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Electrofusion of Chinese hamster ovary cells after ethanol incubation
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Electrofusion of Chinese hamster ovary cells is obtained with cells growing in monolayers on a culture dish.
The cells were incubated with increasing amounts of ethanol before the field pulsation. The electroperfora-
tion was apparently not affected by the incubation but the threshold field intensity required to induce the
fusion was shifted to higher values. This effect is tentatively explained by a decrease in size of the
field-induced pores as a consequence of an increase in the lipid matrix fluidity.

Introduction

Fusion of cells is now easily obtained by the
applications of short-duration high-intensity elec-
tric field pulses. Different approaches have been
proposed to induce the requisite contact between
cells: natural contact [1], dielectric mediated inter-
actions [2], chemically induced aggregations [3.4],
antigen-antibody targeting [5] and contact inhibi-
tion for cells growing in monolayers [6,7]. But
investigations of the molecular processes involved
in this kind of fusion are rather speculative. In our
laboratory, using Chinese hamster ovary cells
(CHO) plated on culture dishes as a model system,
we are developing such an approach. We first
demonstrated that the interaction between cells
and the electric pulse was vectorial, providing di-
rect evidence that the trigger of the fusion was the
external electric field [8]. Thus the speculation that
the first step in the fusion was the electroperfora-
tion was strengthened. In fact we always observed
in our experiments that dyes were penetrating
inside the cells under fusing pulsing conditions [7],
proving the induction of transient permeable
structures. But a recent study [9] demonstrated
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that under the same pulsing conditions the fusion
could be abolished by the ionic content of the
external medium. It appears that different steps
are present in the fusion mechanism, where the
perforation is in fact required but not sufficient.
Furthermore, the closing process of the pores must
be dependent on the dynamic of the membrane. A
short abstract [10] suggested using data on the
temperature dependence of the electrofusion of
lymphoma that the fluidity of the membrane was
important for the occurrence of the process. Such
an observation was in agreement with experiments
on the Ca**-induced fusion of model systems [11].
In fact, the authors were speculating that the effect
of the temperature was only to alter the ‘fluidity’
of the membrane. They neglected the well-known
fact that many biological activities are strongly
dependent on the temperature. In the present study
we investigated the consequences on the electrofu-
sion of the incubation of CHO with a fluidizing
agent (ethanol) in order to obtain informations
free of such an enthalpy-induced contribution.

Methods

The “electrofusion” method we are using was as
previously described [7]. It was shown with other
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cell systems that this method gives a high-yield cell
hybridization [12]. In this approach, the electric
pulse is applied on cells growing in monolayers on
culture dishes (Nunc, Denmark). The field is ho-
mogeneous, being generated by a high voltage
(Cober power supply, U.S.A) applied on two
parallel flat stainless-steel electrodes (distance 6
mm, length 30 mm) which are in contact with the
bottom of the dish (Fig. 1). Five repetitive pulses
(100 ps duration) are applied with a constant
selected intensity (square wave pulse). The pulsing
medium (2 ml) is 10 mM Tris buffer, 250 mM
sucrose and 1 mM MgCl,. The cells are in contact
with the pulsing medium only during the pulsa-
tion, i.e., about 2 min. After pulsation cells are
incubated in the culture medium at 37°C for 2 h.
They are then fixed and observed under an in-
verted microscope. In the present study the cells at
a density of 780 cells/mm’ are incubated for 30
min (before the electric treatment) at 37°C in a
culture medium where the indicated ethanol con-
centrations are present. No ethanol was present in
the pulsing medium and its effect is induced dur-
ing the pre-pulse incubation. Incubations are al-
ways operated in a 95% air/5% CO, atmosphere.
In all experiments control samples are present
with no ethanol treatment during the pre-pulse
incubation period.

The extent of fusion is monitored either by
computing the fusion index R, which is the per-
centage of nuclei belonging to polynucleated cells
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Fig. 1. A schematic drawing of the electrofusion device used in
the present study. Square-wave voltage pulses generated by the
Cober pulser are applied on the electrodes. A small fraction of
the applied voltage is fed on a Datalab transient recorder and
visualized on an Enertec oscilloscope. The cells are kept under
sterile conditions in an ESI laminar flow hood.
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against the total number of nuclei, or by plotting
the polynucleation histogram as a function of the
number of nuclei per cell. One of the advantages
of our method is that control cells which are not
pulsed are present on the same dish as the pulsed
ones. This was clearly illustrated in Ref. 7. About
500 cells are observed for each experimental con-
dition.

Results

Electroperforation

The direct control of ethanol-treated cells under
the microscope does not reveal any morphological
change as a consequence of the incubation. Elec-
tric field-induced transient permeable structures
are always induced. This is shown by pulsing the
cells in a medium where a low concentration of a
non-permeant dye was present. As shown in Fig.
2, this ‘pore’-opening process is dependent on the
intensity of the external field and a threshold value
is present. ‘Pores’ are opened for the same field
value whether the cells are incubated or not. The
profile of the curve in Fig. 2 is not affected by the
ethanol pretreatment.
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Fig. 2. (left) Dye penetration in plated CHO cells as a conse-
quence of 100-us electric pulses. Five pulses with the indicated
intensities were applied to the cell culture. Eosin was present in
the pulsing medium at a concentration of 2.3 mM. Permeated
cells were observed under the microscope and displayed a red
staining of the cellular components. The ordinate is the per-
centage of stained cells. The curve is similar whether the cells
are treated with ethanol or not,

Fig. 3. Decrease in the polynucleation index of pulsed cells as a
consequence of their preincubation in ethanol. Cells were pulsed
five times (1.4 kV /cm, 100 ps) after a 30 min incubation in the
presence of the indicated ethanol concentration. The yield is
the polynucleation index expressed in percent.
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Electrofusion

When the intensity of the electric field is kept at
a value of 1.4 kV/cm, the ethanol incubation
induced a decrease in the yield of fusion, as shown
in Fig. 3; but this observation is not linked to an
inhibition of the ability of cells to fuse. If the yield
of fusion is plotted as a function of the magnitude
of the applied field, its value for 2.5 kV/cm re-
mains constant, with an index of polynucleation of
about 30% (Fig. 4) except when we are using 400
mM ethanol, where the maximum extent of poly-
nucleation is not reached. This 2.5 kV /cm inten-
sity is the highest we are able to generate due to
the power limitation of our generator.

In a previous study [7} we showed that the
fusion was observed only when the cells were
pulsed with fields stronger than those required to
induce the perforation. The major change is that
the threshold value needed to induce the fusion is
shifted towards higher intensities. This threshold
value seems to increase linearly with the ethanol
concentration with a possible saturation effect for
the highest concentration we were able to use in
our experimental conditions (400 mM) (Fig. 5).

Under field saturating conditions (more than 2
kV/cm) the histogram of polynucleation was not
affected by the prepulse ethanol incubation (Fig.
6). The fusion process occurs in the same manner

as soon as field conditions powerful enough to
trigger it are applied.

Discussion

Electrofusion can be triggered on CHO cul-
tured in monolayers after an ethanol incubation
when one uses strong electric fields with an inten-
sity of the order of 2 kV/cm. The major conclu-
sion of the present study is that the extent of the
electrofusion under these strong pulsing conditions
is not affected by the pretreatment because (i) the
index of polynucleation R is the same under high
field conditions (Fig. 4), and (i) the extent of
polynucleation is not altered (Fig. 6). But the
mechanism which is the basis of this fusion is
clearly altered, as higher field intensities are re-
quired for its induction (Fig. 5). This explains the
apparent discrepancy with this conclusion that we
observe when incubating the cells with 400 mM
ethanol. In this case the power of the generator is
not large enough to provide the required field.

The nature of the contacts between cells does
not appear to be affected by the ethanol treat-
ment. This conclusion is obtained from the direct
observation of the cells under the microscope and
from the polynucleation histogram. If the contacts
were altered, the number of polyfusion events

-~ ~ ,-\ ¥
w = / z
o ) Vi n o
Z 40 S / -
st 4 / <
0 v J
o o 1.5 / =) 1
w = a 3
w o
- I "
L & i
20t o ®
1t G op a
"
[ ]
D i 2\ " 0.5 4 1 I 2 n " i i
o] 0.5 1 1.5 2 o} 200 400 1 2 3 4 5 6
FIELDCKV/CM) CETHANOL > (MILLIMDLAR) ND. OF NUCLE]

Fig. 4. (left) Changes in the polynucleation index of pulsed cells as a function of the amplitude of the applied field. Cells were pulsed
five times (pulse duration 100 us) after a 30 min incubation in the presence of different ethanol concentrations: control (+), 81 mM
(*), 162 mM (0O), 403 mM (a). The yield is the polynucleation index expressed in percent.

Fig. 5. Evolution of the fusing threshold intensity as a function of the prepulse incubation ethanol concentration. Cells were pulsed
five times (pulse duration 100 us) after a 30 min incubation at the indicated ethanol concentration. The field intensity should be
greater than the threshold in order to elicit the fusion. These data are obtained directly from Fig. 4.

Fig. 6. Histogram of polynucleation of cells pulsed after incubation with different ethanol concentrations. Cells were pulsed five times
(2.1 kV/cm, 100 pS) after a 30 min incubation with different ethanol concentrations: control (+), 81 mM (*), 162 mM ().



would decrease, leading to a shift of the histogram
to the low number of nuclei region (left side of the
diagram). This is not the case.

The number of induced pores does not seem to
be altered by the ethanol treatment. This conclu-
sion is obtained from the results in Fig. 2, where
the penetration of eosin is reported not to be
affected. If the number of pores were decreased
then we would expect a decrease in penetration
linked to a limitation of the incoming flow of
exogenous molecules. Furthermore, in a recent
publication [26] it was proposed that the defects
involved in the electric field-induced pore-opening
were located at the sites of the discrete surface
charges. The duration of the ethanol incubation is
too short to induce any change in the electrical
properties of the membrane, and the density of
surface charges remains unaffected. As a conse-
quence the density of defects is not altered and, as
we show that the threshold field for perforation,
i.e. the energy barrier required to trigger the open-
ing of pores, remains unaffected, then the prob-
ability of pore-opening, which is directly related to
this energy, is the same. As their density and their
probability are unchanged, the number of evoked
pores must remain the same.

The basic scheme for electrofusion is proposed
to be: (i) electroperforation; (ii) closing of the
pores either by an intercellular process (fusion) or
by an intracellular one (reversibility). We showed
that step (i) is not affected by the ethanol incuba-
tion (Fig. 2), at least in its initiation step. It was
previously demonstrated that the perforation is in
fact a two-step processes [13,14]. The first one is a
growth of structural defects up to a critical size
where a pore is generated [15,16] and the second is
an increase in the diameter of the pores. This
second step is under the control of the magnitude
of the applied field and of the pulse duration
[13.14]; furthermore it appears to be under the
control of the ionic content of the external medium
[17]. It could easily be imagined that this last step
is strongly altered by the ethanol incubation. Ex-
periments on model systems showed that ethanol
was interacting with lipids at the level of the polar
head groups, creating a hydrogen bond between
the OH of the alcohol and the carbonyl of the
lipid [18]. The order parameter of the three first
segments of the hydrocarbon chain was decreased
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and the chains were distorted leading to an in-
crease of the molecular area. This expansion of the
film may explain the observed interdigitation
[19,20]. Thus ethanol affects mainly the polar head
region of lipids, which was shown by NMR studies
to be affected by external electric fields [21]. In
membrane vesicles a similar effect was observed
[22] but it was decreased by the presence of
cholesterol [23]. Nevertheless it must be em-
phasized that a microcompartmentation of lipids
is postulated to exist around intrinsic proteins [23]
and that this annulus of lipids would be strongly
affected by ethanol even when the average proper-
ties of the membranes are not altered as a conse-
quence of their high content of cholesterol, a well-
known fact in eukaryotic cells. This localized ef-
fect of ethanol would explain its specific effect on
transport systems as described in Ref. 24. In the
case of electroperforation, ethanol would alter the
increase in size of the pores after they have been
created, or by increasing the ‘fluidity’ of the lipid
matrix it would decrease their lifetime. Both ef-
fects would alter the fusion process by altering the
nature of the electric field-induced pores which are
a prerequisite for the mixing of the membranes.
Such an effect would explain the shift to higher
intensities of the threshold field required to induce
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Fig. 7. Schematic drawing explaining our proposal of the effect
of ethanol incubation on the size of an electric field-induced
pore. Field pulses induce pores of a given size (state 1).
Increasing the intensity of the applied field increases the size of
the pore (state 2). After incubating the cells in ethanol before
the pulsation, the field pulse induces smaller pores (state 3).
Thus a higher field induces pores of the initial size if the cells
are preincubated with ethanol (state 4).
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the fuston (Fig. 5), as for a given pulse duration
the final size of the pore is under the control of the
intensity of the field [13]. Thus increasing the
intensity of the field would either compensate for
the decrease in size due to ethanol or return the
pore lifetime to its initial value. It is difficult to
decide between the two explanations (decrease in
diameter or in lifetime), but it is known that the
resealing of the pore is very slow (several minutes
at 37°C) [2,25], too slow to be due to a simple
lipid diffusion process. Thus the pore lifetime is
rather long and its above postulated ethanol-in-
duced change does not appear as a likely candi-
date to explain the decrease in fusion yield. In our
experiments we compensated for this decrease in
size by increasing the intensity of the field which
keeps a constant value during the pulse (square
wave pulsation) (Fig. 7). An implicit conclusion
from this model is that the pores should be larger
than a critical size in order to induce the fusion
even though these pores are always large enough
to allow the penetration of low molecular weight
dyes (Fig. 2).

Fluidization of the membrane by the ethanol
treatment apparently inhibits the cell electrofu-
sion. This effect can be linked to a decrease in size
of the induced pores. The temperature-induced
increase in fusion yield reported elsewhere appears
not to be linked to the fluidity of the membrane
but rather to a more general cell reorganization
[25].
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