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ABSTRACr The long-lived fusogenic state induced in spherical-shaped erythrocyte ghosts by electric field pulses
(Sowers, A.E. 1984. J. Cell Biol. 99:1989-1996; Sowers, A.E. 1986. J. Cell Biol. 102:1358-1362) was studied in terms
of how the fusion yield depended on both (a) the location where membrane-membrane contact took place with respect
to the orientation of the electric pulse and (b) the time interval between the pulse treatment and membrane-membrane
contact. Fusion yields were greater for membrane-membrane contact locations closer to where the pulse-induced
transmembrane voltage was expected to be greatest and showed a time interval-dependent accelerating decay. The
portion of the membrane that became fusogenic included the area up to a latitude of - 380 of arc towards the equators of
the membranes. A time interval-dependent increase or decrease in rate of decay in the fusion yield for membrane-
membrane contacts induced closer to the equator of the membranes did not occur showing that the pulse-induced
fusogenic state is immobile in the early 5-45-s interval after induction and has a rate of decay, which does not permit
long time interval changes in lateral position to be measured.

INTRODUCTION

Electrically induced membrane fusion (electrofusion) has
five unique characteristics that are useful in studying
membrane fusion mechanisms (for reviews see references
1-4). They are: (a) the potential for very high fusion yields,
(b) high fusion synchrony, (c) the possibility for time
coordination of fusion events with other devices, (d)
delivery of the fusion stimulus independent of exogenous
chemicals, and (e) the electrically inducible fusogenic
membrane alteration in erythrocyte ghosts (5-7) and some
other membrane systems (3) is long-lived. Electrofusion
has also been successfully used in numerous applications
and found in several cases to be the method of choice (1-3).
For example, real-time studies on single cells are also
practical (8). In addition, in two freeze fracture electron
microscopy studies both the application of fusion-initiating
pulses and the moment that the samples were quick frozen
were time-coordinated and showed fusion-relevant ultra-
structural details (9, 10).
The usual electrofusion protocol calls first for the induc-

tion of membrane-membrane contact by dielectropho-
retically aligning the membranes into the so-called pearl-
chain formation (1-3, 1 1). This is done by using a chamber
with two electrodes that conduct a constant amplitude but
low strength alternating electric current through the mem-
brane suspension. Fusion is then induced while the mem-
branes are in contact when a high strength direct current
(DC) pulse is applied to the same electrodes. While the

amplitudes, directions, and duration of the two electric
field treatments will be different, the use of the same two
electrodes causes the axis of the field lines to be identical.
The significant aspect of this is that dielectrophoresis
induces membrane-membrane contact at the same two
points in spherical-shaped membranes which, according to
theory (12-15), experience the highest electric field-
induced transmembrane voltage during the pulse. These
two points are commonly referred to as the "poles." The
same theory predicts that the transmembrane voltage will
always be zero at the "equator" of the membranes.
From our discovery that fusion can occur in human

erythrocyte ghosts even if membrane-membrane contact is
induced after the pulse treatment we concluded that a
long-lived fusogenic alteration was induced in the mem-
brane (5-7). Since the fusogenic stimulus (the pulses)
induces a property (the fusogenic state) that cannot be
measured unless a second condition is induced (mem-
brane-membrane contract), we refer to the induced prop-
erty in terms of its "fusogenicity." The above observation
led to the question of how the fusion yields would change if
membrane-membrane contact were induced at various
times after the pulse but at points other than at the poles of
the erythrocyte ghosts. We answered this question by using
a special chamber with four electrodes arranged in a
square (Figs. 1 and 2). Two of the electrodes were used to
apply the pulses with one field direction then all four were
used to induce an alternating electric field in a different
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FIGURE 1 Example of protocol for measurement of fusogenicity as a

function of location of membrane-membrane contact as a function of
distance from poles of membrane (see text). (a) Pulse treatment of
membrane suspension with membranes in random positions, (b) align-
ment of membranes into a pearl chain alignment direction, which is
different from the electric field direction generated by direct current
pulses. Note the location of electrode ports (dotted lines) and that the
electric field lines (dashed lines) are only approximate.

direction. The angles between the two directions could be
reproducibly and precisely controlled by external electrical
circuitry. This paper is a report of these experiments.
Portions of these results have appeared in preliminary form
(16).

METHODS

Concepts
Human erythrocyte ghost membranes become dielectrophoretically
aligned into pearl chains that are oriented parallel to the electric field
direction in sodium phosphate buffer (pH 8.5) up to 60 mM in strength.
They do not exhibit spinning or rotation (for review see reference 17)
along any axis if 60 Hz alternating current is used (4, 6, 7). Since electric
fields are vector fields, the electric field direction can be calculated from
the vector sum of the components for any chamber/electrode/medium
combination (18). Thus the pearl-chain alignment direction can be
different than the field direction from the pulse if appropriate alignment
voltages are applied at all four electrodes.

Membranes
The preparation and labeling of human erythrocyte ghost membranes
with the fluorescent lipid analogue l,l'-dihexadecyl-3,3,3',3'-tetrameth-
ylindocarbocyanine perchlorate (Dil) were as previously described (6, 7).
The erythrocytes were hemolyzed, and the ghosts were washed in sodium
phosphate buffer (20 mM, pH 8.5) and stored overnight in that buffer as

a pellet. The next day the pellet was resuspended in sodium phosphate
buffer (60 mM, pH 8.5), pelleted, and then resuspended in the same

buffer to the desired membrane concentration. All operations were

performed at 00-40C. The fusion assay was conducted at 209-220C.

Apparatus

The electrical circuit used to supply the alignment-inducing alternating
current and the fusion-inducing pulses was described previously (6). A
special four-electrode chamber (Fig. 2) and associated circuit (Fig. 3)
permitted the alternating current carried by the four electrodes to be
varied in such a way that the direction of the resultant alternating electric
field at the center of the chamber could be changed with respect to the
direction of the pulsed electric field. This circuit was connected between
the alternating current source, the pulse generator, and the four
electrodes of the chamber and permitted the passage of direct current
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FIGURE 2 Cylindrical-shaped
four-electrode chamber with low
height-to-radius ratio used for
inducing close membrane-mem-
brane contact at locations other
than poles: (a) chamber in cross-

section (plane of paper is parallel
to axis of microscope light path).
Convergent light from phase
condenser shown by dashed lines.
Electrodes, E, are No. 22 gauge

tinned solid copper wire. Mem-
brane suspension (dotted area)
fills all of available volume; (b)

30O chamber is constructed by heat
sealing a standard microscope
coverslip, C, to a 2.4-mm thick
Plexiglas (Rohm and Hass, West
Hill, Ontario, Canada) sheet, P,
with a 0.127-mm thick Parafilm
(American Can Co., Greenwich,

¢'>lo1.~CT) washer, W, with hole S.5
mm in diameter. Wells for elec-

Sif trodes (1.6-mm diam) are holes
drilled at angle of 300 of arc with
plane of plastic to permit phase

condenser light to illuminate the membrane suspension; (c) view of
Plexiglass sheet from microscope objective lens. Holes intersect with
plane of plastic block at surface closest to microscope objective (solid
circles) and at plane of surface closest to phase condenser (dotted
circles). Holes are in corners of a square with centers in opposite corners

spaced S = 3.2 mm. Center of hole in plastic washer (dashed line) is
concentric with center of four wells. Assembled chamber is carried by
frame as shown in Fig. 1 of reference 6.

pulses through only two electrodes. Various predetermined proportions of
the constant amplitude sine wave voltage could be applied for alignment
simultaneously to each of all four electrodes (Figs. 1 and 5).

Using simplifying assumptions it can be shown that for switch positions
1-5 of the circuit in Fig. 3 the resultant field direction at the center of the
chamber should have angles of = 590, 530, 450, 380, and 300 of arc with
respect to the direct current pulse direction. Actual alignment angles
measured from micrographs of ten dielectrophoretically aligned ghost-
membrane pearl chains located at or very close to the center of the
chamber averaged: 0 = 690, 380, 270, 180, and 120 of arc, respectively. The
average standard deviation was 30 of arc. The deviations from theory were
due to variabilities in electrode wire position in electrode wells, machining
tolerance in electrode well position and angle, and uneven sealing and

alignment of the center of the Parafilm washer within the center point
equidistant from the centers of the four electrode wells. Actual align-
ments, however, were reproducible and therefore suitable for the qualita-
tive results sought.

Protocol
A suspension of membranes was placed into the chamber through one of
the four ports using a syringe carrying a short blunt-tipped hypodermic
needle. Membranes were treated by applying eight DC pulses (1,400 V
peak) to the two electrodes as shown in Fig. 1. The pulses had an

exponentially decaying waveform with decay half-time of 0.8 ms and
were applied at the rate of 2/s. The membranes were then aligned into
contact after intervals of 5, 45, or 85 s. Taking the effective distance
between each electrode as 2.4 mm (Fig. 2) each pulse therefore generated
a field strength of 583 V/mm in the center of the fusion chamber.
Membrane alignment was induced by turning on the 60-Hz alternating
voltage of 20-25 V (rms) at the input of the circuit in Fig. 3 and leaving it
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FIGURE 3 Circuit for providing alternating current and one set of
constant alternating current to four electrodes for variable angle dielec-
trophoresis. Chamber (circumference, dashed circle) containing elec-
trode holes and electrodes (open circles concentric with solid circles)
connected with arms (solid arrows) of four associated relays A-D, shown
in normally closed position. Activation of these relays (dotted arrows)
connects electrodes associated with relays B and D to the pulse generator
and disconnects electrodes associated with relays A and C. Two ganged
switches connect alternating current to junctions (arrows and numbered
dots) of four sets of fixed resistors (R = 100 fl) in a bridge with two 600 Q
resistors. Alternating current is from the secondary of a step down
transformer connected to the utility lines through a variable voltage
autoformer. Pulses are from generator as previously described (Fig. 1 of
reference 6).

on. After alignment all fusion events were counted. Fusion events were
revealed as membrane-membrane contact took place and fluorescence
moved from a labeled membrane to at least one originally unlabeled
membrane in a pearl chain containing a mixture (14:1, in numbers) of
unlabeled and DiI-labeled membranes. Fusion yield, in percent, was
calculated by dividing the number of fusion events by the sum of (a) the
number of originally labeled but unfused membranes plus (b) the number
of fusion events in the same sample field of view, and multiplying by 100.
After fusion events were scored, the alternating voltage was turned off
and the chamber was extensively flushed with buffer and then refilled
with a fresh suspension of membranes.

Heat generation by the two electrical treatments was previously shown
by the absence of melting in low melting temperature waxes to be low or
insignificant (6, 7). As previously described, these membranes changed
shape upon pulse treatment (6) and the discoid shape became spherical.
Since some net membrane translational movement is induced electropho-
retically upon pulse application and mechanically by Brownian motion, a
fraction of all pulse-treated membranes touch each other before mem-
brane-membrane contact was induced by dielectrophoresis. This resulted
in a background fusion yield which was determined to be 2.5% from
separate experiments by counting fusion events after the application of
the same pulses but without subsequent application of the alternating
current to induce membrane-membrane contact. This background fusion
yield was subtracted from gross fusion yields to give net fusion yield. The
worst case average standard deviation was 1.3 absolute percentage units
(Fig. 4).

20- FIGURE 4 Net fusion yield (Y)
obtained upon membrane con-
tact as a function of time interval
(t) between pulse treatment and

ae* \ dielectrophoretically induced
1_ membrane-membrane contact.

Off-pole membrane-membrane
\ contact locations are: (0) 120;

(-) 180; (A) 270; (A) 380; and

o- (El) 690. Note that net fusion
0 , yield at 690 for a time interval of

0 20 40 60 80 85 s is negative (see text). Worst
t(s) case (for 120 contact location)

error bars are one standard deviation each side of the mean.

RESULTS

Regardless of where membrane-membrane contact was
induced with respect to the poles, net fusion yields exhib-
ited a decay that accelerated with time (Fig. 4). The net
fusion yields were higher if membrane-membrane contact
was induced at points closer to the poles (Fig. 5). Net
fusion yields for membrane-membrane contact at points
6 = 380 and 690 of arc from the poles were no more than
2% regardless of the time interval between the pulse
treatment and induced membrane-membrane contact and
reflect scatter in the data. Lines drawn through net fusion
yield measurements for 6 = 120, 180, 270, and 380 contact
locations for 5- and 45-s time interval data and a line
drawn through the net fusion yield measurement for the
120 and 180 contact locations for the 85-s data were
straight and parallel, or nearly so, to one another. Net
fusion yields remained at or below 2% for membrane
contact at points nearer the equator (380 and 690 of arc
from the poles) regardless of the interval between the pulse
treatment and the induction of membrane-membrane
contact. Net fusion yields for the 45- and 85-s time interval
data were normalized to the net fusion yield at the 120

20o FIGURE 5 Net fusion yield (Y)
iEA observed upon membrane-mem-

15L brane contact at off-pole contact
locations (see Fig. 4 legend).

YX\ Averages of measured angles
S 10- 6.@s690 between pulse field and align-

ment field are given in degrees.

5- S \ (b) Fusion yield as a function of
L \& alignment angles shown in a and

time interval between pulse
0- 4 treatment and close membrane-
o 30 60 g0 membrane contact: (s) 5 s; (@)

S (degrees) 45 s; (o) 85 s. (Inset) Example
alignment showing relationship

between poles (arrows) on membranes receiving maximum transmem-
brane induced voltage from the pulse electric field treatment (direct
current pulse direction indicated by dotted line) followed by the dielec-
trophresis-induced alignment direction (dashed lines) from the alternat-
ing current passing through all four electrodes. Angle, 0, between axis
(dotted line) and membrane-membrane contact axis (dashed line).
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15 -\ FIGURE 6 Net fusion yield (Y)
obtained upon membrane-mem-
brane contact at off-pole contact

10 - locations and plotted against
cos 0. All 45 s (dotted) and 85 s

5-\ (solid) data from Fig. 5 are nor-
malized to net fusion yield mea-
sured for the 5 s (dashed) time

0 interval at the 120 contact loca-
tion (see Fig. 4 legend).

1.0 0.95 0.9 0.85 0.8.36
cos 0

contact location for the 5-s time interval and plotted as a
function of cosO and shown in Fig. 6.

DISCUSSION

The same four-electrode chamber was used in a previous
study to make a preliminary determination of the location
on the membrane of the induced fusogenic state and its
change in location with time (7). In that study membrane-
membrane contact was induced at only two points (the
poles and the equator) and showed that (a) only the poles
became fusogenic, and (b) the fusion yield for contact at
the equator never rose above the background for any time
interval betweer .he pulse treatment and the induction of
membrane-meii,brane contact. Hence it was concluded
that while the fusogenic membrane alternation was
induced in the same part of the membrane which experi-
enced the highest induced transmembrane voltages; the
long-lived fusogenic state was otherwise laterally immo-
bile. However, it was also possible (a) that relocation of the
fusogenic property to the equators by lateral diffusion was
too slow to be detected by those experiments, (b) that the
pulse-induced fusogenic membrane alteration needed to be
above a threshold for fusion events to occur, or (c) that the
fusogenic state decayed more quickly compared with how
far it could diffuse laterally. In the present study the
induced fusogenicity was measured at five points of mem-
brane contact instead of only two in the previous study (7).
Furthermore these locations were between the poles and
the equators of these membranes and represented a study
v ith substantially greater lateral resolution. Compared
with net fusion yields for membrane-membrane contact
locations closer to the poles, any detectable lateral diffu-
sion of fusogenic sites or time-dependent relocation of the
fusogenic membrane alteration away from the poles should
have increased with time interval or decreased more slowly
(i.e., a time-dependent decrease in slope) at locations
farther from the poles compared with locations closer to
the poles (i.e., a general time-dependent broadening of the
width of the curve should be observable). Thus the slopes of
the lines through the first four points for both the 5-and the
45-s time intervals and the first two points for the 85-s
interval in Fig. 5 should have decreased markedly with

time or the fusogenicity-location relationship should have
shown a wave that propagated towards the equator. As
such all of these lines were parallel to one another within
experimental error. That the 5- and 45-s data can be
superposed within experimental error suggests that in the
early time intervals after induction but before decay
processes dominate, the slopes are identical. When the 45-
and 85-s interval data were replotted normalized to the net
fusion yield at the 120 contact location for the 5-s interval
and against cosO, the curve showed no time-dependent
broadening (Fig. 6). In fact the slight narrowing in the
curve for the 85-s time interval for the cosO = 0.98 and 0.95
contact locations suggests that 85 s after the induction of
the long-lived fusogenic state and accelerating decay over-
takes any broadening that would have occurred. A hint of
slight curve broadening, however, may be present between
the cosO = 0.95 and 0.89 points and also between the cosO =
0.89 and 0.79 points in the 85-s interval and may be partly
due to tumbling, which would be expected to begin to show
up after such an interval. This indicates that in the early
time interval (5-45 s) after the pulse treatment essentially
no lateral movement of the fusogenic alteration is detect-
able. After larger time intervals (85 s) between the pulse
treatment and induced membrane-membrane contact lat-
eral movement, if it exists, is swamped by other processes
(decay and tumbling).

That the plot of normalized net fusion yields against
cos 0 (Fig. 6) is relatively linear for the 5- and 45-s time
interval data are consistent with the well known (1-
3, 12-15, 17, 21) and simplified relationship between
induced membrane voltage, V, at a location angle, 0
(specified in Fig. 5) bulk external electric field, E, and
radius of spherical membrane, r, as given by the equation
V = 1.5 ErcosO. Exact correspondence is obtained if a
constant, C, representing the threshold transmembrane
voltage needed to induce the fusogenic alteration, is added
to the right side of this equation (This assumes a one-to-one
relationship between V and Y when V > C). Such a
threshold is consistent with what is known about electrofu-
sion (1-4). Also, that both the net fusion yield and the
induced membrane potential have the same cosine depen-
dence suggests that the important factor is, indeed, the
component of the electric field, which is perpendicular to
the membrane plane and not the bulk electric field.
The time-dependent acceleration in the decay in the

fusogenic state may be due to interactions between dif-
ferent populations of pulse-induced membrane alterations,
one of which is fusogenic. The fusogenic population of
altered structure could be a decay product of an unstable
but nonfusogenic alteration. In connection with this possi-
bility, a recently published study of electrofusion showed
ultrastructural evidence for multiple classes of pulse-
induced structures with different lifetimes (9).
Our results have implications for the mechanism of

membrane electrofusion (for reviews see 1-4). So far only
one mechanism has been hypothesized for electrofusion
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(19, 20). In this hypothesis the pulses induce cylindrical
pores (electropores) in each of the two close-spaced mem-
branes. Each electropore in one membrane is concentri-
cally paired with an identical electropore in the other
membrane. Fusion of the two membranes then occurs as
the edges of the two electropores reseal with each other
instead of themselves. Depending on experimental condi-
tions electropores may reseal very quickly or very slowly
after formation (for reviews see references 4, 15, 21,22).
As previously presented (1-4), the electropore hypothe-

sis applies, however, only to the protocol in which close
membrane-membrane contact is established before and
maintained during the application of the fusion-inducing
pulses. In this respect, the original form of the electropore
hypothesis does not predict the long-lived fusogenic state.
However, in a modification of the electropore hypothesis it
may be possible that preformed pores (i.e., long-lived
residual electropores) in membranes in suspension could
collide head-on or edge-to-edge with each other to bring
free edges of pores together as the membranes are aligned
into contact. Thus the electropores can be thought of as
fusogenic sites as well as parts of intermediate structures in
the fusion event (for review see reference 4). However,
results of two other studies (7, 22) suggest that the electro-
pore hypothesis is unlikely to explain the long-lived fuso-
genic state on the grounds that total pore cross-sectional
area of residual electropores, as a fraction of the total
membrane area, may be far lower than needed to account
for the observed fusion yields.

If electropores are the fusogenic sites and are made
entirely of lipids as previously proposed (1-4, 19-20) then
they should be laterally mobile and should diffuse in the
plane of the membrane at rates comparable with other
mobile membrane components because diffusion of a later-
ally mobile membrane component in a fluid membrane
should be relatively independent of its effective diameter
(23, 24) and it should not matter whether the entity is a
solid (protein or lipid) or a hole filled with the aqueous
medium. Thus fusion yields at some location away from
the poles should have either increased measureably with
time or decreased more slowly depending on the electro-
pore lifetime compared with the rate of lateral diffusion.
Although Brownian motion-induced tumbling can result in
disorientation of fusogenic areas the experimental data
indicate this was not enough to disorient the membranes
and broaden the width of the fusogenicity-location curve
(Fig. 6) except for contact locations where net fusion yields
are so low as to be near the experimental scatter in the
data.
The new data in the present paper show that if the

long-lived fusogenic structural alteration appears to diffuse
laterally in the plane of the membrane then during its
lifetime it diffuses at a rate that is exceptionally low or is
immobile. Our present understanding of membranes indi-
cates that a fraction of many membrane proteins are
laterally immobile (for reviews see references 25-27). Our

observation suggests that the fusogenic membrane alter-
ation may be somehow linked to the erythrocyte cytoskele-
tal system. This in turn casts doubt on the concept of a
fusogenic electropore as being exclusively composed of
lipids.
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Note Added in Proof. The long-lived fusogenic state has also been
reported in Chinese hamster ovary cells (Teissie, J., and M. P. Rols. 1986.
Biochem. Biophys. Res. Commun. 140:258-266).
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