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Summary. Previous studies have shown that human 
erythrocytes when subjected to a high voltage pulsa- 
tion, in the microsecond time range, lysed in an isoto- 
nic medium. The hemolysis was the result of the col- 
loid osmotic swelling, which, in turn, was caused by 
the voltage perforation of the red cell membranes. 
In this work we demonstrate that in a low ionic me- 
dium at least 35% of the pores was related to the 
opening of Na+/K + ATPase channels. The mem- 
brane conductance generated by the externally 
applied electric field could be partially blocked by 
a specific inhibitor, ouabain, or by a specific cross- 
linking reagent, Cu § +-phenanthroline, of the ATP- 
ase. The effect of ouabain was saturable and had 
a mid-point of saturation at 0.15 FM. This value agrees 
with the physiological inhibition constant of the drug. 
K + ion in the external medium suppressed the effect 
of ouabain, as has also been demonstrated in phys- 
iological studies. Experiment presented in this com- 
munication also suggests that the Na+/K + ATPase 
was not perforable in a high ionic medium, and that 
a large fraction of the voltage-induced pores occurred 
at as yet unidentified sites. 

A cell can maintain a steady-state transmembrane 
potential by an asymmetric distribution of ionic 
species in both sides of the membrane. This trans- 
membrane potential serves many different purposes, 
e.g., cell-cell communications, generation and trans- 
mission of neuro impulses, energy transductions, etc. 
When a cell is exposed to an externally applied electric 
field, the faculty of the cell electrogenecity is either 
perturbed or severally impaired. As a result, voltage 
pulse-treated cells usually lyse and release their cyto- 
plasmic contents within a short period of time 
(Sale & Hamilton, 1968; Riemann, Zimmerman 
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& Pilwat, 1975; Tsong & Kingsley, 1975; Tsong 
et al., 1976; Kinosita & Tsong, 1977a, b). This type 
of phenomenon has been extensively studied in the 
past, although, not until recently have mechanisms 
of the voltage-induced cell lyses been worked out to 
certain details for human erythrocyte (Riemann et al., 
1975; Tsong et al., 1976; Kinosita & Tsong, 1977a, 
b, 1979). 

It has now become clear that in human erythro- 
cytes, pores of limited size are introduced in the cell 
membrane when the external field exceeds a threshold 
voltage of about 2 kV/cm for a 20 gsec pulse (Kino- 
sita & Tsong, 1977a, b). The hemolysis following the 
voltage treatment is the consequence of the leakage 
of K + ion and the permeation of small molecules 
into the treated cells. This change in the membrane 
ionic permeability gives rise to a colloid osmotic swell- 
ing and eventually a puncture of the treated cells. 
The cause of the pore formation has also been demon- 
strated to be due to the field-induced transmembrane 
potential, but not to a sudden Joule heating of the 
cell suspension (Kinosita & Tsong, 1977a). 

The maximum transmembrane potential gener_- 
ated by an external field can be estimated by the 
relation, Aq~= 1.5 aoE,  where ao is the outer radius 
of a cell and E is the field strength (Sale & Hamilton, 
1968; Riemann et al., 1975; Tsong et al., t976). By 
this relation it can be shown that a field strength 
of 2 kV/cm corresponds to a 0.9 V of transmembrane 
potential across the erythrocyte membrane. This un- 
usually high breakdown potential casts a doubt on 
whether the phenomenon observed here has any rele- 
vance to the physiologically functional properties of 
the cell membrane. However, the erythrocyte mem- 
brane is a nonexcitable membrane, and the question 
of what is the physiological potential has little mean- 
ing. Instead, we have asked the question of whether 
there are specific sites of pore formation induced by 
the externally applied field. 
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The mechanism of the voltage-induced pore for- 
mation has been shown to be a two-step process (Ki- 
nosita & Tsong, 1977b, 1979). A suprathreshold 
potential induces the initial perforation, in a few btsec, 
followed by the expansion of the pore size. This latter 
process is a function of pulse duration, field intensity 
and ionic strength, and it occurs in 100 btsec time 
range. 

But if the kinetics is better known, the description 
of the events at a molecular level is still lacking. Pre- 
vious studies (Kinosita & Tsong, 1977b) suggest that 
the perforation was due to a dielectric breakdown 
occurring in a highly localized region(s). These perfor- 
able areas may be either lipids or transmembrane 
proteins. However, because the voltage-induced pores 
have been found to be very stable even after days 
of incubation at low temperature (Kinosita & Tsong, 
1977a, b), it is very unlikely that these pores occur 
at the lipid matrix*. Different transmembrane pro- 
teins involved in transport phenomena have been 
characterized in the red cell membrane. Each consti- 
tutes a potential target for the voltage-induced perfo- 
ration. 

In this paper we have tried to define the nature 
of these induced channels. This study was made possi- 
ble because of the earlier development of a highly 
sensitive means for monitoring different steps of the 
perforation process, namely, by the conductivity mea- 
surement of red cell suspensions during and after the 
pulsation (Kinosita & Tsong, 1979). The use of the 
specific inhibitor, ouabain, for the protein responsible 
for the active Na§ + transport, and its conse- 
quences on the events linked to the permeability 
process (hemolysis, ion leakage, conductance changes, 
swelling rate) show clearly that this protein is one 
of the sites of the pore formation. Specific cross- 
linking experiment confirms this interpretation. 
Induced pores appear to be heterogeneous, and their 
sites may vary as the ionic strength of the suspending 
medium changes. 

Materials and Methods 

Fresh human blood was obtained from healthy young adults by 
venipuncture in the presence of heparin. Erythrocytes were washed 
three times by centrifugation at 1,000 x g for 15 min with a solution 
containing 150 mM NaC1 and 7 mM phosphate buffer, pH 7.2; buffy 
coats were carefully removed. Packed cells were suspended in a 

1 Assuming that lipid molecule has a translational diffusion coef- 
ficient of  D ~  i x t0 -9 cm2/sec (Edidin, i974), the time for a pore 
of diameter 10A to be refilled is approximately, t = 2 2 / 2 D  = 

10-lr215 1 0 - 9 = 5 x  10 -6 sec. 

mixture of the 0.15 M NaCI phosphate buffer solution and a 0.272 M 
sucrose solution in the same buffer (both were assumed to be 
isotonic). Volume concentration (hematoerit index) was adjusted 
to 20% for conductance measurements and 2% for hemolysis ex- 
periments. 

The voltage pulsation device was previously described (Kino- 
sita & Tsong, 1977a, 1979). An erythrocyte suspension was placed 
between a pair of platinized platinum electrodes, and squarewave 
electric pulses, with a rise time of 30 nsec, were applied after thermal 
equilibration. 

Conductance experiments were done as described (Kinosita 
& Tsong, 1979). A differential method was used. First, by use 
of subthreshold pulses (0.4 kV/cm) an adjustable voltage which 
was linearly related to the current passing through the red blood 
cell suspension was balanced by a voltage proportional to the 
applied tension. This gave the resting conductance of the sample. 
Both voltages were fed into the differential input amplifier of a 
storage oscilloscope. Then a pulse was applied and the change 
in conductance was recorded on the screen. 

Hemolysis was measured as described (Kinosita & Tsong, 
1977a). The pulsed samples (1% hematocrit index) were incubated 
in a lysing medium (0.15 M NaC1, 7 mM phosphate buffer) over- 
night, at 4 ~ in a dilution of 1:100. The sample was then spun 
down and the absorbance at 410rim of the supernatant was 
recorded. One hundred percent hemolysis was obtained from a 
hypotonic shocked sample using pure water. 

Ion leakage was measured by the flame photometry. After 
the pulse, the samples were kept standing for 1 hr then spun down, 
and the ionic content of the pellet was determined. 

The rate of swelling was observed by light scattering measure- 
ments at 600 nm as described elsewhere (Kinosita & Tsong, 1977c). 
The pulsed sample (hematocrit index 1%) was diluted a hundred- 
fold in the lysing solution and continuously stirred. The swelling 
of the cells was monitored by the decrease in the light scattering 
signal. The signal had been calibrated to cell volume as given 
by the hematocrit measurement. 

Ouabain, 1-10 phenanthroline, and cupric sulfate were ob- 
tained from Sigma. Salts were of the analytical grade. Ouabain 
was dissolved in the 0.15 M NaC1, 7 mM phosphate buffer and 
kept in the dark at 4 ~ until use. The stock concentration was 
10 raM, and proper dilutions were done by using ethanol before 
applying to erythrocyte suspensions. The final concentration of 
ethanol in erythrocyte suspensions was less than 0.1%, and no 
effect of ethanol could be detected. 

Inhibition by ouabain was performed as follows. The red blood 
ceils were first incubated in the experimental mixture tbr 30 rain 
at room temperature. Each sample was then separated into two 
batches, one for control and the other for experiment. A small 
aliquot of stock ouabain (less than 1% in volume) was added 
in the "exper iment"  sample and the same volume of buffer to 
the "con t ro l "  sample. Both samples were incubated again for 
30 rain at room temperature. The conductance experiments were 
then carried out. Inhibition of active transport when it occurred 
(no K + ion in the external buffer) was detected either by a very 
small increase (about 5%) of the steady conductance of the suspen- 
sion in low ionic content buffer (this was presumed to be due 
to a leakage of  cytoplasmic K + ion) or measured by flame photo- 
metry in some experiments. If K* ion was present in the external 
buffer before addition of ouabain, no such changes were detected. 

Cross-linking experiment was performed as described for 
ghosts (Steck, 1972) by using 0.2 mM 1-10 phenanthroline and 
0.1 mM CuSO4. The mixture was incubated at room temperature 
with open vials in order to obtain a good oxygenation of samples. 

SDS electrophoresis was carried out as described for ghosts 
(Fairbanks, Steck & Watlach, 1971) using 5% acrylamide gels except 
that dithiothreitol was omitted. The staining procedure was de- 
scribed by Weber and Osborn (1975). 
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R e s u l t s  

Effect  o f  0 uaba in 

As descr ibed  (Kinos i t a  & Tsong,  1977a), hemolys is  
o f  the red  b l o o d  cell occurs  when it is submi t t ed  
to a t rans ien t  sup ra th re sho ld  electr ic field. This  effect 
has  been r epo r t ed  to be a func t ion  o f  the magn i tude  
o f  the electr ic f ield and  of  its dura t ion ,  A s  shown 
in Fig.  1, the  presence of  ouaba in ,  up  to a concent ra -  
t ion  o f  110 gM, in the suspending  m e d i u m  d id  no t  
affect  the shape and  the pos i t ion  o f  the  hemolys is  
curve aga ins t  the  electric field for  a given pulse  dura-  
t ion of  30 ~tsec. Ne i the r  d id  the  subs t i tu t ion  o f  K § 
ion for  N a  § ion in the  external  m e d i u m  change  the 
n o r m a l  shape o f  the  hemolys is  curve. Assoc ia t ed  with 
this  electr ic f ie ld- induced  hemolysis ,  in t race l lu la r  K § 
ion has  been shown to leak out  (Kinos i t a  & Tsong,  
1977 b). W h e n  o u a b a i n  was present  in the  ext race l lu lar  
buffer,  the process  also a p p e a r e d  unaf fec ted ;  so was 
the pene t r a t i on  o f  N a  § ion into the vo l tage- t rea ted  
cells. However ,  when the conduc t iv i ty  change  asso-  
c ia ted  with  the  electric pe r fo ra t ion  of  the  m e m b r a n e  
was measured ,  ouaba in  was found  to have a large 
effect on the  kinet ic  signal. The  signal  of  the vol tage-  
induced  m e m b r a n e  conduc t iv i ty  was grea t ly  reduced.  
This  is shown in Fig. 2. 
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Fig. l. Extent of induced hemolysis vs. the intensity of the applied 
electric field. The pulse duration was 30 gsec. The temperature 
was 25 ~ The lysing medium was 0.15M NaCI. After pulsation, 
the cells were kept for 20 hr at 4 ~ in the lysing medium; then 
the suspension was centrifuged and the supernatant was analyzed 
for its hemoglobin content (absorption at 410 nm). One hundred 
percent value was obtained by hypotonic lysis. Symbols for different 
media: o, Na+/sucrose ratio of 10:90%; i ,  Na+/K+/sucrose of 
5:5:90, and ll0gM ouabain; zx, K+/sucrose of 10:90; +,  K+/su - 
crose of 10:90, and 110 gM ouabain; D, Na+/sucrose of 10:90, 
and 110 gM ouabain; o, Na+/sucrose of 10:90, and Cu + +-phen- 
anthroline treatment 
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Fig. 2. Time courses of conductivity increase in erythrocyte suspen- 
sions when a high square voltage wave was applied to the sample. 
Ordinate is conductivity change. The bottom curve gives the magni- 
tude of the decrease in the conductivity change at the end of 
a 30 gsec (E=2.0 kV/cm) as a function of the ouabain content 
in the pulsation buffer. The pulsation medium was 10% isotonic 
NaC1, 90% isotonic sucrose, 7 mM phosphate buffer; pH=7.4. 
The hematocrit index was 0.2. The temperature was 25 ~ The 
attenuation constant, a (Kinosita & Tsong, 1979) was slightly 
different for the two oscillographs. When the medium contained 
15 n~l K + instead of Na +, no effect of ouabain was detected 

Moreove r ,  the  effect o f  o u a b a i n  was found  to be 
a func t ion  o f  the concen t ra t ion  o f  the a d d e d  glycoside 
and  a p p e a r e d  to be sa turab le  (Fig. 2). The  concent ra -  
t ion for  the h a l f - m a x i m u m  effect is a b o u t  0.15 gM. 
And ,  i f  K § ion was present  in the  external  m e d i u m  
dur ing  the pulsa t ion ,  the effect o f  o u a b a i n  was 
comple te ly  suppressed.  The  max ima l  suppress ion  
of  the conduc t iv i ty  signal was 35% at a low ionic 
s t rength  m e d i u m  (NaC1/ suc rose=  10:90%) .  

To examine  whether  the th re sho ld  po ten t ia l  o f  
the m e m b r a n e  pe r fo ra t ion  was affected by the pres- 
ence o f  ouaba in ,  we have  used a vol tage  pulse with 
a g radua l ly  increas ing field s t rength  (Kinos i t a  & 
Tsong,  1979). The  effect o f  o u a b a i n  in suppress ing 
the conduc t iv i ty  changes  r ema ined  the same as 
observed  for the squared  wave form,  and  there  was 
no change  in the  th resho ld  potent ia l .  The  th resho ld  
po ten t i a l  o f  pore  fo rma t ion  was consis tent ly  found  
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Fig. 3, Effect of ouabain on conductivity change under a gradually 
increasing electric field. Upper curve. Wave form of the electric 
fields. Middle curve." Changes in conductivity. The red blood cells 
at a hematocrit index of 0.2 were suspended in a mixture of Na +/su- 
crose 10:90%. The temperature was set at 37 ~ Bottom curve: 
Changes in conductivity with added ouabain. The conditions were 
the same as in the preceding experiment. The concentration of 
ouabain was 10 pM 

to have a value o f  1.8 kV/cm (or 0.8 V of  t ransmem- 
brane potential). This is shown in Fig. 3. Since no 
change in the shape o f  the conductivi ty response 
curves was seen (the change was confined to a 35% 
reduct ion in the amplitude), the effect o f  ouabain  
was not  limited to certain kinetic phases, but  rather 
had  a uni form effect on  the perforat ion kinetics. 

Another  set o f  experiments was performed to see 
whether a completely reversible condi t ion could be 
found for the pore opening-closing process. It has 
been known that  vol tage-perforated red blood ceils 
spontaneously reseal by incubat ion at 37 ~ How-  
ever, the resealing was too slow to be considered 
fully reversible. I f  the N a + / K  + channels were the site 
o f  perforation,  one might  hope to find a condit ion 
where the opening and closing process could be 
completely reversible. When  a channel is open, a 
strong t ransmembrane  current is bound  to occur, and 
this s trong current  may generate a large local heating 
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Fig. 4. Effects of ouabain on conductivity changes associated to 
repeated electric pulses. The electric field intensity was 2.9 kV/cm; 
the temperature was 37 ~ The hematocrit index was 0.2 in a 
mixture Na~/sucrose 10:90%. When present, the ouabain was 
at a concentration of 10 pe (expts. A and C). (B and D): Changes 
in conductivity when only one pulse (duration 25 gsec) was applied 
to the sample. (A and C): A short pulse (duration 2 gsec) was 
first applied, and aRer a few seconds a longer one (duration 25 psec) 
was applied. (See text for details) 

that  could denature a protein. To avoid such a severe 
local heating, we used a short voltage pulse to perfo- 
rate the membrane,  and the closing of  pores was 
checked by a longer pulse after a few seconds o f  
intermission. The result o f  the double-pulse experi- 
ment  is shown in Fig. 4. 

In oscil lograph A, two conduct ivi ty  curves are 
seen. The first pulse with a width o f  2 lasec generated 
the short  conduct ivi ty  curve. After  a few seconds o f  
intermission a second pulse with a width of  25 iJsec 
was applied. I f  the opened channels were closed re- 
versibly within this few second intermission, the sec- 
ond conductivi ty curve would have the same shape 
and ampli tude as seen for a single 25 ~sec pulsat ion 
of  a fresh sample in oscil lograph B. Al though  partial 
resealing occurred within this few-second period, a 
complete resealing was not  obtained. The conduct iv-  
ity curve generated by the 25-gsec pulse was slightly 
larger (25-28%) for the pretreated cells than that  for 
the fresh cells, and the cells treated with a 2-psec 
pulse eventually lysed wi thout  a proper  resealing 
procedure.  In oscillographs C and D, it is shown 
that  a l though ouabain  reduced the ampli tude o f  the 
conductivi ty curve, as usual, it did not  improve the 
reversibility o f  the treated cells. The ampli tude o f  
the membrane  conductance  was again 28% larger for 
the 24tsec pulse-treated cells than for the fresh cells. 

The rate o f  swelling o f  RBC submitted to a t ran-  
sient electric field could be measured by changes in 
light scattering of  the suspension after the voltage 
pulsation (Kinosita & Tsong,  1977b). When ouaba in  
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Fig. 5. Effect of  ouabain and cross linking on the rate of  swelling 
of pulsed erythrocytes. The ratio of  the rate of  swelling of  treated 
erythrocytes to that of  untreated samples is plotted vs.  the magni-  
tude of  the applied electric field. The rate of  swelling was obtained 
from light scattering measurements .  The pulsation medium was 
a mixture of  Na +/sucrose 10: 90%, the swelling medium, a mixture 
of  90: 10%. The pulse duration was 7 gsec. The temperature was 
25 ~ The isotonicity of  both buffers was maintained by use of 
isotonic NaC1 (0.15 g)  and sucrose (0.272 M) mixtures, o,  the pulsa- 
tion medium contained 40 gM ouabain;  o ,  red cells treated with 
Cu + +-phenanthroline cross linking. Arrow indicates the threshold 
voltage of 7 gsec pulsation 
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Fig. 6. Effect o f K  + ion on the ouabain-induced decrease in conduc- 
tance change. The magni tude of the field was 3.2 kV/cm, pulse 
duration 30 gsec, temperature 25 ~ hematocrit  index 0.2, and 
ouabain concentration 50 gM. The concentration of  Na + + K  + was 
15 mM, but  the buffer contained 7 mM Na phosphate;  p H = 7 . 4 .  
The isotonicity of  the medium was maintained by use of 90% 
of  0.272 M sucrose 

was present in the pulsation medium, the rate of swell- 
ing decreased (Fig. 5). This effect of ouabain was a 
function of the strength of  the applied field. The smal- 
ler the field the larger was the effect of ouabain. 
If  the pulsation voltage was kept constant, the shorter 
the pulse width the larger was the effect. The decrease 
in the swelling rate was also observed when melezitose 
was substituted for sucrose in the swelling buffer. 

Suppression of the Effect of Ouabain 

The effect of ouabain in inhibiting part of the voltage- 
induced membrane conductance was strongly reduced 
or even completely suppressed if K § ion was present 
in the extracellular buffer (Figs. 2 and 6). This effect 
of K § ion was present even at very low concentrations 
(Fig. 6). The ability of K + ion to compete with oua- 
bain binding to Na +/K § ATPase of erythrocyte mem- 
branes is known from physiological studies of this 
enzyme (Harris & Kellermeyer, 1972). The suppres- 
sion of the effect of ouabain by K + ion in the voltage 
pulsation experiment is thus consistent with the phys- 
iological studies. These results suggest that that por- 
tion of the membrane conductance signal which was 
inhibited by ouabain apparently resulted from the 

opening of  Na +/K + ATPase channels by the external 
field. 

To examine further the above interpretation, we 
carried out cross linking experiments. Cu § § and 1-10 
phenanthroline mixture is known to cross link Na+/  
K + ATPase. The equilibrium hemolysis of cross 
linked red cells appeared to be very similar to the 
untreated cells except that the curve was slightly 
shifted to lower voltage (Fig. 1). The hematocrit 
index, that measures the effective volume of  cells, 
was not significantly altered by the treatment of the 
cross linking reagent for l hr. 

However, the membrane conductance associated 
with the voltage pulsation decreased progressively 
during the cross linking reaction. After one hour of 
reaction with the cross linking reagent the conduc- 
tance signal lost roughly 30% of its amplitude, and 
a plateau was obtained at longer incubation times, 
as shown in Fig. 7. Cu ++ and 1-10 phenanthroline 
when used separately did not have the observed effect. 

N-methylmaleimid is a relatively nonspecific sulf- 
hydryl group reagent. Mere addition of  this reagent 
to the medium did not affect the membrane conduc- 
tance signal. However, if the red cells were preincu- 
bated with this sulfhydryl reagent for 1 hr (2 mg/ml) 
specific cross linking by Cu § +-phenanthroline was 
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Fig. 7. Relative decrease in the electric field-induced conductance 
change as a function of the incubation time. The electric field 
strength was 2.8 kV/cm, pulse duration 30 gsec, temperature 25 ~ 
and hematocrit index 0.2. Symbols used." o. the medium contained 
2001aM phenanthroline, 1001aM CuSO~, Na+/sucrose ratio of 
10:90% ; e,  200 I~M phenanthroline, 100 g~ CuSO4, 100% isotonic 
NaC1; z~, 2 mg/ml N-methylmaleimid, Na +/sucrose of 10:90% ; 
A, 100 gM CuSOr Na+/sucrose of 10:90%; [], pretreatment by 
N-methylmaleimid as in A, followed by treatment as in o 
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Fig, 8. Effect of ionic strength on the ouabain-induced decrease 
in conductance change. The rnagnitude of the field was 3.7 kV/cm, 
pulse duration 30 gsec, temperature 25 ~ hematocrit index 0.2, 
and ouabain concentration 50 g~. The isotonicity of the buffer 
was kept constant by use of mixtures of 0.15 M NaC1 and 0.272 M 
sucrose. In a control experiment, isotonic choline chloride was 
used instead of sucrose to keep the isotonicity constant (filled circle) 

prevented, and the membrane conductance signal was 
no more inhibited by the cross linking reagent. EDTA 
(1 m~) also completely removed the effect of cross 
linking reagent. The rate of swelling of the pulsed 
cross-linked cells was reduced as compared with un- 
treated cells. This reduction in rate was a function 
of the applied field, the smaller the field, the larger 
the effect. Cu + "-phenanthroline cross-linked red cell 
membranes appeared to have an unchanged SDS dec- 
trophoresis gel pattern. This indicates that the cross 
linking experiment described here was highly specific, 
and the cross linking of about 200 Na+/K + ATPase 
molecules (Harris & Kellermeyer, 1972) in the red 
cell membrane was not detectable by the SDS electro- 
phoresis of the membrane proteins. 

Effect of Ionic Strength 

Kinosita and Tsong (1977b) have reported that the 
size of voltage-induced pores is larger for red cells 
treated in a low ionic strength medium than cells 
treated in high ionic strength medium. Interestingly, 
we have observed that the effect of ouabain in inhibit- 
ing the voltage-induced membrane conductance did 
not exist in high ionic media. Figure 8 shows that 
the ouabain suppressible membrane conductance de- 
creased to zero at NaC1 concentration of 45 mM. Sub- 
stitution of sucrose by ionic species, choline also elim- 

inated the ouabain suppressible conductance signal. 
No modification of the membrane conductance was 
observed for the Cu § *-phenanthroline cross-linked 
red cells if the voltage pulsation was done in a high 
ionic strength medium. All these experiments suggest 
that the site(s) of channel opening are variable accord- 
ing to the ionic strength of suspending medium, and 
at a high ionic medium Na+/K § ATPase could no 
longer be opened by the externally applied electric 
field. This is consistent with the observation of Don- 
lon and Rothstein (1969) that cation permeability of 
erythrocytes is extremely low in high ionic media, 
but is greatly enhanced in low ionic media. They 
have found a sharp change in the membrane cation 
permeability (K § around 30-45 mM NaC1 in the ex- 
ternal medium. 

Discussion 

Ionic transport mechanisms of the cell membrane are 
generally electrogenic, i.e., the rate of transport or 
the opening and closing of these channels depend 
on the potential difference across the cell membrane. 
Voltage pulsation of a cell suspension can generate 
a large transmembrane potential (Kinosita & Tsong, 
1977a). The experiments presented in this communi- 
cation consistently show that at a low ionic medium 
a voltage pulse exceeding a threshold potential can 
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Fig. 9. Proposed mechanism of the opening 
of the Na § K + ATPase channels by an 
externally applied electric field. (See text for 
details) 

force open Na+/K + ATPase channels of the erythro- 
cyte membrane. The presence of  voltage-induced 
Na+/K + ATPase channels was demonstrated by us- 
ing the Na§  + transport inhibitor, ouabain, and 
a specific cross linking reagent to this enzyme. 

Ouabain is known to be very specific in its action, 
and it blocks the active transport of Na + and K + 
ions across the erythrocyte membrane (Harris & Kel- 
lermeyer, 1972). Its binding sites are on the exocyto- 
plasmic side. More precisely, the binding occurs at 
the large polypeptide (~ chain) of the Na+ /K + ATP- 
ase (Forbush & Hoffman, 1979). Our result indicates 
that the effect of ouabain on the voltage-induced 
membrane conductance of erythrocytes are related 
to its action on the ATPase. The dose-response curve 
of  the conductance decrease vs .  the drug concentra- 
tion (Fig. 2) gave a half-effect concentration of 
0.15 ~tM, which is, within experimental uncertainty, 
identical to the inhibition constant for the ATPase 
(Harris & Kellermeyer, 1972). K + ion is a competitive 
inhibitor of the ouabain effect (Figs. 2 and 6), as 
it is for the ATPase activity (Harris & Kellermeyer, 
1972). From our result we can conclude that roughly 
35% of the voltage-induced pores in a low ionic me- 
dium are related to the ATPase. Since another 65% 
of pores occurred at as yet unidentified sites, it is 
not surprising that the critical field, as defined by 
Kinosita and Tsong (1977b) was not altered by this 
drug as shown in Fig. 1. Neither were the hemolysis 
and the K § leakage inhibited by the presence of  oua- 
bain. 

The complex of cupric ion and 1-10 phenanthro- 
line is known to induce cross linking between neigh- 
boring sulfhydryl groups (Kobashi, 1968). In an or- 
ganized system such as a membrane, cross linking 
can occur only intramolecularly, or between asso- 
ciated polypeptides. This was used to demonstrate 
the oligomeric structure of a large number of the 
red blood cell membrane proteins (Steck, 1972; Wang 
& Richards, 1974). Only few sulfhydryl groups are 
available on the outer surface (Rothstein et al., 1974). 

Under our experimental conditions only these exocy- 
toplasmic groups were able to cross link; none of  
the cytoplasma-exposed groups could react. This is 
shown by our electrophoresis studies which showed 
that band 3 (Fairbanks et al., 1971) was not signifi- 
cantly affected by the cross linking reaction. It has 
been shown that all the sulfhydryl groups of the anion 
transport protein, the major component of band 3, 
are on the cytoplasmic side of the erythrocyte mem- 
brane (Rao, 1979) and that a very effective cross link- 
ing of  band 3 was obtained when ghosts were reacted 
with the cupric ion phenanthroline complex (Steck, 
1972). On the other hand, a nonpenetrating SH rea- 
gent, pCMBS, was shown to inhibit the Na § active 
transport across the erythrocyte membrane (Harris 
& Kellermeyer, 1972). This suggests that some of  the 
sulfhydryl groups available on the outer layer of  the 
red blood cell are at the Na+/K § pump sites. Cross 
linking of the polypeptidic subunits of the Na+/K + 
ATPase by the cupric ion-phenanthroline complex 
has already been described (Kyte, 1975; Giotta, 1976). 
Under such conditions the Na+/K + ATPase appears 
to be a very potent target for the cross linking reaction 
on the whole red blood cell. Since the amount  of  
Na+/K + ATPase per erythrocyte is very small, 
around 200 molecules per cell (Harris & Kellermeyer, 
1972; Rothstein et al., 1974), no change is expected 
for the electrophoresis pattern of reacted and un- 
reacted cells, as was the case in our experiment. 

The experiments using ouabain inhibition and 
cross linking of the ATPase can be best summarized 
in Fig. 9. At a low ionic medium the Na+/K § ATPase 
channels are accessible from the external medium. 
A voltage pulse that generates a transmembrane 
potential can break a weak interaction between the 
two major subunits of  the enzyme and thus renders 
the channel freely permeable to K + and Na + ions. 
If the enzyme is cross linked, voltage treatment would 
still break the weak bonding, but pore formation is 
now restricted. Similarly, partial blockage of the pore 
formation can be accomplished by ouabain action. 
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The above picture must be taken as tentative, and 
is applicable only in a low ionic condition. At a high 
ionic medium it is believed that the ATPase is not 
perforable by the voltage pulsation. As mentioned, 
Donlon and Rothstein (1969) have shown that K + 
transport rate of erythrocyte is extremely low at high 
ionic strength, but dramatically increases in a low 
ionic medium. Previous experiments have already 
noted differences between pores induced in the high 
and in the low ionic strength buffers (Kinosita & 
Tsong, 1977a). Our experiments have demonstrated 
that different kinds of pores can be generated by 
a voltage pulse, and at high ionic content, few, if 
any of these pores are related to the ATPase. 

What are then the nature of the pores generated 
in a high ionic medium, or the other 65% of pores 
in a low ionic medium? Although lipid matrix could 
be a site of a dielectric breakdown (see, e.g., Benz, 
Beckers & Zimmermann, 1979), we submit that pores 
that occur in the lipid matrix should be highly revers- 
ible and are unlikely to have a long lifetime, as was 
found for pores in the red cell membranes 2. Conse- 
quently, further studies of these unidentified voltage- 
perforable sites are needed. One might also mention 
that Kinosita and Tsong (1979) have estimated the 
number of pores per cell to be small, in the order 
of several hundreds. 

A recent study by Hoffman, Kaplan and Callahan 
(1979) has demonstrated that the Na+/K + pump of 
red blood cells is electrogenic. The operation of this 
pump can generate several mV of transmembrane 
potential. Our result is consistent with their observa- 
tion. Although the voltage required for the opening 
of these channels is much higher, the voltage pulses 
used are very short, only in microseconds, and it 
is known that the threshold voltage depends rather 
strongly on the pulse width (Kinosita & Tsong, 
1977b). 

This work was supported by NIH Grant HL 18048. 
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