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ABSTRACT Controlled permeability can be conferred to cell membranes by exposing cells to a microsecond electric
pulse of sufficient intensity (electroporation). By constructing a fluorescence microimaging system with a submicro-
second time resolution we have been able to resolve temporally and spatially the events in a single cell under a
microsecond electric pulse. An enormous membrane conductance, corresponding to a loss of 0.01-0.1% of the
membrane area, was observed in those membrane regions where the transmembrane potential induced by the electric
pulse exceeded a critical value. The conductance decreased to a low level in a submillisecond after the pulse, leaving a

moderately electroporated cell.

INTRODUCTION

A recent development in cell technology is the application
of high-voltage pulses to living cells (1,2). The pulse
treatment renders the cell permeable apparently by the
formation of aqueous pores in the cell membrane (electro-
poration or electropermeabilization). The high permeabil-
ity allows the manipulation of cellular contents. If two or
more cells are in contact with each other, the pulse-induced
change in membrane structure eventually leads to the
fusion of the cells (electrofusion). Giant cells or hybrid
cells can be produced. The electroporation and electrofu-
sion are-becoming useful tools in experiments and applica-
tion. The molecular mechanism of these two related phe-
nomena, however, is not yet clear.

The pulse-induced disturbance of the membrane struc-
ture is a microsecond process. Only those regions of the
membrane that oppose the external electrodes are expected
to be perturbed (see Theoretical Background). Analysis of
the process therefore requires high resolution both tempo-
rally and spatially. Thus we have constructed a pulsed-
laser fluorescence microscope with a submicrosecond
imaging capability, with which the instant of pore forma-
tion has successfully been imaged. Here we report the
major results and their interpretation.
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METHODS

Theoretical Background

One point that has been established about the pore formation and fusion is
that the direct cause is the field-induced transmembrane potential (1, 2).
Under an external electric field the potential drop across a cell is
sustained by the cell membrane, which is a poor conductor, while the field
in the ion-rich cell interior becomes zero. Thus, when a field E is turned on
at time ¢ = 0, the induced membrane potential ¥ (outside vs. inside) at
polar coordinate 8 (with respect to the axis pointing to the anode) is given
by

¥(0,t) =1.5aE cos 8[1 — exp (—t/7)] (1)
7 =aCu(r, + r./2), (2)

where a is the cell radius, C, the membrane capacitance per unit area, 7,
and r, the specific resistances of the intracellular and extracellular media
(3). The rise time 7 is of the order of 1 us or less (3). An electric pulse for
which I\Illexceeds a critical value, ~1 V in most cells (1, 2), produces pores
in the cell membrane (1, 4). Pore formation is fast; duration of the
supracritical ¥ can be as short as 1 us (5, 6).

In Eq. 1 the membrane conductance G, is assumed to be negligible, an
assumption valid with normal cells (3). If G,,, is finite (and uniform over
the entire membrane), the membrane potential ¥ in Eq. 1 (and also 7) is
reduced in proportion to the following factor (3).

f= 1/[1 + aGm(ri + re/z)] (3)

Thus, if the pores introduce appreciable membrane conductance, a
reduction in ¥ is expected. The 8 dependence in Eq. 1, however, suggests
that || will exceed the critical value only for 6 around 0 and 180°. Only
those membrane regions that oppose the external electrodes will be
perforated and give rise to a finite G,,. If this G, is large enough, then the
perforation will be detected as a drop in I‘Ill mainly around the two poles at
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# = 0 and 180°. Flattening at the peaks of the cos 8 dependence is
expected.

For a nonuniform (f-dependent) G, the potential ¥ cannot be given in
an analytical form. To compare with experiment, therefore, we calcula.ed
the steady-state solution W(f,! =) as a numerical solution of an
appropriate Laplace’s equation with a boundary condition including the
Gn(0) (details will be described elsewhere). We assumed that G, (6) is
given by

Gol0) - G,(|cos 8] — cos ) /(1 — cos 8,)

(6 <8, 180° — 0, < 6)
(0. <0 <180° —6), (4)

where G, is a constant (maximal conductance) and 8. is the angle at which
the potential in the absence of pores, 1.5 aE cos 8, would become 1 V. Eq.
4 implies that G,, in the perforated region is proportional to the excess
potential, |l.5 aE cos 0| — 1 V. This rather arbitrary choice reproduced
the experimental results fairly well (see Results).

[KC1l=10mM

(KCl)=i10@mM
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Pulsed-Laser Fluorescence Microscope

Experimentally, spatial resolution of ¥, though at steady state, has been
achieved by the use of voltage-sensitive fluorescent dyes combined with
video microscopy (7). Time resolution of video by itself, however, is poor.
¥ has been time resolved with a photomultiplier tube (8), but the imaging
capability was sacrificed. To observe ¥ (0, r) as images at microsecond
resolution, therefore, we used a pulsed dye laser (model DL-1400,
Phase-R, New Durham, NH) with a pulse duration of 0.3 us as the
excitation source for the dye fluorescence. We stained the cell membrane
of a sea urchin egg with the dye RH292, of which the fluorescence
intensity changes linearly with membrane potential (9). The egg illu-
minated with a single pulse from the laser produced a fluorescence image
of sufficient intensity on a video camera (SIT type C1000-12, Hama-
matsu K. K., Hamamatsu, Japan). The laser was triggered during a
vertical blanking period of the camera. The instantaneous image stored as
charge distribution on the target plate of the camera was output at
ordinary video rate into a digital image processing system (C2000,
Hamamatsu K. K.). By synchronizing the laser with the electric pulse
applied to the egg we were able to take a snap shot of the voltage response
of the cell membrane at a desired time in the pulse.

FIGURE 1 Rise of transmembrane potential in a pulsed
electric field. (a) Images of red fluorescence (intensity
profiles in yellow), from a sea urchin egg stained with the
voltage-sensitive dye RH292, obtained at indicated times
after the onset of a square-wave electric pulse (100
V/cm, duration 25 us). (b) Profiles of the fluorescence
response, relative to the intensities at zero field, along the
circumference of the cell at indicated times, clockwise
starting from the top of the cell. Bathing medium, 10
mM KCl, 1 mM MgSO,, 0.1 mM Tris (pH 7.8), 1.2 M
glucose, and 3 uM RH292; the medium in b, right, the
same except [KCI] = 100 mM, [glucose] = 0.8 M.
Temperature, 20°C. In a separate experiment the fluo-
rescence change was shown to be approximately propor-
tional to the field intensity E for £ up to 133 V/cm.
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Experimental Procedures

Unfertilized eggs of sea urchins Hemicentrotus pulcherrimus, Temno-
pleurus toreumaticus, Anthocidaris crassispina, or Clypeaster japonicus
(results indistinguishable) were washed in a desired medium (see figure
legends) and resuspended in the same medium containing 3 uM RH292
(Molecular Probes, Inc., Eugene, OR). The suspension was introduced in
a l-mm gap between a pair of platinized platinum electrodes on a cover
glass. A selected egg was illuminated on an inverted epifluorescence
microscope (ICM-405, Carl Zeiss Inc., Tokyo), with a light pulse (540
nm) from the dye laser. Several successive images, each under a
differently conditioned electric pulse, were taken at intervals of 2 s from
the same egg.

RESULTS AND DISCUSSION

Rise of Membrane Potential

Fig. 1 a shows the response of an egg to a subcritical
electric pulse. The dye RH292 fluoresced strongly when
bound to the cell membrane, giving a circular image in the
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absence of external electric field. When the external field
in the direction from right to left in Fig. 1 a was turned on,
the fluorescence in the region facing the anode increased
with time whereas an opposite response was observed in the
region facing the cathode. Plotted in Fig. 1 b, left, are the
intensity profiles along the cell circumference at selected
instants. Although the profiles are rather noisy, each
profile is approximately a cos 8 curve as predicted in Eq.
1.

For sea urchin eggs the parameters in Eqs. 1 and 2 are
a=>50um,C,~1uF/cm? and r,~200Q - cm (3, 10). At
E = 100 V/cm (Fig. 1 a) the maximal potential ¥,,,, =
W({f =0°¢t=cow)=15aEis0.75 V, lower than the critical
potential of ~1 V for the pore formation in the cell
membrane of sea urchin eggs (11). Withr, = 1.2kQ - cm
for the bathing medium the rise time 7 is calculated to be
~4 ps. The circumferential profiles in Fig. 1 b, left, show
that the potential ¥ rose with the predicted time constant.

FIGURE 2 Responses, at 20 us, to a subcritical (100
V/cm) and supracritical (400 V/cm) electric pulse of
duration 25 ps. (a@) Pseudo-color representation of the
differential images (zero-field image subtracted). (b)
Circumferential intensity profiles. Green, at 100 V/cm;
red, at 400 V/cm. The dashed profiles are theoretical:
green, Eq. 1 with £ = 100 V/cm and ¢ = oo; red, at E =
400 V/cm with G, () given by Eq. 4 where 8, = 70° and
G, = 1.2 S/em? yellow, the shape of G,(6). Bathing
medium as in Fig. 1 a ({[KCl] = 10 mM).
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An immediate rise, in contrast, was observed in high-salt
medium (Fig. 1 b, right) where r, = 120 Q - ¢m and where
the predicted 7 ~ 1 us. The data also show that the response
time of the dye RH292 was within 2 us. When the external
field was turned off the induced potential decayed with the
same 7 as in the rising phase. Thus, for moderate field
intensities we have been able to demonstrate the validity of
Egs. 1 and 2, which early in this century played a key role
in elucidating electrical properties of cells and particularly
of cell membranes (3).

Pore Formation

The cos 8 dependence was no longer observed at field
intensities above the critical value of 133 V/cm for which
Wax = 1 V. The top of the circumferential profile became
flat or even slightly concave as is seen in Fig. 2, where the
responses to subcritical (E = 100 V/cm, ¥,,, = 0.75 V)
and supracritical (E = 400 V/cm, ¥, would have been 3
V) pulses are compared. Apparently rise of the transmem-
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brane potential beyond the critical value was counteracted
by the increase in the membrane conductance resulting
from the pore formation. In fact the experimental profile at
400 V/cm was well simulated by a theoretical one
(Fig. 2 b) in which the membrane conductance G, was
assumed to be given by Eq. 4 with 8. = 70° and G, = 1.2
S/cm’ The fit supports the idea that only those regions
where |¥| had exceeded 1 V, i.e., the regions within 8, from
the two poles opposing the electrodes, were perforated. The
value of G,, the membrane conductance at the two poles, is
orders of magnitude higher than the conductance of nor-
mal egg membrane which is well below 10 mS/cm? (3, 10).
(That G, should be =1 S/cm” may also be seen from Eq. 3.
For large 6,, the reduction in ¥ at the poles is described,
very approximately, by the factor f.) The above G, corre-
sponds to the replacement of as much as 0.01-0.1% of the
membrane area by aqueous openings. The enormous leaki-
ness, if it persists, would cause immediate rupture of the
cell. The membrane must be highly disorganized, which

FIGURE 3 Responses, at 12 us, to a monitor pulse (67
V/em, 15 us) in the absence of, and 20 us after, a
preceding supracritical pulse (185 V/cm, 20 ps). (a)
Pseudo-color differential images (zero-field image sub-
tracted). (b) Circumferential intensity profiles. Green,
without; red, with the preceding pulse. The dashed
profiles are theoretical: green, Eq. 1 with £ = 67 V/cm
and ¢ = oo} red, at E = 67 V/cm with G,,(6) given by Eq.
4, where 9, = 44° and G, = 0.3 S/cm?; yellow, the shape
of G,(6). Bathing medium as in Fig. 1 a ([KCl] = 10
mM).
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may well initiate the electrofusion process. A similar
conductance value has been suggested, indirectly, for
erythrocyte under a supracritical field (6).

The possibility that the flattening at the top of the
profile might have been due to saturation of the dye
response per se was ruled out by a double-pulse experi-
ment, in which response to a subcritical electric pulse of
constant intensity (monitor pulse) was examined with and
without a preceding pulse. The response was unaffected by
the preceding pulse as long as the intensity of the preceding
pulse remained below the critical value. After a supracriti-
cal pulse, however, the response to the monitor pulse
became lower and flattened (Fig. 3). This clearly demon-
strates that the degraded response at high fields reflected a
structural change (pore formation) in the cell membrane,
and that the change persisted after the field was turned off.
(Note, however, the possibility that this persisting effect
may well have been amplified by the monitor pulse. The
value of G, estimated from Fig. 3 [see legend] may be
much larger than the G, at zero field.)

The effect on the monitor pulse decayed rapidly after
the termination of the preceding pulse, becoming barely
observable at 500 us. At 2 s the effect apparently disap-
peared. The pores shrank rapidly as has been suggested
(6). The recovery, however, was not complete. Often, cells
treated with an intense and long pulse (e.g., 400 V/cm, 100
us) eventually swelled and burst, due presumably to the
osmotic imbalance caused by the leakage of ions and small
molecules through the shrunken but still open pores (1, 5).
The final pore size has been shown to be controllable (4).

Time course of the pore formation was examined in the
high-salt medium where the rise of the potential was fast.
The circumferential profiles 1 or 2 us after the onset of a
supracritical pulse were already low and flattened, indicat-
ing that the pores were formed within 1 us. The cell
membrane cannot sustain a potential greater than the
critical value even for a short period of time. Profiles later
in the pulse were lower than the early profiles, but the
difference was rather small (<20% drop over 20 us). Once
the induced potential drops below the critical value the
increase in G,, slows down. The transmembrane current
(=¥/G,,) sustained at the high level, however, probably
continues to accumulate in the membrane some strain
which interferes with the later shrinkage of the pores. The
pore radius long after pulsation has been shown to be
highly sensitive to the pulse duration (4, 5).

CONCLUDING REMARKS

We have shown that an enormously leaky state is realized
in those regions of cell membrane that are under a
supracritical potential and that the membrane recovers
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quickly after the external field is removed. The kinetics can
be controlled by the size of the applied pulse and optionally
by subsequent pulses. These results should be useful in
designing successful cell manipulation techniques, such as
the introduction of high-molecular weight materials in
cells by an electric pulse.

The work presented is the first application of the pulsed-
laser fluorescence microscope. The pulsed illumination
system should be useful in many other applications where
imaging at a (sub-)microsecond time resolution is required.
Here we have examined fast events induced by an electric
pulse. Another important field will be the imaging of
processes induced by a light pulse. Responses to the light
itself as well as those to photochemical products can be
studied. Progress is being made toward this goal.
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