobility; see Fig. 6 below), 
but that does not bind to anionic sites (McLaughlin 
et al., 1983), has no effect on agent-induced leakage 
from Lettre cells or erythrocytes (Table 1). 

Mn 2+ and Sr 2+ have an effect similar to that of 

Ca 2+ on Sendai virus-induced leakage (Impraim et 
al., 1979). Of other divalent cations now tested, 
Cd 2+ and Cu 2+ resemble Zn 2+ (Yamamoto & Taka- 
hashi, 1975; Boyle et al., 1979), whereas Ba 2+ re- 
sembles Mg 2+ (Table 1). It has to be stressed that 
although the relative potency of different cations for 
inhibiting leakage induced by every pore-forming 
agent tested is the same, namely Zn 2+ > Ca 2+ > 
Mg 2+, the actual potency varies from agent to 
agent: leakage induced by Sendai virus, for exam- 
ple, is more sensitive to inhibition by Zn 2+ than is 
leakage induced by other agents, whereas leakage 
induced by S. aureus a-toxin is less sensitive to 
inhibition by Ca z+ than is leakage induced by other 
agents (see Appendix). The order of efficacy Zn 2+ > 
Ca z+ > Mg 2+ also applies to c~-toxin-induced leak- 
age across phospholipid bilayers (Menestrina, 1986 
and unpublished observations) and to the immobili- 
zation of eosin-labeled band 3 in erythrocyte ghosts 
(Clague & Cherry, 1986). It may be concluded that 
the predominant effect of ions like Mg 2+, dimetho- 
nium, spermine, spermidine or Co (NH3) 3+ on Let- 
tre cells, or the same ions plus Ca 2+ on erythro- 
cytes, is to screen surface charge, whereas the 
effect of divalent cations like Ca 2+ (on Lettre cells) 
or Zn 2+ (on Lettre cells or erythrocytes) is to bind to 
specific components. 

H + also protects against leakage from Lettre 
cells and erythrocytes (Table 1). For experiments 
with Sendai virus the lesion was introduced at pH 7 
at low ionic strength (where little leakage occurs), 
and its characteristics were subsequently assessed 
by transferring the cells to physiological saline in 
the absence of pore-former. For other agents, either 
this procedure or incubation directly with agent at 
different pH values was performed. Sendai virus- 
induced leakage was found to be the least sensitive, 
and Triton X-100 the most sensitive, to decreased 
pH (see Appendix); the residual leakage at low pH 
from Lettre cells induced by Sendai virus at ionic 
strength 0.15 is compatible with the previous obser- 
vations of Patel and Pasternak (1985). 

Conductivity across phosphatidylcholine bilay- 
ers is likewise reduced by H +. Figure 1 shows this 
for o~-toxin-induced channels: channels remain open 
indefinitely (> 1 min) (panel a), unless the bathing 
solutions contain Ca 2+ (b and f), low ionic strength 
(c and e) or H + (pH 5; d and h). Note that Ca 2+ 
closes channels better at low ionic strength (f and 
g). It is interesting to compare these effects with 
those of H + on the movement of toxins such as ricin 
and abrin across membranes: increasing H + pro- 
tects cells against these toxins (Sandvig & Olsnes, 
1982), an effect that has been suggested to be due to 
a change in local H + concentration at the surface of 
the membrane (Sandvig & Olsnes, 1985). 



C.L. Bashford et al.: Ion Modulation of Membrane Permeability 83 

Lettr~ Cells 

o 801 /~' CuZ"~ ~ ' "  n 

- -  , , / ,  . "  

Erythrocytes 

80 o 
R 

z§ ,'~ n 40 m 

/J .  % 
- 0 

80 D 400 

n2+ 8 -~ 
4o zoo = 

. 

i0 "7 i0 -4 i0 q 
= = - -  "T" 

H" 40 

g 

I0 -7 10-4 i0 q 

Cation Concentration M 

Fig. 2. Induction of permeability changes by cations. Lettre cells preincubated with [3H]choline, or human erythrocytes, were 
incubated either in low pH buffers (O) or in HBS without or with CuCI2 (41), ZnSO4 (40, CdSO4 (V), CaCI2 (IlL BaCI2 ( O ), MgCI, (�9 
dimethonium Br2 ([~), spermine (A), spermidine (V) or Co(NH3) 6 CI 3 (~ )  at the concentrations indicated. (A) Leakage of Na + and K + 
from Lettre cells. Cation ratio expressed as intracellular (NaVNa + + K +) • 100 and scaled such that the cation ratio of Lettre ceils in 
HBS alone (approximately 30) is 0, and the cation ratio of the medium (97) is 100. (B) Leakage of phosphoryl[3H]choline from Lettre 
cells, scaled such that 'background' leakage from cells not exposed to agent in the presence of the various cations (generally 10 to 30%) 
is 0. (C) Leakage of Na + and K + from erythrocytes expressed as in (A) (cation ratio of erythrocytes in HBS alone, approximately 20). 
(D) Uptake of 45Ca by erythrocytes exposed to 0.1 mM 45CAC12 (10 mCi/mmol; 1.25 x 106 cpm/ml); intracellular 45Ca was measured after 
spinning cells through oil (as for 3H leakage). (E) Hemolysis measured by conventional means. Atomic symbols have been added to the 
panels to show which cations cause leakage 

C d  2+, C u  2+, Z n  2+ AND PROTONS INDUCE 

LEAKAGE IN THE ABSENCE 

OF PORE-FORMING AGENTS 

Incubation of Lettre cells with Cd 2+, Cu 2+ or Zn 2+ 
at concentrations higher than those necessary to in- 
hibit leakage, i.e. approx. 0.1 to 1 mN, induces leak- 
age of Na + and K + in the absence of pore-forming 
agent (Fig. 2A). Some of the data in Fig. 2 refer to 
cells incubated in the presence of 0.1% serum al- 
bumin; in the absence of albumin, lower concentra- 
tions of Cd 2+, Cu 2+ or Zn 2+ cause leakage. Protons 
likewise induce leakage in the absence of pore- 
forming agent (Fig. 2A); in other words the protec- 
tive effect of Cd 2+, Cu 2+, Zn 2+ or H + falls off as 
their concentration is increased, giving a biphasic 
response similar to that displayed by local anesthet- 
ics and other membrane-active compounds 
(Seeman, 1972). 

In contrast to the effect of pore-forming agents, 
Cd 2+ and Zn 2+ do not induce leakage of o~ methyl 

glucoside (results not shown) or phosphorylated 
metabolic intermediates, whereas Cu 2+ and H + do 
(Fig. 2B). It is to be noted that Zn 2+ and Cd 2+ also 
induce leakage of ions from erythrocytes (Fig. 2C), 
though not to the extent that they cause hemolysis 
(Fig. 2E). This observation of a decreased effect on 
erythrocytes compared with Lettre cells is compati- 
ble with the conclusion reached above, that Zn 2+ 
binds to component(s) of the plasma membrane that 
are different in Lettre cells and erythrocytes. 

Do Cd 2+, Cu 2+, Zn 2+ and H + act not by induc- 
ing leakage but by inhibiting the Na + pump? The 
fact that the Na +,K+-ATPase of Lettre cell extracts 
is inhibited by Zn 2+ suggests that they do (Table 2). 
However, three types of experimental observation 
make this possibility unlikely. First, an inhibitor of 
the Na + pump like ouabain does not cause a net 
change in intracellular K + of Lettre cells under con- 
ditions in which it clearly affects the Na + pump, as 
evidenced by an inhibition of the uptake of trace 
amounts of 86Rb+ (Fig. 3). Second, under similar 
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Table 2. Inhibition of Na+,K+-ATPase of cell extracts by Ca 2+ 
and Zn z+a 

Concentration of Enzyme activity 
divalent cation in presence of 

Ca2+ Zn2+ 
(percent of control) 

10 -6 104 75 
10 -5 104 52 
10 -4 27 5 
10 -3 25 < 1 
10 -z 13 <1 

Na+,K+-ATPase of sonicated Lettre cells was determined by 
assay of the ouabain-sensitive component according to the 
method of Avruch and Wallach (1971). The control value of the 
unpurified cell extract was 0.22 (-+0.03, n = 5) p.moles ATP 
hydrolyzed per hour per mg protein. 

Table 3. Effect of Zn 2+ on K + and 86Rb+ transport in erythro- 
cytes a 

Cation content in cells after 20 min 

High K + medium Conventional medium 
(percent of control) 

K § 142 -+ 12 49 -+ 5 
86Rb+ ND 213 -+ 43 

Erythrocytes (hematocrit 0.008) were incubated in 5 mM 
HEPES pH 7.4 (NaOH) for 20 rain at 37~ in 155 mM KC1 (high 
K § medium) or 150 mg NaC1, 5 mN KC1, 1 mN MgCI2 (conven- 
tional medium) in the absence 0r presence of 10 mM Zn2+; 86Rb+ 
(13.1/xCi/ml) was present in some tubes. Cellular K + content and 
radioactivity were assayed after pelleting aliquots of the cell sus- 
pension through oil. The results are expressed as the percent of 
control values (absence of Zn 2+) -+ SEM, n = 4; control values 
were 120 -+ 3 mN K + in high K + medium or in conventional 
medium, and 18 + 3 cpm 86Rb+//zl cell water in conventional 
medium. 

cond i t i ons  in r e d  ce l ls ,  Zn 2+ s t imula tes  86Rb+ up- 
t ake  r a t h e r  than  inhib i t ing  it u n d e r  cond i t ions  w h e r e  
ne t  K + m o v e m e n t  is o u t w a r d  (Tab le  3). In  high K + 
m e d i u m ,  Zn  z+ s t imu la t e s  K + en t ry  (Table  3), a 
r e su l t  i n c o m p a t i b l e  wi th  inh ib i t ion  o f  t h e  N a  + 
p u m p .  Th i rd ,  Zn 2+ s t imu la t e s  the  u p t a k e  of  an  unre-  
l a t ed  ca t ion ,  n a m e l y  45CaZ+ (Fig.  2D).  

UNIVALENT AND DIVALENT CATIONS INDUCE 
LEAKAGE FROM AGENT-AFFECTED CELLS 
SUSPENDED IN LOW IONIC STRENGTH MEDIUM 

P o r e - f o r m i n g  agen t s  do  no t  c a u s e  l e akage  f rom cells  
tha t  a re  s u s p e n d e d  in m e d i a  o f  low ionic  s t rength ;  
l e akage  can  be  i n d u c e d  b y  add i t i on  o f  NaC1 af ter  
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Fig. 3. Effect of Zn 2+ on K + content and on 86Rb+ uptake in 
Lettre cells. Lettre cells (107/ml) in HBS with 0.1% albumin 
alone (�9 or with 2.5 mM ZnSO4 (A) or with 1.6 mM ouabain (@) 
were incubated at 37~ in the presence of 86RbC1 (82,000 cpm/ 
ml), spun through oil and intracellular K + (upper panel) and 86Rb 
(lower panel) measured 

r e m o v a l  o f  e x c e s s  agen t  (Bash fo rd  et al . ,  1986) This  
ind ica t e s  tha t  the  inh ib i to ry  ef fec t  o f  low ionic  
s t r eng th  is no t  due  to a l t e r ed  b ind ing  o f  agen t  to 
ce l ls .  In  o r d e r  to e x a m i n e  this  fu r ther ,  the  ef fec t  of  
d i v a l e n t  ca t ions  was  e x a m i n e d :  Fig .  4 i l lus t ra tes  an 
e x p e r i m e n t  wi th  S e n d a i  v i rus .  D i m e t h o n i u m ,  which  
as m e n t i o n e d  a b o v e  has  l i t t le  b ind ing  affini ty for  
m e m b r a n e s ,  is as  e f fec t ive  as  N a C I  or  o the r  sal t ,  
inc lud ing  MgCI2 or  MgSO4,  in s t imula t ing  l eakage  
f rom L e t t r e  ce l ls  (Fig.  4A). O t h e r  d iva l en t  ca t ions  
a re  diff icul t  to tes t ,  s ince  the i r  p r o t e c t i v e  abi l i ty  out-  
we ighs  the i r  p o s s i b l e  " s a l t - l i k e "  effect .  B e c a u s e  
C a  2+ p r o t e c t s  e r y t h r o c y t e s  p o o r l y ,  it can be  t e s t ed  
for  i ts " s a l t - l i k e "  ac t iv i ty :  as  seen  f rom Fig.  4B, 
Ca  2+ is e f fec t ive  at  induc ing  he mo lys i s .  N o t e  tha t  
at  high c o n c e n t r a t i o n s ,  Ca  2+ b e c o m e s  inh ib i to ry ,  
w h e r e a s  Mg 2+ does  not .  Zn 2+ does  not  i nduce  he- 
m o l y s i s  a t  any  c o n c e n t r a t i o n  (see also Fig.  2). A s  
the  absc i s  sae  o f  F ig .  4 show,  the  ex t en t  o f  l e a kage  is 
d e p e n d e n t  on ionic  s t reng th ,  r a t h e r  than  on concen -  
t ra t ion .  O t h e r  agen t s  (mel i t t in ,  c o m p l e m e n t ,  S. au- 
reus o~-toxin, T r i t on  X-100),  and  o t h e r  ions  (KC1, 
LiC1, RbC1, CsC1, K S C N ,  cho l ine  C1, NH4CI,  e thy l -  
a m m o n i u m  C1, d i e t h y l a m m o n i u m  C1, t r i e t h y l a m m o -  
n ium C1, Na2SO4, K2804 ,  N a  p h o s p h a t e ,  K phos -  
p h a t e ,  K c i t ra te ) ,  all a f fec t  L e t t r e  cel ls  and  e r y t h r o -  
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Fig. 4. Salt-induced permeability changes in Lettre cells and erythrocytes treated with Sendal virus at low ionic strength. Lettre cells 
preincubated with [3H]choline (14), or human erythrocytes (B), were suspended in 0.3 M mannitol, 5 mM HEPES, pH adjusted to 7.4 at 
22~ with NaOH and incubated with Sendai virus in the absence (�9 or presence of NaCI (A), TEA C1 (0) ,  dimethonium Br2 (T), 
MgCI2 (0), MgSO4 ((]1), CaCI2 (11) or ZnSO4 (A) at the concentrations indicated, and leakage of phospboryl[3H]choline (A) or hemolysis 
(B) measured. Leakage of PHI has been scaled such that leakage from Lettre cells in the absence of Sendal virus (approximately 35% in 
salt-free medium) is 0 

Table 4. Leakage of negatively charged, neutral and positively 
charged molecules from Sendal virus-treated cells at low ionic 
strength a 

Condition % leakage of: 

[3H]dGlc 6-P cz-methylglucoside K + 

No salt 8 -+3  14-+ 5 5 •  
No salt < 1 < 1 ND 
+ 2 mM Ca 2" 
Salt (50 mM NaCI) 47 -+ 7 52 _+ 8 77 • 1 
Salt + 2 m M C a  2§ 6 +- 3 2--+ 2 12-+ 3 

20% Lettre cells in Ham's fl0 labeled with 5.3 /xCi/mt []4C]c~- 
methylglucoside for 65 rain and 6.7/xCi/ml [3H]d-Glc for 30 min 
at 37~ Cells were spun and resuspended to 20% in mannitol. 
They were then suspended at 1% in mannitol with and without 50 
mM NaC1 and 2 mM CaCI2 as indicated and with and without 
200 HAU/ml Sendal virus. Leakage of [3H]choline and [14Cjcl~- 
methylglucoside from virus-treated cells (% leakage) was calcu- 
lated after subtracting the leakage from control cells which was 
54 • 5% [3H] and 73 • 3% [~4C] (no salt, 57 • 4% [3H] and 74 • 
4% (2 mM CaCI2), 56 • 4% [3H] and 79 • 3% (50 mM NaC1) and 
53 -+ 4% [3H] and 80 + 2% (50 mM NaC1, 2 mM CaC12). Leakage 
of K + from Lettre cells is expressed relative to control cells 
which contained 15.3 _+ 0.7 nmol K/106 cells (no salt), 14.3 • 1.6 
nmol K/106 cells (50 mM salt) and 15.1 • 1.7 nmol K/106 cells (50 
mM salt, 2 mM CaC12), respectively. Data are mean -+ SEM (n = 6 
[3H] and [14C], n = 3 K+). 

cytes similarly. It has been suggested that leakage 
of ions through a membrane may be controlled 
solely by a static charge at the mouth of the pore 
(Edmonds, 1981, 1984), and the effect of salt on 

leakage from cells suspended in low ionic strength 
might be due to such a cause. This, however, is 
unlikely, since salt induces leakage of negatively 
charged compounds such as dGlc-6-P, of uncharged 
compounds such as o~-methylglucoside, and of posi- 
tively charged compounds such as K + (Table 4). 

EFFECT OF IONS ON SURFACE CHARGE 

Media of low ionic strength may reduce leakage 
from cells treated with pore-forming agent for the 
following reason. At low ionic strength the local 
concentration of protons near the anionic groups, 
such as carboxyl, of the outer leaflet of the plasma 
membrane and of the glycocalyx (Levine et al., 
1983) is increased relative to that in the presence of 
150 mM Na + (or lower concentrations of divalent 
cations, which are not, of themselves, inhibiting). It 
is therefore postulated that dissociated, i.e. unpro- 
tonated, groups favor leakage, whereas protonation 
reduces leakage. Such a hypothesis implies that the 
surface charge of cells should increase as salt is 
added to cells suspended in media of low ionic 
strength. Yet increasing ionic strength decreases 
the electrophoretic mobility of cells, at neutral pH 
values (Furchgott & Ponder, 1941; Bateman & 
Zellner, 1956; Heard & Seaman, 1960; Wilkins, Ot- 
terwill & Bangham, 1962). On the other hand, theo- 
retical descriptions of such decreases, generally 
measured at I > 0.05, are less satisfactory when I < 
0.02 (Levine et al., 1983; Donath & Voight, 1986). 
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Fig. 5. Free-flow electrophoresis of Lettre cells and erythrocytes. Lettre cells or human erythrocytes were suspended in separation 
buffer medium and subjected to free-flow electrophoresis as described in Materials and Methods. (A) Lettre cells in the absence (�9 or 
presence (O) of 20 mM NaCI. Chamber voltage 80 V �9 cm-L (B) Erythrocytes in the absence (�9 or presence (O) of 20 m s  NaCI. 
Chamber voltage 80 V �9 cm ~. (C) Lettre cells (open symbols) or erythrocytes (filled symbols) in NaC1 at the concentrations indicated. 
The mobilities are expressed relative to that of cells in the absence of NaC1 (see A and B). Separate experiments are indicated by 
different symbols. Chamber voltage 80 to 105 V �9 cm ~. (D) Lettre cells in the absence (�9 or presence of 2.5 mM CaClz ( , )  or 10 mM 
MgSO4 (O). Note that 1 mM MgSO4 is present throughout. Chamber voltage 105 V �9 cm -~ 

In order to resolve this apparent paradox we have 
measured the electrophoretic mobility of Lettre 
cells and erythrocytes suspended in media of low 
ionic strength, in the presence or absence of added 
univalent and divalent cations. 

Free-flow electrophoresis (Hannig & Heidrich, 
1974; Graham et al., 1986) is a convenient technique 
for use at low ionic strength. At constant buffer flow 
and constant applied voltage, addition of salts of 
monovalent cations increases the electrophoretic 
mobility of Lettre cells (Fig. 5A) and erythrocytes 
(Fig. 5B) measured by this technique. The effect is 
maximal at an ionic strength of 0.014 (Fig. 5C) and 
is similar for the sulfates and chlorides of Na + and 
K +. Salts of divalent cations such as Ca 2+ o r  M g  2+ 

reduce the mobility of Lettre cells (Fig. 5D) and 
erythrocytes (data not shown). 

We have repeated the experiments using a con- 
ventional microelectrophoresis apparatus in which 

the movement of single cells is measured (Bangham 
et al., 1958). At pH 6.2 addition of salt to Lettre 
cells (Fig. 6A) or erythrocytes (Fig. 6B) in mannitol 
medium increases electrophoretic mobility. The ef- 
fect is maximal at I -~ 0.005 for Lettre cells and at 
I -~  0.015 for erythrocytes. Our data for erythro- 
cytes are in accord with those presented in Fig. 3 of 
the paper by Heard and Seaman (1960), in which 
erythrocyte mobility (at pH 6) was found to be 
greater at I = 0.0145 than at any other value of I. 
Equivalent concentrations of mono- and divalent 
salts of Na and K, judged by the current flowing 
during the measurement of electrophoretic mobil- 
ity, gave identical erythrocyte mobilities, as indi- 
cated in Fig. 6B. At pH 7.4, divalent cations added 
to Lettre cells (Fig. 6C) or erythrocytes (Fig. 6D) 
suspended in mannitol medium reduce the electro- 
phoretic mobility significantly. H + also reduces the 
mobility of Lettre cells (Fig. 6E) and erythrocytes 
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Fig. 6. Microelectrophoresis of Lettre cells and erythrocytes. Lettre cells (A, C and E) or human erythrocytes (B, D and F) were 
suspended in 0.3 M mannitol buffered as indicated below and subjected to electrophoresis at 25~ as described in Materials and 
Methods. (A and B) Effect of univalent cations. Lettre ceils in the absence (O) or presence (O) of NaCI to give the resultant current 
indicated. Erythrocytes in the absence (O) or presence of NaC1 (~'), NazSO4 (4), KC1 (O) or K2SO4 (B) to give the resultant current 
indicated. The buffer was 5 mM MES pH 6.2 in each case, The error bars in (A) indicate the SEM (n = 20). The concentration of NaC1 
(A) or KC1 (B) giving the current measured is indicated at the top of each panel. (C and D) Effect of divalent cations. Lettre cells or 
erythrocytes in the presence of CaC12 ( I ) ,  MgClz (•), MnCI2 (~), dimethonium Br2 (~'), ZnSO4 (O), CdSO4 ( I )  or CuC12 (&) to give 
resultant current (and equivalent concentrations of M 2+ as indicated at the top of each panel), as shown. The buffer was a mixture of 5 
mM HEPES and 2.5 mM Tris, pH 7.4 in each case. The cross (+) indicates the mobility (-+1 sD) of cells in the absence of added divalent 
cation. (E and F) Effect of protons. Lettre cells (E) in the presence of 5 mM MES or HEPES and NaOH to give the H + concentrations 
indicated. Erythrocytes (F) in the absence ([]) or presence of 5 mN buffer (MES O, imidazole A, phosphate IV, PIPES 0 ,  MOPS ~ or 
EPPS 4)  at the pH indicated. The current flow was 2 to 20/xA. The error bars in (E) indicate the SEM (n = 150); the cross in (F) 
indicates the pKa value (6.52) for the best-fit Henderson-Hasselbach curve (solid line) to the data points 
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Model compound 

CH 2 -COO- 
2-O3P--CH2----+NH ~ CH2-CO O_ 

Effective In K (pH 7): 5.4 Zn 

3.5 Ca 

2.4 Mg 

Fig. 7. Divalent cations binding by a PS head-group analogue. 
Stability constants of phosphonomethyliminodiacetate (Sillen & 
MartelI, 1964) for the divalent cations indicated, calculated for 
pH 7 by Dr. R.J.P. Williams 

(Fig. 6F) suspended in mannitol medium (cf. Fig. 3 
of Heard and Seaman, 1960). At I = 0.15, the mobil- 
ity of Lettre cells and erythrocytes was constant 
between pH 5 and 8 (data not shown). The marked 
effect of Cu 2+, which reverses the electrophoretic 
mobility of Lettre cells (Fig. 6C) and erythrocytes 
(Fig. 6D), may contribute to its effect on Lettre cell 
(Fig. 2A,B) and erythrocyte (Fig. 2C,D) permeabil- 
ity. In all cases the mobilities recorded were 're- 
versible': when the cells are replaced in isotonic 
saline they exhibit the same mobility as cells which 
had never been exposed to low ionic strength me- 
dium. The mobilities were neither time- nor cell 
concentration-dependent, provided that cells were 
not kept in low ionic strength medium of low pH for 
more than 45 rain. 

We confirmed the position of the stationary 
layer of the electrophoresis apparatus for 0.02 < I < 
0.15, using the experimental technique described by 
Bangham et al. (1958). This procedure also pro- 
vided the expected parabolic dependency of mobil- 
ity with distance from the edge of the tube. Henry's 
correction (Henry, 1938) is 0.01r in the apparatus 
we used (Bangham et al., 1958) and the coincidence 
of the theoretically predicted stationary level with 
that determined experimentally suggests that our 
observations are indeed from the stationary layer. 
We were unable to confirm the position of the layer 
experimentally for I < 0.02 because of the strong 
pH dependence of erythrocyte mobility at very low 
ionic strengths. The fact that the effects of salt on 
electrophoretic mobility could be observed by tech- 
niques as different as free-flow electrophoresis and 
microelectrophoresis make it unlikely that stimula- 
tion of mobility at low ionic strength is an experi- 
mental artifact. Furthermore, the effect of salt, at 
low ionic strength, on Lettre cell mobility (Fig. 6A) 
differs quantitatively from that on erythrocyte mo- 
bility (Fig. 6B), suggesting that the effect is related 

to events specific to the cell surface and not to the 
apparatus used for the measurement. 

Discussion 

The effects of the cations reported in this paper may 
be summarized as indicated in Table 1. The cations 
fall into three groups: (i) cations like H + , Zn 2. , Cd 2§ 
or Cu 2+ that induce leakage at one concentration 
and protect against agent-induced leakage at a 
lower concentration; (ii) cations like Ca 2§ Sr 2§ 
Mn 2+ (and to a lesser extent Ba 2+ and Mg 2+) that 
protect against agent-induced leakage at concentra- 
tions 10 to 100 times greater than those required by 
the first group; (iii) cations like dimethonium, sper- 
mine, spermidine, Co(NH3)63+, and univalent cat- 
ions (Na +, K +, Rb +, NH~) that neither induce nor 
protect. There is some overlap between groups (ii) 
and (iii) in that for some agents, spermine and 
Co(NH3)~ + protect as much as Mg 2+. The relative 
efficacy of different cations at preventing leakage 
correlates approximately with the stability con- 
stants for divalent metals bound to the compound 
illustrated in Fig. 7 (Sillen & Martell, 1964), and 
therefore suggests that a membrane constituent 
such as phosphatidylserine may act as a ligand. Cer- 
tainly (a) the inhibitory action of Ca 2+ on S. aureus 
a-toxin-induced leakage through planar phosphati- 
dylcholine bilayers is increased tenfold by the addi- 
tion of phosphatidylserine (Menestrina, 1986) and 
(b) it is known that erythrocytes, which are less 
sensitive to inhibition by Ca 2+ than are other cells 
(Micklem et al., 1984; Table 1; Fig. 4; Appendix) 
have little phosphatidylserine exposed at their ex- 
tracellular surface (Op den Kamp, 1979). However, 
other membrane constituents are likely to be in- 
volved as well, since Zn 2+ protects erythrocytes to 
the same extent as other cells. The protective effect 
of Z n  2+ (10 -4 to 10 5 M) clearly implies predomi- 
nantly a binding action, whereas any effect of Mg 2+ 
(>  10 2 M) is compatible with a screening effect 
alone (e.g. McLaughin, Szabo & Eisenman, 1971). 

The electrophoresis data suggest that the ion- 
ization and/or chelation of the groups conferring 
surface charge on the cells may have a role in modu- 
lating membrane permeability. This would explain 
(i) the stimulation of leakage from agent-modified 
cells in low ionic strength media by monovalent cat- 
ions (and by noninhibitory divalent cations such as 
Mg2+); (ii) the greater efficacy of Ca 2+ and Zn 2+ 
compared with divalent cations such as Mg 2+ or 
dimethonium at blocking leakage in physiological 
saline; (although we found no difference between 
Ca 2+ and M g  2+ on the electrophoretic mobility of 
Lettre cells, this is not unexpected: Gambale, 
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Menini and Rauch (1987) have reported that Ca 2+ 
and M g  2+ affect surface potential to the same ex- 
tent, but that C a  2+ is approximately twice as effec- 
tive as Mg 2+ at reducing the single-channel conduc- 
tance of channels formed by gramicidin A) and (iii) 
the inhibition of leakage by protons, especially at 
low ionic strengths. Recent theoretical consider- 
ations (Levine et al., 1983; Donath & Voight, 1986; 
Pasquale et al., 1986) suggest that the groups re- 
sponsible for electrophoretic mobility (predomi- 
nantly sialic acid residues) lie at some distances 
from the membrane interface. Furthermore, in low 
ionic strength the groups appear to be further away 
from the membrane than in isotonic medium (Wolf 
& Gingell, 1983), presumably due to a charge- 
charge repulsion mechanism. Such changes in the 
architecture of the cell surface may have a role in 
modulating the lesions induced by pore-forming 
agents at a site closer to the lipid bilayer. 

The fact that divalent cations and protons have 
similar effects on leakage and on electrophoretic 
mobility, is compatible with the view that the action 
of divalent cations is from the outside, not from the 
cytoplasmic side, of the plasma membrane (Pas- 
ternak et al., 1985a). Certainly an increase in intra- 
cellular Ca 2+ induces leakage of ions (Meech, 1976; 
Schulz & Hell, 1979), including opening of K + chan- 
nels (Miller, 1983; Schwartz & Passow, 1983; Wolff 
et al., 1986), whereas extraceUular Ca 2+ has the op- 
posite effect (Frankenhauser & Hodgkin, 1957; 
Woodhull, 1973; Taylor, Armstrong & Bezanilla, 
1976; Schulz & Heil, 1979; Yamamoto, Yeh & 
Narahashi, 1984; French, Krueger & Worley, 
1986); note that an increase in intramitochondrial 
Ca 2+ makes them leaky to sucrose (A1-Nasser & 
Crompton, 1986). 

How do divalent cations and protons act to in- 
hibit leakage? It is premature to speculate on any- 
thing other than a general model, since the nature of 
the lesions induced by pore-forming agents are not 
known. The present experiments on (a) the induc- 
tion, by ions such as dimethonium, of leakage from 
cells in low ionic strength (Fig. 4) and (b) the protec- 
tive effect of low pH (Appendix) show that the ex- 
tent to which lesions are 'open' or 'shut' depends 
on the surface charge at that part of the membrane. 
Ionization of negatively charged membrane compo- 
nents that repel each other induces leakage; reduc- 
ing the charge by metal binding or by protonation 
inhibits leakage. Whether, at the higher concentra- 
tions of Zn 2+, Cd 2+, C u  2+ or H + that themselves 
induce leakage (Fig. 2), the opposite effect occurs, 
or whether these cations induce leakage by another 
mechanism--perhaps from inside cells--is at 
present unclear. 

Functionally the lesions resemble the channels 

of communicating junctions (Loewenstein, 1981) as 
regards approximate pore size (1 to 2 nm diam.) and 
closure by Ca 2+ or H +. Structurally they do not: 
agents as diverse as Sendai virus, melittin or triton 
neither contain, nor are they likely to induce, pro- 
tein channels such as those of communicating junc- 
tions (Unwin & Ennis, 1984); although at high con- 
centration of C9 or S. aureus a-toxin, annular 
protein structures are seen by electron microscopy 
(Bhakdi & Tranum-Jensen, 1984), their relevance to 
leakage of compounds across the membrane is de- 
batable (Dankert & Esser, 1985). Moreover the le- 
sions created by the agents under discussion are not 
fixed in size (Bashford et al., 1985) and at high con- 
centration of agent allow proteins to leak across 
them (Yamaizumi et al., 1979; Bashford et al., 
1986). The kind of membrane deformation induced 
by such agents is as likely to be generated by an 
adverse lipid-protein interaction as by one between 
protein and protein, or between lipid and lipid. In 
regard to the latter, it may be noted that phase sepa- 
ration of particular lipids in membranes is stimu- 
lated by divalent cations (Cullis & de Kruijff, 1979) 
and their relative potency does not match that indi- 
cated in Table 1. The observation that Ca 2+ 
(Hauser, Finer & Darke, 1977) and other divalent 
cations (Hauser & Shipley, 1984) cause phospholi- 
pids such as phosphatidylserine to crystalline with- 
out most of the water molecules normally associ- 
ated with the polar head group may be relevant to 
their action in preventing leakage of water-soluble 
molecules, in that it implies a less polar milieu at the 
surface of the bilayer. 

The protective action of zinc (Table I) may find 
an application in therapeutics in order to limit cyto- 
pathic effects induced by certain viruses, animal 
and bacterial toxins, and by inopportune activation 
of complement (Pasternak, 1987b). Unlike Cd 2+ or 
C u  2+, Z n  2+ is rather nontoxic in experimental ani- 
mals or humans (Underwood, 1977; Prasad, 1978); 
even at relatively high concentration, its effect on 
cells is not serious (Fig. 2). On the contrary, it has 
been reported to protect animals against certain 
bacterial infections (Snyder & Walker, 1976; 
Tocco-Bradley & Kluger, 1984), and zinc lozenges 
have been recommended as a remedy against the 
common cold (Eby, Davis & Halcombe, t984). 
Speculation that some of the beneficial actions of 
zinc are exerted not through stimulation of zinc- 
containing enzymes, but by an effect on the plasma 
membrane of cells (Chvapil, 1976; Bettger & 
O'Dell, 1981), is supported by the experiments here 
described. 
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Appendix 

DATA FOR PROTECTION AGAINST LEAKAGE 
INDUCED BY PORE-FORMING AGENTS 

Lettre cells preincubated with [3H]choline (left-hand panel), or 
erythrocytes (right-hand panel), suspended in HBS were ex- 
posed to Sendai virus (panels A), melittin (panels B), S. aureus 
c~-toxin (panels C), polylysine (panel D) or Triton X-100 (panels 
E) under conditions such that approximately 50% of phosphoryl 

[3H]choline leaked from Lettre cells and approximately 50% of 
erythrocytes were hemolyzed during 10-min incubation at 37~ 
Human erythrocytes were used for Sendai virus, melittin and 
triton; rabbit erythrocytes were used for c~-toxin; polylysine does 
not induce significant hemolysis in either type of cell, and results 
are shown for Lettre cells only. 

Cations at the concentrations indicated were present during 
the incubation as foUows: 
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Top pair of figures: H § (pH set with citrate-phosphate 
buffers according to Dawson et al. (1969) and diluted tenfold in 
HBS lacking HEPES). In the case of Sendai virus (panel A), 
leakage is shown for cells suspended in the above media (0), or 
similar media diluted with 0.3 M mannitol to give an ionic 
strength of 0.025 (tD) and 0.075 (~), respectively. 

Next pair of figures: ZnSO4 (solid line for Lettre cells; �9 for 
erythrocytes) or CdSO4 (T). 

Next pair of figures: CaCb_ (solid line for Lettre cells: �9 for 
erythrocytes) or BaCI2 (0). 

Bottom pair of figures: MgCI2 (solid line for Lettre cells: �9 
for erythrocytes), dimethonium Br2 (q), spermine (~), spermi- 
dine (V) o r  C o ( N H 3 ) 6  C I  3 ( ~ ).  

Broken lines (drawn by eye)join the various data points. 
The solid lines, constructed from previously published data (Pas- 
ternak et al., 1985a,b; Bashford et al., 1986), are shown for com- 
parison. In order to clarify any differences between Zn "-+ and 
Cd 2., between Ca 2+ and Ba 2§ , and between Mg 2~ and other diva- 
lent cations, the appropriate atomic symbols have been added to 
the panels. All data for 3H leakage from Lettre cells are scaled 
such that 'background' leakage from cells not exposed to agent 
in the presence of the various cations (generally 10 to 30%) is 0. 
Erythrocytes not exposed to agent showed no hemolysis under 
any conditions. 


