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Summary. The fluorescent potentiometric indicator diS-C3-(5) 
has been used to investigate changes in membrane potential due 
to assembly of the C5b-9 membrane attack complex of the com- 
plement system. EAC1-7 human red blood cells and resealed 
erythrocyte ghosts--bearing membrane-assembled C5667 com- 
plexes-were generated by immune activation in CS-deficient 
human serum. Studies performed with these cellular intermedi- 
ates revealed that the membrane potential of EAC1-7 red cells 
and ghosts is unchanged from control red cells (-7 mV) and 
ghosts (0 mV), respectively. Addition of complement proteins C8 
and C9 to EAC1-7 red cells results in a dose-dependent depolar- 
ization of membrane potential which precedes hemolysis. This 
prelytic depolarization of membrane potential--and the conse- 
quent onset of hemolysis--is accelerated by raising external 
[K+], suggesting that the diffusional equilibration of transmem- 
brane cation gradients is rate limiting to the cytolytic event. In 
the case of EAC1-7 resealed ghosts suspended at either high 
external [K +] or [Na+], no change in membrane potential (from 0 
mV) could be detected after C8/C9 additions. When the mem- 
brane potential of the EAC1-7 ghost was displaced from 0 mV by 
selectively increasing the K + conductance with valinomycin, a 
dose-dependent depolarization of the membrane was observed 
upon addition of C8 and C9. In these experiments, lyric break- 
down of the ghost membranes was <5%. Conclusions derived 
from this study include: (i) measured prelytic depolarization of 
the red cell Donnan potential directly confirms the colloid-os- 
motic theory of immune cytolysis. (ii) The diffusional transmem- 
brane equilibration of Na + and K + through the C5b-9 pore results 
in a dose-dependent depolarization of the membrane potential 
(Em) which appears to be rate-limiting to cytolytic rupture of the 
target erythrocyte. (iii) Enhanced immune hemolysis observed in 
high K + media cannot be attributed to cation-selective conduc- 
tance across the C5b-9 pore, and is probably related to the near- 
equilibrium condition of potassium-containing red cells when 
suspended at high external K +. These experiments demonstrate 
that carbocyanine dye fluorescent indicators can be used to mon- 
itor electrochemical changes arising from immune damage to the 
plasma membrane under both cytolytic and noncytolytic condi- 
tions. Potential application of this method to the detection of 
sublytic pathophysiological changes in the plasma membrane of 
complement-damaged cells are discussed. 
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Introduction 

The cytolyt ic  act ivi ty  of h u m a n  serum resides in the 
C5b-9 m e m b r a n e  a t tack complex  composed  of  com- 
p lemen t  1 pro te ins  C5b, C6, C7, C8 and C9 (re- 
v iewed by Esser ,  1981; Bhakdi  & T r a n u m - J e n s e n ,  
1983; Mul le r -Eberha rd ,  1984). The  assembly  of this 
complex  from its five c o m p o n e n t  g lycopro te ins  ini- 
t iates hydroph i l i c - to -hydrophobic  conformat iona l  
t rans i t ions  within the prote ins ,  which results  in 
their  inser t ion  into m e m b r a n e  lipid with a concomi-  
tant  increase  in m e m b r a n e  permeabi l i ty  to aqueous  
solute.  By u n d e r m i n i n g  the solute barr ier  func t ion  
of  the p lasma m e m b r a n e ,  the C5b-9 prote ins  init iate 
the col lapse of ionic gradients  which can u l t imate ly  
lead to cell death  (Green  & Goldberg ,  1960; Mayer ,  
1972). 

The  de tec t ion  and  analys is  of funct ional  mem-  
b rane  damage  due to the inser t ion  of the C5b-9 pro- 
teins has for the most  part der ived from m e a s u r e -  
ments  made  on  the release from the in t race l lu lar  
space of normal ly  impermean t  aqueous  marke r  sol- 
ute. Most  c o m m o n l y ,  these  m e a s u r e m e n t s  have 
been  per formed  with red blood cell target mem-  
branes ,  re lying upon  the de tec t ion  of hemoglob in  
re lease as a quan t i t a t ive  indica tor  of m e m b r a n e  
damage  due to C5b-9 b inding  (Mayer ,  1961). In the 
case of  target  cells o ther  than  e ry th rocy tes  ( includ- 
ing i iposomal  and vesicle  m e m b r a n e s )  a var ie ty  of 
o ther  i m p e r m e a n t  m e m b r a n e - e n c a p s u l a t e d  radioac-  
t ive,  f luorescent ,  sp in- labeled ,  or  ch romogen ic  
marke r  solutes  have been  employed  for these mea-  
su remen t s  (e.g.,  Vis tnes ,  1984, and references  
therein) .  

C, Complement proteins are named in accordance with 
recommendations of Bull. World Health Org. 39:935 (1968). 
EAC1-7 refers to antibody-sensitized erythrocyte membranes 
treated with complement proteins CI to C7. 
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Although the efflux of intracellularly trapped 
marker solute has generally been interpreted to in- 
dicate the functional state of the C5b-9 membrane 
pore p e r  se, accumulated evidence pertaining to 
both the membranolytic and pore-forming proper- 
ties of these proteins suggest that these measure- 
ments may fail to detect functional changes in the 
target membrane that are directly related to the in- 
sertion of the C5b-9 proteins, and that can have 
direct consequence for normal cellular homeosta- 
sis. For example, it is now widely recognized that 
the membrane 'pores' formed by these proteins are 
functionally heterogeneous,~ with apparent exclu- 
sion radii ranging from <4 A to >40 A, depending 
not only upon the multiplicity of C5b-9 binding and 
the molecular stoichiometry of these protein com- 
plexes, but also upon the composition and physical 
properties of the target membrane (Mayer, 1981; 
Sims, 1981). Furthermore, there is now increasing 
evidence to suggest that initial changes in the elec- 
trochemical state of the cell upon C5b-9 binding, 
including changes in the transmembrane electro- 
chemical potential and the levels of intracellular 
Ca ++ and ATP, may significantly determine the ulti- 
mate extent of plasma membrane damage and its 
consequence for normal cellular function and sur- 
vival (Esser, 1980; Campbell et al., 1981; Hailer & 
Campbell, 1984; Tirosh & Berke, 1984). In this con- 
text, changes in plasma membrane integrity arising 
secondarily to the colloid-osmotic influx of water 
(Lauf, 1975; 1978), or due to the release of free fatty 
acids by activated endogenous phospholipases (Im- 
agawa et al., 1983) are each likely to contribute to 
the apparent 'pore properties' of the C5b-9 mem- 
brane complex as detected solely by the efflux of 
trapped marker solute. 

These considerations suggest that the detection 
and analysis of pathophysiological changes in the 
immune-damaged plasma membrane requires the 
application of methods that can dynamically resolve 
sublytic changes in normal plasma membrane func- 
tion which may arise directly due to the membrane- 
bound C5b-9 proteins. Accordingly, we have em- 
ployed the fluorescent potentiometric indicator 
diS-C3-(5) 2 (Hoffman & Laris, 1974; Sims et al., 
1974) to monitor changes in electrochemical gradi- 
ents maintained across erythrocyte membranes dur- 
ing assembly of the C5b-9 proteins under both iytic 
and noncytolytic conditions. In addition to provid- 
ing insight into the electrochemical changes that 

z Abbreviations: DiS-C3-(5), 3,3'-dipropylthiodicarbo- 
cyanine iodide; MOPS, 3-[N-morpholino] propanesulfonic acid; 
DIDS, 4,4'-Diisothiocyano-2,2'disulfonic acid stilbene; C8D, hu- 
man serum deficient in complement protein C8; ghosts, human 
erythrocyte resealed ghost membranes. 

arise due to the effects of these proteins on normal 
membrane ion conductance, our results suggest that 
this simple and sensitive method may have wide 
application to the detection of sublytic functional 
changes in the plasma membrane of a variety of 
cells exposed to these activated serum immunopro- 
teins. 

Materials and Methods 

MATERIALS 

DiS-C3-(5) was obtained from Molecular Probes (Junction City, 
Ore.). Valinomycin and albumin (bovine, fatty-acid-flee) were 
from Sigma (St. Louis, Mo.). Na~251 was obtained in dilute 
NaOH solution from Amersham (Chicago, Ill.). All chemicals 
were of analytical grade, and solvents of spectroscopic grade. 

SOLUTIONS 

All solutions were fleshly prepared using H_~O obtained by re- 
verse osmosis and ultrafiltration (Millipore, Boston, Mass.). Un- 
less indicated otherwise, all solutions contained 0.02% (wt/vol) 
sodium azide. KCI-MOPS: 153 mM KCI, 10 mM MOPS, pH 7.4. 
NaC1-MOPS: 153 mM NaCl, 10 mM MOPS, pH 7.4. Wash Buffer 
A: NaCI-MOPS made 0.25% (wt/vol) in albumin. Wash Buffer B: 
102 mM KC1, 51 mM NaC1, 10 mM MOPS, pH 7.4 made 0.25% 
(wt/vol) in albumin. 

COMPLEMENT PROTEINS 

Human complement proteins C8 and C9 were purified and as- 
sayed for functional (hemolytic) activity according to published 
methods (Sims, 1983; 1984). To ensure removal of trace contami- 
nating amounts of IgG or C9, purified C8 was subjected to immu- 
noabsorption against monospecific anti-C9 coupled to Affigel l0 
(see below) and staph protein A-sepharose-CL-6B (Pharmacia, 
Piscataway, N.J.). Likewise, purified C9 was subject to absorp- 
tion against solid phase anti-C8 and staph protein A. 

IMMUNOCHEMICAL PROCEDURES 

Monospecific antisera against human complement proteins C8 
and C9 were raised in goats as previously described (Sims, 1984). 
The IgG fractions were prepared by successive precipitation 
with octanoic acid and ammonium sulfate (Steinbuch & Audran, 
1969). Freshly drawn human serum was immunochemically de- 
pleted of complement protein C8 by multiple absorption against 
anti-C8 (above) covalently coupled to Affigel 10 (Bio Rad). The 
C8 deficient serum (C8D) was concentrated to its original volume 
and repleted with Clq (40/xg/ml), CaC12 (0.15 raM), and MgCI2 
(0.5 raM). When tested against antibody-sensitized sheep red 
blood cells, this serum was devoid of hemolytic activity. For use 
in preparing EAC1-7 erythrocytes or resealed ghosts (see below) 
the serum was dialyzed against either NaC1-MOPS (erythro- 
cytes) or Wash Buffer B (ghosts) supplemented with 0.15 mM 
CaClz and 0.5 mM MgC12. 
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PREPARATION OF NORMAL H U M A N  RED BLOOD 

CELLS 

Blood was drawn into heparinized vacutainers from healthy 
adult volunteers, the red cells washed five times with 0.9% (wt/ 
vol) NaC1 and suspended at 2 x 109 cells/ml. This red cell sus- 
pension was immediately used to prepare resealed ghost mem- 
branes and EAC 1-7 cells (below), for experiments performed the 
same day. 

RESEALED ERYTHROCYTE GHOSTS 

Resealed ghost membranes of human erythrocytes (ghosts) were 
prepared by reversible hypotonic lysis at 0~ using a modifica- 
tion of published procedures (Sims & Lauf, 1978: Sims & 
Wiedmer, 1984). Lysis of 1 vol red cell suspension (2 x 109/ml) 
was performed at pH 6.0 to 6.1 in 10 vol 4 mM MgSO4, 2 mM 
ATP. Isotonicity was restored to 102 mM KC1, 51 m g  NaC1, 10 
mM MOPS, pH 7.4, by addition of I vol of the concentrated salts. 
Following resealing (60 min at 37~ the ghosts were washed into 
Wash Buffer B and suspended to 2 • 109 cells/ml. For certain 
experiments, trace quantities of ~25I-albumin were incorporated 
into the ghost water prior to resealing, according to the methods 
of Funder and Wieth (1976). 

E A C 1 - 7  ERYTHROCYTES AND RESEALED GHOSTS 

The C5b67 complex was assembled on human erythrocytes and 
resealed ghosts by immune activation in C8D. One ml of erythro- 
cytes or resealed ghosts (2 x 109 cells) was mixed with 5 ml of 
C8D to which was added rabbit antibody against human red 
blood cell stroma (IgG fraction, Cappel Laboratories, West 
Chester, Pa.). The final dilution of the antibody was 1/80. After 
successive incubations of 5 rain at 4~ and 30 min at 37~ the 
resulting EAC 1-7 erythrocytes (EAC 1-7 cells) or resealed ghosts 
(EACI-7 ghosts) were collected by centrifngation. After washing 
and suspension to 1 x 109/ml in ice-cold Wash Buffer A or Wash 
Buffer B, respectively, the EAC1-7 cells and EAC1-7 ghosts 
were kept on ice for use the same day. 

RADIOLABELING 

Bovine serum albumin was radiolabeled with Nal25I using lodo- 
Gen (Pierce Chemical Co., Rockford, Ill.) One hundred /xg of 
albumin were incubated with 0.5 mCi of Na~25I in a test tube 
coated with 10 /zg of Iodo-Gen for 15 min at 4~ Unreacted 
radiolabel was removed by gel filtration on Sephadex G-25 (PD- 
10 column, Pharmacia) and subsequent dialysis. A specific activ- 
ity of 3.7 • 106 cpm/p.g protein was achieved. 

FLUORESCENCE SPECTROSCOPY 

All fluorescence measurements were made in 1 cm quartz cu- 
vettes using an SLM 4800S spectrofluorometer equipped for 
sample stirring and temperature control as described fully in 
Sims (1984). Excitation was always at 622 nm (4-nm slits) and 
emission at 670 nm (8-nm slits). To minimize the contribution of 
light scattering, polarizers were configured vertically (excitation) 
and horizontally (emission). To reduce photobleaching, shutters 
were closed except during data acquisition. Provision was made 
for additions to the stirred sample by injection (Hamilton sy- 
ringe) through a light-tight port above the sample compartment. 

ESTIMATION OF MEMBRANE POTENTIAL 

The membrane potential of EAC1-7 cells was calibrated to diS- 
Cr(5) fluorescence by the methods of Hoffman and Laris (1974). 
Calculations were performed for 30~ on the basis of cell [K-] = 
126 raM, cell [CI-] = 117 raM, and a permeability ratio of PK/Pcl 
= 18 in the presence of 1.25 /xM valinomycin (estimated from 
data of Hunter, 1977; Knauf et al., 1977). 

ASSAYS 

Hemoglobin concentrations were determined spectrophotomet- 
rically at 415 or 542 rim. Cell concentrations were determined by 
resistive counting (Coulter ZBI) or from measured hemoglobin, 
utilizing a mean corpuscular volume of 94.1 fl and cell water of 
969 kg/kg ghosts (Funder & Weith, 1976). Gamma counting was 
performed in a Beckman Gamma 4000. 

Resulls  

The interaction of complement proteins C8 and C9 
with membrane-bound C5b67 is known to initiate a 
rapid increase in transmembrane ion flux which can 
ultimately result in the cytolytic rupture of the 
plasma membrane (Green & Goldberg, 1960; 
Hingson et al., 1969; Hallett & Campbell, 1984). In 
order to determine how this rapidly evolving pre- 
lytic change in ion permeability alters the electro- 
chemical steady state of the target erythrocyte, we 
used the fluorescent lipophilic cation diS-C3-(5) to 
continuously monitor relative changes in membrane 
potential that occur upon the binding of C8 and C9 
to the membrane C5b67 complex. As first described 
by Sims et al. (1974), the fluorescence emission of 
this membrane-permeant carbocyanine dye changes 
with its electrochemical field-dependent distri- 
bution across the membrane, allowing real-time 
optical monitoring of the membrane potential of a 
variety of cells and organelles maintained in 
suspension. In order to facilitate the detection of 
prelytic changes in the membrane potential which 
occur directly upon the membrane insertion of C8 
and C9, and to permit fluorescence measurement in 
a serum-free system, C5b67 complexes were pre- 
assembled on target red cells by immune activation 
in C8-deficient serum, and the cytolytic C5b-9 mem- 
brane lesion then generated by the addition of puri- 
fied C8 and C9 to the washed EAC1-7 cells equili- 
brated with dye in a measuring cuvette. 

CHARACTERIZATION OF THE ELECTROCHEMICAL 

STEADY STATE OF THE E A C 1 - 7  ERYTHROCYTE 

In Fig. 1 are shown typical results obtained for 
EAC1-7 erythrocytes (in the absence of added C8/ 
C9) equilibrated with diS-C3-(5) at 30~ In these 
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Fig. 1. Electrochemical steady state of EACI-7 cells. EAC1-7 
cells (2.5 x 107) were suspended with diS-C3-(5) (4.7 x 10-TM) in 
a total volume of 2 ml KC1-MOPS, NaCI-MOPS or mixtures 
thereof to achieve external [K +] indicated. After 5-rain equilibra- 
tion in the dark at 30~ fluorescence trace was started. Error bar 
shows range of fluorescence intensity measured after equilibra- 
tion of dye. At t = 80 sec, valinomycin (val; 0.33 mg/ml ETOH) 
was added to a final concentration of 1.25 ~M. Membrane poten- 
tial (Era) was estimated for indicated [K +] as described in Mate- 
rials and Methods. On the basis of [K +] at the apparent reversal 
potential (K2 = 96 raM) the membrane potential of the EAC1-7 
cells was determined to be - 7  mV 

experiments, the potassium-selective ionophore val- 
inomycin was employed to shift the membrane po- 
tential towards the potassium equilibrium potential 
(EK) for suspension of the cells at various external 
[KC1]. As shown by the figure, in the absence of 
added valinomycin, EAC1-7 cells equilibrated to 
the same lever of diS-C3-(5) fluorescence, in~ - 
tire of the external [KC1]. Upon addition of the 
ionophore, the external [KC1]-dependent dye re- 
sponse of these cells was similar to that obtained for 
control erythrocytes suspended under equivalent 
conditions, with the level of fluorescence attained in 
response to valinomycin remaining constant during 
30-min measurement (cf. Fig. 1, Sims et al., 1974). 
The concentration of external KC1 at the equilib- 
rium reversal potential for the EAC1-7 cells was 96 
mM (range 90 to 97 mM). These results demonstrate 
that EACI-7 cells maintain a near-normal distribu- 
tion of ions across the membrane, with the mem- 
brane potential governed (in the absence of 
ionophore) by the Donnan distribution of chloride 
(Era = - 7  mV). Using an assumed ratio of the val- 
inomycin-induced potassium to chloride perme- 
abilities ofPK/Pc~ = 18 the level of dye fluorescence 
measured for EAC1-7 ceils in the presence of 
ionophore and various external [KC1] was cali- 
brated to the calculated membrane potential as de- 
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Fig. 2. Effect of C5b-9 assembly on the membrane potential of 
red blood cells. Panel (A): EAC1-7 cells (2.5 x 107) were sus- 
pended with diS-C3-(5) (4.7 x 10 7M) in a total volume of 2 ml 
KC1-MOPS (traces a,c) or NaCI-MOPS (traces b,d). After 5-rain 
equilibration in the dark at 30~ fluorescence trace was started. 
At times indicated by arrows, C9 (265 ng) and C8 (53 ng) were 
delivered to the cuvette. No additions were made to controls 
(traces c,d). Note expanded ordinate scale. Panel (B): Reaction 
mixtures identical to those in (A) were incubated at 30~ At the 
times indicated, aliquots were removed, layered onto a 200 ~1 
phthalate cushion (I vol bis(2-ethylhexyl): 2 vol dibutyl-) and spun 
immediately (Eppendorf Microfuge Model 5414). Ceil hemolysis 
was derived on the basis of snpernatant hemoglobin ( 0 - 0 )  
NaCI-MOPS; (O-O) KC1-MOPS 

scribed in Materials and Methods. It should be em- 
phasized, however, that in the absence of measured 
ion permeabilities for these cells in the presence of 
valinomycin, the absolute values we assign to the 
membrane potential at various external [KC1] are 
only approximate. 

MEMBRANE POTENTIAL CHANGES INITIATED BY 
THE BINDING OF C8 AND C9 TO EAC1-7 
ERVTHROCYTES 

In Fig. 2 are shown the fluorescence traces obtained 
for EAC1-7 cells exposed to C8 and C9 during sus- 
pension at 30~ The cells were first equilibrated 
with dye and excess C9, and the C5b-9 lesion initi- 
ated by rapid injection into the cuvette of 53 ng C8. 
The addition of C8 resulted in an increase in fluores- 
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cence to a level approximately corresponding to the 
0 mV potential, as derived for EACl-7 by methods 
described above (see Fig. i). This apparent C8/C9- 
dependent depolarization of the EAC 1-7 membrane 
potential preceded the hemolysis of the cells, as 
would be anticipated for a cytolytic colloid os- 
motic expansion of cell water under Donnan equi- 
librium conditions. No change in diS-C3-(5) fluores- 
cence was observed when control erythrocytes 
were exposed to C8 and C9 under identical condi- 
tions, confirming the specificity of the fluorescence 
change observed with EAC1-7 for the assembly of 
the membrane-bound C5b-9 complex per se. 

When exposed to identical concentrations of C8 
and C9, the onset of the fluorescence response of 
EACl-7, which presumably signals depolarization 
of the membrane potential to the 0 mV level, oc- 
curred substantially faster when the cells were sus- 
pended in KCI-MOPS versus NaCI-MOPS, coin- 
ciding with the increased complement-mediated 
hemolysis that is also observed for these high potas- 
sium-containing erythrocytes when suspended in 
KC1 versus NaC1 (Fig. 2, and Dalmasso et al., 1975; 
Sims & Wiedmer, 1984). A close inspection of the 
traces of Fig. 2 suggest that the increase in dye 
fluorescence measured after C8/C9 binding follows 
a multiphasic time-course, which is most evident 
for experiments performed in KCl-MOPS (see also 
Fig. 3, below). These data suggest that the mem- 
brane potential of these cells after C8/C9 binding 
may be directly affected by EK or ENa (as well as the 
Donnan chloride potential), which rapidly depolar- 
ize to 0 mV. Alternatively, this apparent multi- 
phasic dye response may be due to changes in the 
emission of the fluorophore that arise secondarily, 
for example, as a consequence of the concomitant 
increase in cell volume or the lytic release of cell 
hemoglobin (see below and Discussion). 

Since the onset of the terminal membrane-de- 
polarizing (and cytolytic) stage of C5b-9 lysis was 
observed to be influenced by the initial cation gradi- 
ent maintained across the target membrane, it was 
of particular interest to monitor the effect of the 
C5b-9 proteins on the membrane potential of these 
cells in the circumstance that the pre-existing mem- 
brane potential is dominated by a cation (rather than 
the chloride) conductance. Accordingly, EAC1-7 
cells were suspended in 153 mM [K +] or [Na +] and 
treated with valinomycin, prior to the addition of C8 
and C9 (Fig. 3). As shown by the data of the figure, 
the addition of C8 to the valinomycin-treated 
EAC1-7 cells (equilibrated with C9) initiates a de- 
crease in fluorescence towards the level of the un- 
treated EAC 1-7 cell, suggesting an initial collapse of 
the K+-electrochemical potential (cf. Fig. 1). Con- 
sequent to this apparent collapse of the K + gradi- 
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Fig. 3. Effect of  C5b-9 assembly  on the membrane  potential 
of  red blood cells in the presence of vatinomycin.  Panel (A): 
EACI-7  cells (2.5 x 10 v) were suspended with diS-C3-(5) (4.7 x 
10 7M) in a total volume of 2 ml KCI-MOPS (trace a) or NaCI- 
MOPS (trace b). After 5-min equilibration in the dark at 30~ 
f luorescence trace was started. At t imes indicated by arrows,  
val inomycin (I.25 x 10 6M), C9 (265 ng) and C8 (53 ng) were 
injected. Panel (B): Reaction mixtures  identical to those in (A) 
were incubated at 30~ At t imes indicated, aliquots were re- 
moved and cell hemolysis  was determined as described for Fig. 
2. ( 0 - 0 )  NaCI-MOPS; ( O - O )  KCI-MOPS 

ent, a secondary increase in fluorescence can be 
discerned, analogous to the response observed for 
these ceils in the absence of valinomycin (cf. trace 
a, Fig. 2). These results suggest that the initial 
change in the membrane potential of these cells oc- 
curs by the collapse of the transmembrane gradient 
of potassium (which in the presence of a valinomy- 
cin-induced conductance dominates the membrane 
potential). Consequent to this collapse of the cation 
gradient, a terminal depolarizing (and cytolytic) col- 
lapse of the chloride (Donnan) potential occurs. 

As shown by the data of Fig. 4, the rate of 
change in dye fluorescence was directly propor- 
tional to the amount of C8 (in the presence of excess 
C9) added to the EAC1-7 ceils. These results dem- 
onstrate that under the range of conditions em- 
ployed in these experiments, the time-course of the 
fluorescence response we observe after C8/C9 addi- 
tion reflects the rate of change of the membrane 
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Fig. 4. Dose-dependence of the membrane potential change of 
C5b-9-treated red blood cells. EACI-7 cells (2.5 • 107) were 
suspended with diS-C3-(5) (4.7 • 10-7M) in a total volume of 2 ml 
KC1-MOPS (A) or NaC1-MOPS (B). After 5-rain equilibration in 
the dark at 30~ fluorescence trace was started. Error bar shows 
range of fluorescence intensity after equilibration of dye. At 
times indicated by arrows, valinomycin (1.25 • 10-6M), C9 (265 
ng) and the following amounts of C8 were injected: 0 ng (trace a), 
5.3 ng (trace b), 53 ng (trace c), 106 ng (trace d) and 212 ng (trace 
e). Note expanded ordinate scale in upper panel 

potential of the target cells per  se, and is not limited 
by the response time of the fluorophore. These data 
therefore suggest that the depolarization of the 
membrane potential occurs through the dissipation 
of ion gradients after assembly of the C5b-9 pore, 
rather than from a se lec t ive  change in the ion con- 
ductance of the membrane (an electrogenic change 
in membrane conductance expected to be immedi- 
ately reflected by Em ; see below).  Furthermore, this 
collapse of the electrochemical potential requires 
minutes to reach equilibrium and would appear to 
be rate-limiting to the ultimate lysis of the target cell 
(see Figs. 2 and 3). In this context it is interesting to 
note that on the basis of apparent osmotic perme- 
abilities measured for complement-treated red cells, 
Lauf (1978) also concluded that the net flux of ions 
across the C5b-9 membrane pore must be limiting to 
the rate of immune hemolysis. 
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Fig. 5. Effect of C5b-9 assembly on the membrane potential of 
resealed erythrocyte ghosts. EAC1-7 ghosts (5 • 107) were sus- 
pended with diS-C3-(5) (2.3 • 10 VM) in a total volume of 2 ml 
KCI-MOPS (A) or NaC1-MOPS (B). After 5-rain equilibration in 
the dark at 30~ fluorescence trace was started. Error bar shows 
range of fluorescence intensities measured after equilibration of 
dye. Panel (A): At times indicated by arrows, valinomycin (1.25 
• 10-6M, to solid traces a-c only), C9 (265 ng) and the following 
amounts of C8 were injected: 0 ng (traces a,d), 106 ng (traces 
b,e) and 212 ng (trace c). Note expanded ordinate scale. Panel 
(B): At times indicated by arrows, valinomycin (1.25 • 10-6M, 
solid traces a-f only), C9 (265 ng) and following amounts of 
C8 were injected: 0 ng (traces a,h), 5.3 ng (trace b), 26.5 ng (trace 
c), 53 ng (trace d) 106 ng (traces e,g) and 212 ng (trace f )  

EFFECT OF C 8 / C 9  BINDING ON MEMBRANE 

POTENTIALS MAINTAINED ACROSS E A C 1 - 7  

RESEALED GHOSTS 

Although results obtained with diS-C3-(5) stained 
EAC1-7 erythrocytes suggest that the binding of 
complement proteins C8 and C9 initiates the col- 
lapse of transmembrane electrochemical gradients 
resulting in a net depolarization of the membrane 
potential prior to cell lysis, the short lag between 
the fluorescence response and measured hemolysis 
(Figs. 2 and 3) led us to question whether the dye 
response we measured for these cells corresponds 
directly to their changing membrane potential (as 
considered above), or rather, is due to the effects of 
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cell lysis on the emission of the fluorophore per se. 
This was of particular concern in light of the con- 
centration-dependent quenching mechanism that 
underlies the potentiometric response of this fluo- 
rescent probe, as well as the well-known potential 
for cell hemoglobin to affect its fluorescence inten- 
sity (Sims et al., 1974; Tsien & Hladky, 1978; Guil- 
let & Kimmich, 1981). Accordingly, we undertook 
to monitor changes in diS-C3-(5) fluorescence initi- 
ated by the binding of the C5b-9 proteins to resealed 
erythrocyte ghost membranes, during suspension 
under conditions that imposed various electrochem- 
ical potentials across the ghost membrane. 

To undertake these experiments, erythrocyte 
ghosts resealed to 102 mM internal [KC1] were 
treated with antibody and C8D to assemble the 
membrane-bound C5b67 complex, under conditions 
similar to those employed for red cells (see Mate- 
rials and Methods). These EAC1-7 ghosts were then 
washed and equilibrated with diS-C3-(5) during iso- 
tonic suspension in 0 or 153 mM [KC1]. As shown by 
the data of Fig. 5, EAC1-7 ghosts in the absence of 
valinomycin equilibrate to virtually the same level 
of diS-C3-(5) fluorescence irrespective of the exter- 
nal [KC1]. The addition of valinomycin initiates a 
change in fluorescence to levels consistent with a 
shift of the membrane potential towards EK (i.e., 
increased fluorescence corresponding to positive 
potentials for external K + > cell K + ; decreased flu- 
orescence corresponding to negative potentials for 
external K + < cell K+; cf. Fig. 1). These results 
confirm that within the time-frame of these experi- 
ments, the EAC1-7 ghosts maintain a transmem- 
brane cation gradient, and that the membrane po- 
tential of these cells (in the absence of valinomycin) 
is insensitive to the equilibrium potentials of Na + or 
K + (i.e., is dominated by the chloride ratio). As 
shown by the data of Fig. 5, in the absence of val- 
inomycin the addition of C8 and C9 to these mem- 
branes has no measureable effect upon diS-C3-(5) 
fluorescence, suggesting that within the level of res- 
olution of this indicator, the membrane potential of 
the target EAC1-7 ghost remains constant at its ini- 
tial level of 0 mV (based on a Donnan ratio of unity 
as determined by Funder and Wieth, 1976). Under 
these conditions, potassium completely equilibrates 
across the ghost membrane, as evidenced by a com- 
plete loss of dye response to valinomycin when the 
ionophore was added 10 rain after C8 and C9 addi- 
tions (not shown). These results indicate that the 
transmembrane equilibration of Na + and K + across 
the C5b-9 lesion does not directly alter the net mem- 
brane potential of the target ghost, suggesting that 
any selective component of the cation conductance 

through the C5b-9 pore must be negligibly small as 
compared to the net chloride permeability of these 
membranes. 

When the membrane potential of the EAC1-7 
ghost was shifted towards EK by selectively increas- 
ing membrane permeability to potassium (with val- 
inomycin), the capacity of the C5b-9 proteins to 
rapidly depolarize that pre-existing membrane po- 
tential was again evident (Fig. 5). Note that in the 
case of EAC1-7 ghosts, the addition of C8 and C9 
invariably collapses dye fluorescence to the initial 
(0 mV) level (cf. results for EAC1-7 red cells, Fig. 3) 
underscoring the stable Donnan equilibrium condi- 
tion of these target membranes irrespective of C5b- 
9 assembly. In this context, it is also to be noted 
that under the conditions of these experiments, the 
lytic breakdown of the target ghost membranes 
never exceeded 5%, as determined by the measured 
release of either residual cell hemoglobin o r  125I- 

albumin incorporated in the cell water at the time of 
resealing. 

Discussion 

The results of this study provide direct experimen- 
tal evidence that the binding of the C5b-9 proteins to 
the plasma membrane initiates a prelytic depolar- 
ization of membrane potential, thereby confirming 
the basic assumptions implicit to the colloid-os- 
motic theory of immune lysis. This membrane depo- 
larization in the red cell appears to occur by the net 
equilibration of ion gradients (caused by net trans- 
membrane ion flow) and not by selective changes in 
membrane conductance per se. By demonstrating 
that this change in membrane potential can also oc- 
cur independent of any subsequent cytolytic event, 
these results underscore the potential of the com- 
plement proteins to induce subIytic changes in the 
electrochemical steady state of the target cell, of 
possible significance to the immune etiology of vari- 
ous disorders of cellular function. Finally, based on 
our evidence that diS-C3-(5) can be employed to 
monitor changes in membrane potential induced by 
C5b-9 binding to the red blood cell, it can be sug- 
gested that this simple fluorescence assay can also 
be used to investigate early pathophysiological 
changes which occur in a variety of other cells con- 
sequent to immunoinjury and that might otherwise 
go undetected by conventional methods used to as- 
sess plasma membrane integrity or cell viability. 

One of the particular goals of this study was 
to determine whether ion-selective conductance 
across the C5b-9 membrane pore contributes to 
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early prelytic changes in the membrane potential of 
the target cell. The possibility that this putative 
transmembrane channel might selectively conduct 
potassium (versus sodium) was suggested by: (i) the 
enhanced lysis observed when C5b-9-treated eryth- 
rocytes are suspended in isotonic KC1 versus NaC1, 
which we have recently shown reflects an effect on 
the target cell which is exerted after the binding of 
the C5b-9 proteins (Dalmasso et al., 1975; Sims & 
Wiedmer, 1984); (ii) the differential effect of aniso- 
osmotic solutions of KC1 versus NaC1 on the kinet- 
ics of complement-mediated hemolysis (Lauf, 1975; 
1978); (iii) data pertaining to the molecular exclu- 
sion size of the C5b-9 pore, which suggest a mini- 
mum pore radius of <4 A (Sims & Lauf, 1978; 
1980); (iv) recent analysis of the single-channel con- 
ductance associated with binding of the C9b frag- 
ment of complement protein C9 to lipid bilayer 
membranes, which indicates a K/Na selectivity ra- 
tio of 3.5 : 1 (Esser et al,, 1984). 

In the present study, we were unable to demon- 
strate ion-selective conductance through the C5b-9 
membrane pore. In the case of EACI-7 red cells 
(suspended in the absence of valinomycin) the bind- 
ing of C8/C9 depolarizes the red cell Donnan poten- 
tial (Fig. 2), which is observed irrespective of the 
initial polarities of EK and ENa (both of which re- 
verse upon substitution of external Na + by K+). In 
the case of EAC1-7 ghost membranes suspended 
under these conditions (Era = 0), no measureable 
change in diS-C3-(5) fluorescence was detected upon 
C8 and C9 addition (Fig. 5), suggesting that the 
diffusional equilibration of Na + and K ~- across the 
C5b-9 pore is effectively "electrically silent" in 
these membranes. In the context of these data, sev- 
eral points warrant particular consideration. First, 
it is to be noted that by comparison to lipid bilayer 
membranes--and many cell plasma membranes--  
the erythrocyte membrane exhibits a relatively low 
electrical resistance, due principally to its high in- 
trinsic permeability to CI- (the conductive perme- 
ability of the red cell membrane to Cl exceeding that 
of Na + or K + by two orders of magnitude; Knauf et 
al., 1977). Consequently, electrogenic conduc- 
tances arising from selective permeability of the 
C5b-9 pore to either Na + or K* may go undetected 
in the erythrocyte membrane, due to "shunting" 
through the chloride conductance pathway (see for 
example, Hoffman et al., 1979). Finally, it is impor- 
tant to note that the effective response time of the 
potentiometric dye indicator used in these studies is 
relatively slow (the field-dependent redistribution of 
diS-C3-(5) requiring several seconds to reach equi- 
librium). Accordingly, we would not have been able 
to resolve fluctuations in membrane potential upon 
C8/C9 binding that do not persist for at least this 

duration. Direct electrical measurements on single 
cells will be required to identify fast transients in 
membrane potential that might arise due to the bind- 
ing of these proteins. 

Although we were unable to detect transient 
diffusion potentials arising directly from the equili- 
bration o fNa  + and K + across the C5b-9 pore per se, 
it is interesting to note that the onset of membrane 
depolarization after C8/C9 addition to EAC 1-7 cells 
occurs measureably faster when the red cells are 
suspended in isotonic KCI versus NaCI (Fig. 2). 
The differential effect of the suspending cation on 
the C5-b-induced collapse of the Donnan potential 
coincides with the enhanced lytic effect observed 
for these proteins in K+-containing media (Fig. 2, 
and Dalmasso et al., 1975). As would be predicted 
for a colloid-osmotic lyric process, and as directly 
demonstrated by the data of Figs. 2 and 3, the col- 
lapse of the Donnan ratio of these cells (and their 
concomitant hemolysis) is directly related to the 
C5b-9-mediated equilibration of transmembrane 
cation gradients, which is detected in Fig. 3 by the 
collapse of EK (measured in the presence of valino- 
mycin). Accordingly, it is likely that the enhanced 
C5b-9 hemolyis observed in high-K + media, and the 
accelerated membrane depolarization under these 
conditions, is a direct consequence of the near-equi- 
librium state of EK when these high-K* erythro- 
cytes are suspended in the presence of isotonic 
KCI. 

It is of interest to note that the addition of C8 
and C9 to EACt-7 red cells results in the same max- 
imal depolarization of the membrane potential in K + 
versus Na + medium, even though the measured he- 
molysis (at submaximal C8 inputs) in Na + medium 
was always significantly less than observed in K + 
medium (Figs. 2 and 3) even after prolonged (2-hr) 
incubation (data not shown; see also Dalmasso et 
al., 1975; Sims & Wiedmer, 1984). These results 
suggest that although depolarization of Em after 
C5b-9 binding is a necessary antecedent to cell ly- 
sis, this electrochemical change is not invariably 
sufficient to achieve cytolytic rupture of the plasma 
membrane. As previously reported by Esser (1980), 
C5b-8 in the absence of C9 can dissipate membrane 
potential without consequent cytolytic changes. Al- 
though in our experiments C9 was always present in 
excess (simulating conditions in whole serum) the 
possibility remains that the sublytic depolarization 
of Em we observe after C8/C9 addition reflects target 
cells that have either failed to bind C9, or that es- 
cape cytolytic rupture due to dissociation or inacti- 
vation of bound C9. The possibility for plasma 
membrane repair after C5b-9 binding to nucleated 
target cells has previously been considered (Ramm 
et al., 1983). 
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Our selection of diS-C3-(5) to monitor changes 
in membrane potential subsequent to C5b-9 assem- 
bly was dictated by : (i) the non-first-order kinetics 
displayed by the prelytic ion flux, indicative of time- 
variant changes in membrane permeability, which 
precludes a direct analysis of  individual rate con- 
stants measured for t ransmembrane ion equilibra- 
tion after C8/C9 binding (P.J. Sims, unpub l i shed  ob- 
serva t ions) ,  (ii) the need to resolve relatively small 
changes in the membrane potential of the EAC1-7 
target cell, arising from the collapse of the Donnan 
chloride distribution (A7 mV); (iii) the requirement 
that the potentiometric indicator be relatively insen- 
sitive to changes in the physical properties of the 
membrane per  se,  including those arising from the 
direct effects of protein binding and membrane in- 
sertion. In light of the above considerations, diS-C3- 
(5) was particularly well-suited for use in this study. 
Nevertheless,  it is important to note that the analy- 
sis of results obtained with diS-C3-(5) in the circum- 
stance of a hemolytic process (such as our measure- 
ments using target EAC1-7 red cells) is potentially 
limited by changes in fluorescence which may arise 
due to the interaction of this fluorophore with he- 
moglobin (Tsien & Hladky,  1978; Guillet & Kim- 
mich, 1981). Although we cannot exclude the possi- 
bil i ty. that  the increased fluorescence we observe 
upon C8/C9 binding to the EAC1-7 red cell is due to 
the lytic release of cell hemoglobin rather than the 
collapse of the membrane potential per  se  (Figs. 2 
and 3), a close inspection of these data suggests that 
contributions of  dye-hemoglobin interactions to the 
C8/C9-dependent change in fluorescence are of sec- 
ondary significance as compared to the total trans- 
membrane field-dependent response of the 
fluorophore: First, it is to be noted that the increase 
in fluorescence observed after C8 addition invari- 
ably precedes cell hemolysis by 1 to 3 rain, suggest- 
ing that the increase in dye fluorescence cannot be 
accounted for strictly on the basis of a release of 
cell hemoglobin. For  example,  when EAC1-7 cells 
are suspended in KC1-MOPS (plus C9), the dye re- 
sponse to the addition of  C8 is virtually complete at 
t = 16 rain, a time at which only 16% hemolysis has 
occurred. A comparable lag between the dye re- 
sponse and hemoglobin release can also be dis- 
cerned for experiments  performed in NaC1-MOPS 
(Figs. 2 and 3). Fur thermore ,  results obtained with 
EAC I-7 ghosts (Fig. 5) demonstrate  that changes in 
dye fluorescence which are consistent with its well- 
documented field-dependent response do occur 
upon C8/C9 binding in the absence of  lytic mem- 
brane breakdown (or hemoglobin release), provided 
that the membrane potential of  the target cell is ini- 
tially displaced from 0 inV. 

It is interesting to note that the fluorophore 

used in this study fundamentally differs from the 
various radioactive, chromogenic,  fluorescent, or 
spin-labeled indicators commonly employed to as- 
sess membrane damage by the complement pro- 
teins: By contrast  to conventional immunoinjury 
markers, which are normally membrane imper- 
meant, and which signal membrane damage by their 
entry or release from the target cell, diS-C3-(5) is 
f r e e l y  p e r m e a b l e  across the undamaged plasma 
membrane,  its t ransmembrane distribution (and, in 
turn, fluorescence) governed by the electrochemical 
potential (Sims et al., 1974; Hladky & Rink, 1976). 
Consequently,  the fluorescence response measured 
for this indicator is completely independent of a 
change in membrane permeability to the dye itself 
(the lipophilic chromophore  always freely equili- 
brating), but instead responds to changes in the 
electrochemical state of the target cell which might 
arise due to changes in membrane permeability to 
one or more cellular ions. Thus it can be suggested 
that this indicator should prove particularly useful 
for assessing subly t ic  changes in the electrochemi- 
cal steady state of those cell membranes that nor- 
mally fail to show cytolytic changes after C5b-9 
binding. 
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