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1. Introduction

Because of the many potential applications in cell
membrane research, genetic mapping and somatic
hybridization (e.g., production of hybridoma cells),
the development of techniques for in vitro cell fusion
is receiving ever increasing attention [1—5]. However,
cell fusion induced by the usual means (e.g., glycerol-
monooleate, polyethylene glycol, Sendai virus),
suffers from several disadvantages, i.e., unphysiological
conditions, lack of control of the fusion process under
the microscope, large variability in the number of
cells subjected to fusion, low yield of fused cells, loss
of intracellular components and limited viability. A
new method for cell-to-cell fusion based on electrical
breakdown in the membrane contact zones of two
cells attached to each other has been introduced
[6—14]. This method eliminates most of the disad-
vantages of the chemical- and virus-induced fusion
techniques. Electric field-induced cell-to-cell fusion
is performed in two steps.

(1) Tight membrane contact between cells is achieved
by dielectrophoresis [15,16], i.e., by movement
of the cells under the influence of a non-uniform,
alternating electric field of low intensity. This
results in the formation of so-called pearl chains,
the length of which depends on the cell suspension
density and the inhomogeneity of the field.

(2) Fusion between cells in a pearl chain is induced
by an additional external field pulse of short
duration and high intensity which results in the
reversible electrical breakdown of the cell mem-
brane [10,17,18]. Since the dielectrophoretically
collected cells are aligned parallel to the field,
electrical breakdown predominantly occurs in
the contact zone between any two cells. After
breakdown, the fusion process takes place within
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seconds to several minutes, depending on the

species.
This technique has been successfully applied in the
fusion of plant protoplasts of different species, sea
urchin eggs and human erythrocytes [6—14]. In the
latter case giant fused cells of up to 1 mm diam. were
obtained.

Here, we report on electric field-induced fusion of

a permanent mammalian cell line in order to test the
potential of this method for somatic hybridization
and for the production of giant cells from mammalian
cells which could then be impaled with microelec-
trodes. Friend cells (erythroblasts obtained by trans-
formation with Friend virus) were used because the
biochemical activity and, in turn, viability of the fused
cells could easily be determined by means of the
dimethylsulfoxide (DMSO)-induced haemoglobin
synthesis.

2. Materials and methods

Murine virus-induced leukemic cells (Friend cells)
[19] were obtained by courtesy of Professor Goebel,
Wiirzburg and cultivated in a modified basal Eagle’s
medium. For the fusion experiments cells were col-
lected from suspensions of ~10° cells/ml. All steps
were carried out under sterile conditions. The cells
were centrifuged and the pellet resuspended in 0.3
M mannitol solution. In general, the cells were washed
twice with mannitol solution before subjecting to
dielectrophoresis.

The experimental set-up for electric field-induced
cell fusion is detailed in [8]. The fusion chamber con-
sisted of a slide with two parallel platinum wires glued
to it at a minimum distance apart of 200 um. The
wires, which served as electrodes, had a diameter of
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200 um. Experiments were carried out under a micro-
scope with a long-working-distance objective, while
the fusion chamber was maintained at 20°C. The
alternating field for dielectrophoresis of the cells was
generated by a function generator (Toellner type TE
7704, M. Werner, Frankfurt).

Breakdown in the membranes of the aligned cells
was induced using a pulse generator (Hewlett Packard
type 214 B). Both devices were connected in parallel
to the electrodes. A switch disconnected the function
generator from the electrodes for 1 ms when the
breakdown pulse was applied. For a fusion experi-
ment, a 100 ul droplet of 0.3 M mannitol solution
was pipetted between the electrodes of the fusion
chamber and a few ul of cell suspension were addi-
tionally injected into the gap between the electrodes.

The DMSO-induced haemoglobin stimulation was
performed according to [19]. The induction of heam-
oglobin synthesis was demonstrated by the benzidine
reaction [20].

3. Results and discussion

Friend cells in logarithmic growth phase were
exposed to the alternating, slightly non-uniform field.
The intensity of the field was ~0.1 kV/cm and the
frequency chosen between 100 kHz and 2 MHz.
Lower frequencies were not used because of the rota-
tion phenomenon observed in Friend cells at a fre-
quency of ~40kHz [21], which disturbs the alignment
of the cells along the field lines and prevents close

membrane contact. Field strengths exceeding the break-

down voltage must be avoided during dielectrophoretic
collection of cells because electrical breakdown of the
cell membranes immediately results in the mechanical
destruction of the cells under these conditions [6,22].
The critical field strength required for reversible
electrical breakdown can be calculated on the basis of

the integrated Laplace equation derived for spherical
cells [23]:

Ve=15 -r-E, -cosf

E,, is the critical field strength and 6 is the angle
between a given membrane site and the field direc-
tion. V.= 0.85V is the breakdown voltage [24] and
r = 8 um is the radius of the cells [24]. Using these
values the critical field strength for the two membrane
sites in the field direction, i.e., in the membrane con-
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tact zone (cos 8 = 1), is calculated to be ~0.7 kV/cm.
In the derivation of the integrated Laplace equation
it is assumed that the field is uniform and that the
stationary membrane potential corresponding to a
given external field strength is established. As pointed
out above, the field is slightly non-uniform and the
relaxation time of the charging process of the mem-
brane can be of several s in the presence of a non-
electrolyte solution. Thus, the value of 0.7 kV/cm
for the field strength is only a rough estimate. In any
case, the presence of the alternating field causes many
breakdown events to occur within the membranes,

if the critical field strength is exceeded and if there

is insufficient resealing time between two break-
down events;i.e., if the frequency is too high, the
resealing time of cell membranes is in general of the
order of several minutes [6,10]. The reversible elec-
trical breakdown event will thus go over into the
mechanical destruction of the cell, as observed in
suspended cells and artificial planar lipid bilayer mem-
branes in response 10 a single field pulse of very high
intensity and long duration (so-called supercritical
field pulse; for definition see [6]).

Fig.1 shows ‘pearl chains’ of Friend cells obtained
by dielectrophoresis in an alternating field of low
intensity. Fusion was initiated by the application of
asquare field pulse of 40V amplitude and 20 us dura-
tion. In general, 23 cells fused together within 3
min, although a number of cells deteriorated. The
alternating voltage was reduced to almost zero, once
the process of intermingling of the 2 membranes
became visible under the microscope. Transfer of the
fused cells into isotonic electrolyte solution enhanced

Fig.1. Dielectrophoretic collection of Friend cells. The cells
were suspended in 0.3 M mannitol solution and placed between
the electrodes. After application of an inhomogeneous alter-
nating field (100 V/cm, 2 MHz) the cells arrange like pearl
chains.
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the formation of spherical cells. The yield was ~20—
30%, provided the cells were taken from the logarith-
mic phase and incubated for only a very short time in
the non-electrolyte solution.

The yield of fused cells could be considerably
increased if pronase or dispase were added to the cells
just before dielectrophoresis. In the presence of these
enzymes cells could also be subjected to fusion after
a longer incubation time (up to 4 h) in the non-elec-
trolyte solution. In the presence of 1 mg pronase/ml
or 10 ug dispase/ml, up to 100% of the cells fused
within 2—3 min. The size of the fused cells could be
preselected by using different cell suspension densities.
At low suspension densities pearl chains of 2—3 cells
predominate; thus the probability of obtaining hybrids
is high. On the other hand, a high yield of giant cells
(up to 200 um diam.) was obtained, if high suspension
densities were used. Under these conditions many
pearl chains are arranged in parallel to each other, and
close membrane contact is established between cells
of parallel chains [11]. The applied field strength of
4 kV/cm is sufficiently high to induce breakdown in
those membrane areas orientated at an angle of ~80°
with respect to the field direction (see the Laplace
equation). Thus fusion can take place not only
between cells within a given pearl chain (i.e., in the
field direction), but also between cells of adjacent
pearl chains (almost parallel to the electrode). Obvi-
ously, this procedure leads to the formation of giant
cells (see fig.2). The giant cells were mechanically
stable and could easily be transferred to other solu-
tions. Dispase has the considerable advantages over

Fig.2. Giant cell obtained by fusion of Friend cells. For
fusion the cells were suspended in 0.3 M mannitrol solution
containing 1 mg pronase/ml and collected by dielectrophoresis
(100 V/cm, 2 MHz). After 1 min a breakdown pulse with a
field strength of 2 kV/cm and a duration of 20 us was applied.
The photograph was taken 5 min after the pulse.
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pronase that smaller concentrations are needed and
it is milder in its reaction. It is well known that
permanent cell lines can be grown in the presence of
small amounts of dispase [25,26].

The presence of the enzymes apparently stabilises
the cells against the field strength {27]. The field
strength of the alternating field and of the field pulse,
respectively, which could be applied to the cells
without deterioration, increased with increasing
enzyme concentration and with increasing exposure
time to the enzymes. At 1 mg pronase/ml or at 10 ug
dispase/ml (exposure for 10 min) the cells could be
subjected to a field pulse of 5 kV/cm and 100 us
duration without deterioration. These field condi-
tions resulted in a very rapid fusion of the cells in
the pearl chains. The fusion process was almost com-
plete within a couple of seconds. Removal of the
enzymes by washing the treated cells several times
with enzyme-free non-electrolyte solution resulted
in the well-known field-sensitivity of the cells. Thus,
we can conclude that the enzyme effect on the mem-
brane is completely reversible, provided that the
exposure time of the cells to the enzyme does not
exceed 30 min.

The viability of the fused cells apparently depended
on the speed of the fusion process and thus on the
field strength and the duration of the field pulse. It
seems that fusion must proceed for 2—3 min after the
breakdown pulse has been applied, to obtain viable
cells. The optimum conditions for enzyme treatment
and field application are given in fig.2. A high yield of
fused Friend cells in the absence of pronase can also
be achieved by subjecting the cells to a train of field
pulses of increasing field strength and duration,
beginning with a field strength of 2 kV/cm and a dura-
tion of 5 us and ending up with a field strength of
5kV/cm and a duration of 50 us. There is experimental
evidence that Friend cells can also be subjected to
pulses of higher field strength and longer duration
under these conditions without the deterioration that
would normally be the case. Apparently, this treat-
ment also stabilises the cells against high field strengths
and long pulse lengths. The viability of the fused cells
was tested by DMSO-induced haemoglobin synthesis.
The stimulation of haemoglobin synthesis in fused
cells required in average 2 days, as with cells not sub-
jected to fusion. The benzidine reaction revealed that
almost 100% of the fused cells could synthesise heam-
oglobin [19] (fig.3).

Measurements of the electrical breakdown voltage
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Fig.3. Haemoglobin stimulation in a giant cell obtained by
fusion of Friend cells. The fusion was performed under the
same conditions as in fig.2. For stimulation of the haemo-
globin synthesis the giant cells were washed 3 times with
nutrient medium to remove the pronase and transferred into
basal Eagle’s medium containing 2% DMSO. After 3 days
haemoglobin synthesis was demonstrated by the benzidine
reaction.

of Friend cells, using a single particle analyser [24],
revealed no significant differences in the breakdown
voltages of Friend cells in the absence or presence of
the enzymes. In all cases the breakdown voltage was
~0.85 V. The apparent discrepancy between the
unchanged breakdown voltage of the cell membranes
in the presence of the enzymes, on the one hand, and
the higher field stability, on the other hand, can be
explained in terms of the emergence of protein-free
lipid domains in the membrane contact zone. In [28]
the redistribution and aggregation of intramembranous
particles (which are probably of proteins) in virus-
induced and other types of membrane fusion was
proposed to serve as a mechanism of depleting areas
of the membrane of integral proteins. This idea is
consistent with experimental data (see, e.g. [1]). In
addition to proposing that membrane proteins aggre-
gate during membrane fusion, it was also suggested
that fusion might proceed by the interdigitation of
the aggregated particles [2,28]. However, in [1,29] it
was postulated that fusion proceeds by the intermin-
gling of membrane lipids after protein-free areas of
lipid bilayer have emerged as a result of protein aggre-
gation.

Considering the above results we suggest that accord-
ing to [1,29] particle-free lipid domains are a prere-
quisite, for the intermingling of two membranes (fig.4).
We postulate that the enzymes we used lead to aggre-
gation of particles and, in turn, to the emergence of
lipid domains whereby the alternating electric field
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seems to enhance aggregation. Aggregation of particles
in the presence of proteolytic enzymes has been
observed before but the only recorded experiments
were performed at higher temperatures (>40°C)
with long exposure times to the enzyme (60 min)
(see [29]). In contrast, the field stabilisation effects
of the enzymes on the membranes of Friend cells
reported here were recorded at room temperature

Fig.4. The lipid bilayers between the proteins of the two
membranes are in close contact vertical to the field lines (a),
whereby it is assumed that protein-free areas are formed by
lateral diffusion of proteins. Electrical breakdown leads to a
disruption of the membrane structure (b), so that bridges
may be formed between the lipid bilayers of the two mem-
branes during the reorganisation of the lipid molecules (c).
The radius of curvature of the pores formed in this way is
very small, so that formation of spherical ‘two-celled aggre-
gates’ is energetically favored (d).
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within 30 s of adding the enzymes and were com-
pletely reversible.

Either pronase or dispase may enhance lateral
movement of the intramembranous particles in
response to the field by degradation of a few integral
proteins in the membrane contact zone [29,30,31],
or the activity of these enzymes may be changed in
the presence of the electric field and the non-elec-

trolyte environment [27]. In any case, the only straight-

forward explanation for the ‘field insensitivity’ of the
cells in the presence of these enzymes is the forma-
tion of lipid domains in the membrane contact zones.
From electrical breakdown studies on artificial planar
lipid bilayer membranes we know that breakdown
occurs in <10 ns and that the membrane voltage
decays to very low levels within hundreds of ns [32].
The resealing time of the membrane which has been
subjected to electrical breakdown is <2 us [33].
However, in cell membranes electrical breakdown
most probably occurs at the lipid—protein junction
or within the proteins [34]. Therefore field-induced
effects in proteins require a much longer resealing
time (up to 30 min, depending on the temperature
{6,17]). Due to the high conductance and permeability
state of the membranes for a long period, the field
lines will partly pass through the cell interior and cause
adverse side effects if the field strength exceeds a
certain level or if the field pulse is longer than say
2—5 us [6,10,17]. In addition to the field effects on
the cells, secondary processes (e.g., osmotic) can lead
to irreversible destruction of the cells, if breakdown
has not occurred in the lipid domains, as in the case
of cells exposed to the field in the presence of enzymes
[6,10,17].

The proposed mechanism for electric field-induced
fusion is shown in fig.4. Breakdown in the lipid
domains leads to the formation of pores as a result of
local electro-mechanical compression of the mem-
brane [19]. The randomly orientated lipid molecules
within the pore bridge the two apposed bilayer under
the formation of a channel as indicated (fig.4). We
have to assume that this process has amuch faster time
constant than that of the resealing process of the lipid
bilayer itself. However, if the time constant of the
bridging process is slower (e.g., because of the presence
of some integral proteins at the site of breakdown)
the resealing process of the bilayer membrane becomes
the dominant one and fusion will not occur. When
the channel is formed, high curvature and, in turn,
the high tension in the two bridged bilayers bring
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about the formation of a sphere which is the only
thermodynamically stable configuration. Osmotic
processes (as postulated [35]) for chemical- and virus-
induced fusion do not seem to be involved. The stabi-
lisation of cells against field pulses of high field strength
and long duration by prior injection of a train of field
pulses of lower intensity and shorter duration can also
be interpreted in terms of the proposed mechanism.
The generation of pores will cause the membrane to
reseal. There is a very high probatility that the pro-
teins and lipids become separated since the diffusion
coefficient of the lipids is higher by 2 orders of magni-
tude than that of the proteins [36]. Thus, it is plau-
sible to assume that the pores created by breakdown
are closed by lipids rather than by proteins. The
hypothesis that fusion is only initiated when break-
down occurs in lipid domains is further supported by
the finding that fusion between ATP-depleted human
erythrocytes is observed both in the absence of pro-
nase or neuraminidase during field application and
without enzymatic pretreatment of the cells before
field application [37]. With ATP-depleted cells, giant
cells of 100 um diam. can be obtained provided that
EDTA prevents uptake of Ca®* during the fusion pro-
cess. Electronmicrographs showed that ATP-depletion
leads to the emergence of lipid domains [37].

The above procedure yields thousands of fused
cells, and considerably more if it is repeated several
times or if a flow chamber is used [8]. The number of
fused cells obtained by the present set-up should be
sufficient for applications in medicine and membrane
research. Since the fusion process can be followed
under the microscope, the fused cells can easily be
identified, particularly if cells of different species are
subjected to electric field-induced fusion.

Preliminary experiments with B-lymphocytes from
mouse spleen and myeloma cells have shown that the
fusion conditions reported here can be applied to these
cells without modification. Thus it should be possible,
in the very near future, to obtain well-defined hybrid-
oma cells which have great potential in clinical diag-
nosis and therapy as well as in the purification and
enrichment of compounds like interferon (e.g.,
[4,5,38,39]).

The formation of giant cells in high yield will per-
mit direct measurements of the electrical membrane
properties by insertion of microelectrodes into these
cells. This procedure may open the possibility of
comparing the membrane properties of normal and
malignant cells.
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