Biophysical Journal Volume 94 January 2008 469-479 469

In Situ Bipolar Electroporation for Localized Cell Loading with Reporter
Dyes and Investigating Gap Junctional Coupling

Elke De Vuyst,* Marijke De Bock,* Elke Decrock,* Marijke Van Moorhem,* Christian Naus,’ Cyriel Mabilde,*
and Luc Leybaert*

*Department of Physiology and Pathophysiology, Faculty of Medicine and Health Sciences, Ghent University, B-9000 Ghent, Belgium;
and TDepartment of Cellular and Physiological Sciences, Faculty of Medicine, University of British Columbia, Vancouver, British
Columbia V6T 1Z4, Canada

ABSTRACT Electroporation is generally used to transfect cells in suspension, but the technique can also be applied to load a
defined zone of adherent cells with substances that normally do not permeate the plasma membrane. In this case a pulsed
high-frequency oscillating electric field is applied over a small two-wire electrode positioned close to the cells. We compared
unipolar with bipolar electroporation pulse protocols and found that the latter were ideally suited to efficiently load a narrow lon-
gitudinal strip of cells in monolayer cultures. We further explored this property to determine whether electroporation loading was
useful to investigate the extent of dye spread between cells coupled by gap junctions, using wild-type and stably transfected
C6 glioma cells expressing connexin 32 or 43. Our investigations show that the spatial spread of electroporation-loaded
6-carboxyfluorescein, as quantified by the standard deviation of Gaussian dye spread or the spatial constant of exponential dye
spread, was a reliable approach to investigate the degree of cell-cell coupling. The spread of reporter dye between coupled cells
was significantly larger with electroporation loading than with scrape loading, a widely used method for dye-coupling studies.
We conclude that electroporation loading and dye transfer is a robust technique to investigate gap-junctional coupling that

combines minimal cell damage with accurate probing of the degree of cell-cell communication.

INTRODUCTION

Electroporation is an efficient and versatile technique to bring
plasma membrane impermeable compounds into biological
cells. It has been extensively applied for gene transfer, as an
alternative to viral vectors (1), and it currently experiences a
renewed and vigorous interest for its use as a safe method
to increase the efficiency of antitumor treatments (*‘electro-
chemotherapy’’) (2) or a promising tool for gene therapy
(““electroporation gene therapy’’) (3,4). The spectrum of
biological preparations to which electroporation has been ap-
plied ranges from single cells (5) through adherent cells (6),
brain slice preparations (7), embryonic tissues (8,9), skin
(10), up to whole tissues such as liver, lung, and muscle (11—
14). Electroporation is also well suited to specifically load a
geometrically defined zone in two-dimensional cell arrays, e.g.,
monolayer cell cultures or viable tissue slices, with membrane-
impermeable intracellular messengers and inhibitor sub-
stances to investigate intracellular signaling (15,16). The
advantage of this technique is the availability of a nonloaded
zone in which control cellular responses can be recorded and
compared with responses in the loaded zone, according to a
paired experimental paradigm. Loading of a restricted zone
is done with a special two-wire electrode positioned close to
cells (illustrated in Fig. 1) to which a pulsed high-frequency
(50 kHz) oscillating electric field (as opposed to a single
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high-amplitude pulse) is applied so as to combine high
efficiency and cell survival (15,17,18). The efficiency of cell
loading is dependent on many factors including the time
course and magnitude of the electric field, the composition
of the solutions bathing the cells, and the cell type and
geometry (19). Pulsed high-frequency electric fields can in
principle be applied with or without an accompanying net
direct current (DC) component, according to a unipolar or
bipolar protocol, respectively (20). Unipolar electroporation
can improve the loading of charged substances by electro-
phoresis (21,22) but can also introduce toxicity by current
flow and subsequent cell heating (23) or the formation of
electrolytic side products such as oxygen gas and metal ions
released from the electrode (24). Bipolar electroporation
may, on the other hand, be more efficient because it results in
poration of the plasma membrane at two opposing sides of
the cell, whereas the unipolar protocol porates preferentially
at the side where the net DC electric field sums with the local
field of the membrane potential (25). Uni- and bipolar elec-
troporation have been compared for efficiency and cell survival
in transfection experiments (18) and cell suspensions (25,26),
but no information is available for its use with monolayer cell
cultures and acute loading with reporter dyes or intracellular
messengers for functional studies. Although some degree of
cell death may be acceptable for transfection purposes (cells
will recover and divide during the expression interval), cell
death must be extremely low for functional studies. In addi-
tion, other parameters such as the surface area of loaded cells
are important when electroporation performance is studied in
adherent cell layers. Most studies performed hitherto with
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pulsed high-frequency electroporation of cell monolayers
have been performed with the unipolar protocol (15-17,27-29).
The purpose of this study was to compare uni- and bipolar
electroporation of monolayer cell cultures in terms of loading
efficiency, size of the loaded zone, and cell death in this zone.
Our results show that bipolar electroporation combines the best
loading efficiency with the lowest degree of cell death. In
addition, the bipolar protocol made it possible to safely load a
narrow strip of cells within a culture, and we further explored
this property to load a restricted zone of cells with a gap-
junction-permeable dye to study dye transfer between the cells
via gap junctions. Electroporation loading and dye transfer
(ELDT) appeared to be a promising method as an alternative to
the widely used scrape loading and dye transfer (SLDT)
(30,31). The advantage of both ELDT and SLDT is that they
quantify dye coupling over a large population of cells as
opposed to fluorescence recovery after photobleaching (FRAP)
(32) or local activation of a molecular fluorescent probe
(LAMP) (33), which investigate dye coupling in a single cell
(or a small group of cells). ELDT has the advantage that it is
associated with minimal cell death, as opposed to SLDT, which
involves mechanical disruption of plasma membranes to get the
fluorescent reporter dye into the cells. Our results demonstrate
that the level of dye coupling determined with ELDT is
significantly above the level monitored with SLDT and may
thus better reflect the normal degree of cell-cell coupling.

MATERIALS AND METHODS
Cell cultures

Initial experiments aimed at finding the best electroporation settings were
done on ECV304 cells (European Collection of Animal Cell Cultures,
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Salisbury, UK) grown as monolayers on Nunclon four-well plates (NUNC,
Roskilde, Denmark). Cultures were maintained in Medium-199 (Gibco,
Merelbeke, Belgium) with 10% fetal bovine serum and 2 mM glutamine.
Experiments were done on confluent cultures (cell density 2100 = 50 cells/
mmz; mean = SE; n = 4) with the cells bathed in Hanks’ balanced salt
solution buffered with 25 mM HEPES (HBSS-HEPES, pH 7.4) at room
temperature (20°C). Further experiments on dye coupling were performed
on C6 glioma cells either as wild-type (WT) or stably transfected with Cx32
(34) or 43 (35). C6 was grown to confluency in DMEM-Ham’s F12 (1:1)
with 10% fetal bovine serum and 2 mM glutamine.

Electroporation procedure

Electroporation loading was done with the cells on the microscope stage and
using a special electrode consisting of two parallel wires (Pt-Ir) supported
by a holder (Fig. 1). All electroporation experiments were done at room
temperature. Cultures were washed twice with a special electroporation
buffer with low electrical conductivity (300 mM sorbitol, 4.2 mM KH,POy,
10.8 mM K,HPO,, 1 mM MgCl,, and 2 mM HEPES, pH 7.20), and after
complete removal of this solution, a small volume (10 ul) of fluorescent dye
solution in electroporation buffer was pipetted on the electrode wires. The
applied solution settled between the electrode wires and the cells just
underneath by capillary forces. The dyes used were 6-carboxyfluorescein
(6-CF, 0.376 kDa) and dextran fluoresceins of 3, 10, and 40 kDa, all from
Molecular Probes (Invitrogen). The molarity of the dextran fluoresceins was
expressed in terms of dye concentration (not dextran concentration). The
net charge of the applied probes was —2 for 6-CF and —1 for the dextran
fluoresceins. Unipolar or bipolar electroporation pulses were applied to the
electrode as illustrated in Fig. 1. The electroporation signal was a 50-kHz
signal either going in positive direction only, resulting in a net DC com-
ponent, or alternating between positive and negative polarity without a net
DC component. The choice of this particular frequency was based on the
study performed by Tekle et al. (18) and on follow-up work with similar
settings in the study of Boitano et al. (15). The 50-kHz signal was applied to
the electrode in a gated manner, delivering repeated trains of 2-ms pulses as
depicted in Fig. 1, C and D. The voltage amplitude of the electroporation
pulses was expressed as the peak value measured relative to the zero level
(Fig. 1). After electroporation, the cultures were washed with HBSS-HEPES,
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and images were taken after 15 min unless otherwise indicated in the figure
legends. Images were acquired on a Nikon TE300 inverted microscope
equipped with a X2 (CFI Plan Apo, numerical aperture (NA) 0.1) or X10
objective (CFI Fluor, NA 0.5) and DS-5M camera head (all from Nikon
Belux, Brussels, Belgium) and were analyzed with custom-developed
software written in Visual C++ (Fluoroframes program).

Cell viability after electroporation was assayed 10 min after application
of the procedure by incubating the cells for another 10 min in a 0.4% trypan
blue solution (Sigma, Bornem, Belgium) followed by three washes in
HBSS-HEPES and counting the number of trypan-positive (dead) cells in
four images of 0.49 by 0.37 mm (transillumination, Nikon X10 objective,
CFI Fluor, NA 0.5). The number of trypan-blue-positive cells was zero in
nonelectroporated cell zones.

The electronic drive circuits to deliver uni- or bipolar electroporation
signals are schematically depicted in Fig. 2. Detailed circuit diagrams are
available on request; these devices are not standard commercially available
items (a review of various drive circuits can be found in Puc et al. (36)). Fig.
2 illustrates a generator circuit built around an NE555 timer configured as a
gatable astable multivibrator delivering trains of 50 kHz, 50% duty cycle
pulses. Positive, negative, and bipolar outputs are obtained by weighted
subtraction of the 50 kHz input signal. The gate is controlled by one of the
output lines of the LPT port from a PC, with a small C-program running
under Windows (with all interrupts disabled to allow correct timing) func-
tioning as a programmable pulse generator (software available on request).
Two amplifier circuits were used in the experiments described in this article:
a true DC high-voltage amplifier and a fully symmetrical MOSFET amplifier
with a toroidal step-up transformer at the output stage (Fig. 2). The
transformer-based amplifier has the advantage of a floating high-voltage
output and a true mean zero signal over the pulse trains so as to minimize the
DC component applied to the electrode. The frequency responses of the
two amplifiers were characterized by —3 dB points at 90 kHz and 55 kHz,
respectively (electrode connected and immersed into electroporation solution).

SLDT

Confluent monolayer cultures were washed two times with nominally
calcium-free HBSS-HEPES (CF-HBSS-HEPES, same calcium composition
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as in electroporation buffer). Cells were incubated for 1 min in CF-HBSS-
HEPES containing 400 uM 6-CF; a linear scratch (one per culture) was
made across the cell layer using a syringe needle, and the cells were left for
another minute in the same solution. Cultures were then washed four times
with HBSS-HEPES and left for 15 min at room temperature, and images
were taken as described for electroporation loading. For the combined
ELDT/SLDT experiments (see Fig. 7 F), cells were washed two times with
electroporation buffer, and a scratch was applied after removal of the buffer,
immediately followed by electroporation of the culture with 400 uM 6-CF.

FRAP

Confluent monolayer cultures were grown on glass-bottom microwells
(MatTek, Ashland, MA) and were loaded with 5-CFDA (10 uM) in HBSS-
HEPES for 45 min at room temperature. Fluorescence within a single cell was
photobleached by spot exposure to the 488-nm line of an argon laser, and
imaging (again at 488 nm excitation) was done with a custom-made video-rate
confocal laser scanning microscope (37) with a 40X oil immersion objective
(CFI Plan Fluor, NA 1.4, Nikon Belux); recovery was then measured over a
5-min time period after photobleaching. In the experiments where supernatant
of scraped cultures was used, the supernatant was obtained 1 min after the
scratch (conditions as described above), and acceptor cultures were exposed
for 10 min before the start of the FRAP experiments.

Western blotting

Cell protein lysates were extracted by treatment of confluent cultures with
radioimmunoprecipitation assay buffer (25 mM Tris, 50 mM NaCl, 0.5%
NP40, 0.5% deoxycholate, 0.1% SDS, 0.055 g/ml B-glycerophosphate,
1 mM DTT, 20 ul/ml phosphatase inhibitor cocktail, 20 wl/ml mini-EDTA-
free protease inhibitor cocktail) and sonicated by three 10-s pulses. Separa-
tion of Triton X-100-soluble and -insoluble material was done essentially
according to the method described by Cooper and Lampe (38). Cells from 75
cm? culture flasks were washed three times with phosphate-buffered saline
(PBSD; 137 mM NaCl, 2.68 mM KCl, 0.90 mM CaCl,, 0.334 mM
MgCl,-6H,0, 1.47 mM KH,PO,, 6.46 mM Na,HPO,4-2H,0, pH 7.4) and
harvested in ice-cold 1% Triton X-100 in PBSD supplemented with 50 mM

output

FIGURE 2 Schematic overview of the generator and
amplifier setup used for unipolar and bipolar electropor-
ation. The scheme in the upper half demonstrates a true DC
high-voltage amplifier used for unipolar electroporation
(FB signifies feedback circuit). This amplifier can in prin-
ciple be used for bipolar electroporation, but to minimize
the DC component, we developed an amplifier with a
transformer output, depicted in the lower half. The inset
illustrates the first two periods of the bipolar output of the

transformer-based amplifier; the peak amplitude was 50 V
(100 V total swing), and the scale bar delineates 10 us.

Pulse flanks had an exponential time course characterized

by a time constant of 1.75 us on average for the unipolar
amplifier and 2.86 us for the bipolar amplifier.
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NaF, 1 mM Na3zVO,, 1% protease inhibitor cocktail (Sigma), 1% phos-
phatase inhibitor cocktail 1 and 2 (Sigma), and 1X mini-EDTA-free protease
inhibitor cocktail (Roche Diagnostics, Penzberg, Germany). Samples were
separated into Triton X-100-soluble and -insoluble fractions by centrifu-
gation at 16,000 X g for 10 min. Triton-insoluble fractions (pellet) were
resuspended in 1 X Laemmli sample buffer (10% glycerol, 2.3% SDS, 125
mM Tris, pH 6.8) (39) and sonicated by five 10-s pulses. Total protein was
determined with a BioRad (Nazareth, Belgium) DC protein assay kit and a
plate reader. Proteins were separated on a 10% polyacrylamide gel and trans-
ferred to a nitrocellulose membrane (GE Healthcare, Little Chalfont, UK).
Blots were probed with a rabbit polyclonal anti-rat Cx43 antibody (Sigma, 1/
10,000), a rabbit polyclonal anti-rat Cx32 (Sigma, 1/500), or a rabbit poly-
clonal anti-rat S-tubulin (Abcam, Cambridge, UK; 1/5000; loading control)
followed by alkaline phosphatase-conjugated goat anti-rabbit IgG (Sigma,
1/8000), and detection was done with nitro blue tetrazolium/5-bromo-4-chloro-
3-indolyl phosphate reagent (Zymed, Invitrogen).

Immunocytochemistry

Cells grown on glass coverslips were fixed with 4% paraformaldehyde in
PBSD (10 min, room temperature) and subsequently permeabilized with
0.2% Triton X-100 in PBSD (10 min, room temperature). Cells were incu-
bated for 1 h with primary antibody, rabbit polyclonal anti-rat Cx32 (Sigma,
1/1000), and a rabbit polyclonal anti-rat Cx43 (Sigma, 1/10,000) diluted in
blocking solution (0.4% gelatin in PBSD), washed three times with PBSD,
and incubated for 1 h with the secondary antibody coupled to an Alexa
fluorophore 488 (goat anti-rabbit IgG antibody; Molecular Probes, Invitrogen).
Cell nuclei were stained with DAPI (1 ug/ml), and the preparations were then
mounted in Vectashield (Vector Laboratories, Orton Southgate, UK) to prevent
photobleaching. Images were acquired as described for electroporation-treated
cultures, but with a 100X oil immersion objective (Fluor, NA 1.3, Nikon Belux
instead.

Data analysis and statistics

For measurements of the fluorescence intensity in the electroporation zone,
images were first thresholded. The threshold corresponded to the upper level
of the background noise and was determined from the fluorescence his-
togram of nonelectroporated cells (cells outside the electroporation zone) as
the fluorescence intensity at the right flank of the distribution where the
frequency was half-maximal. The average value of above-threshold pixels
was then calculated. This value was subsequently converted to a relative
fluorescence intensity by dividing it by the fluorescence intensity of a thin
layer of the loading solution sandwiched between two coverslips. The
thickness of the layer was adjusted to approximate the thickness of mono-
layer cell cultures, which was 20 = 2.2 um (mean = SE, n = 9) as
determined by inspection of fluo-3-loaded ECV304 cultures with a confocal
laser scanning microscope. The size of the electroporation zone was deter-
mined by applying a threshold to the images (as described above) and
calculating the surface area of above-threshold pixels.

Fluorescence intensity profiles perpendicular to the main axis of the
electroporation-loaded strip were determined by averaging all picture lines
in this direction into an array of line width, using software written in Visual
C++. Curve fitting of the Gaussian intensity profiles was done with the
program Prism 3.0 (GraphPad Software, San Diego, CA) according to the
following equation:

2,2
Y= Yorr + Vi 6—1/2-(,\'—,\‘“11.,() /o ,
where y is the fluorescence intensity, yo¢r the y-offset, ym.x the peak value
minus yor, X the distance, x,.x the x-coordinate of the peak, and o the
standard deviation of the Gaussian relation. The spatial constant lambda (A)
of dye spread was determined from the exponentially decreasing portion of
the diffusion profiles obtained in ELDT or SLDT experiments. A single A
value was determined from both the right and left flanks in each experiment.
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The data are expressed as mean = SE with n denoting the number of
experiments on different cell cultures. Comparison of two groups was done
using a one-tailed unpaired #-test with a p value <0.05 indicating signif-
icance. Comparison of more than two groups was done with one-way
ANOVA and a Bonferroni posttest. Statistical significance is indicated in the
figures with a single symbol (stars or #) for p < 0.05, two symbols for p <
0.01, and three symbols in case p < 0.001.

RESULTS

Electroporation of confluent ECV304 monolayer cell cul-
tures was performed with an electrode consisting of two
parallel wires placed on the microscope stage and positioned
such that the electrode wires were in close apposition to the
cells (Fig. 1 A). Application of the electroporation procedure
in the presence of the fluorescent reporter dye 6-CF (100 uM)
resulted in the loading of a band-like cell zone beneath the
electrode wires (Fig. 1 B). To quantify the efficiency of cell
loading with the reporter dye, we determined the size of the
electroporation-loaded zone and the average fluorescence in-
tensity within this zone. The fluorescence intensity was ex-
pressed relative to the fluorescence intensity of a layer of cell
thickness of the loading solution, thus giving an estimate of
the efficiency of the loading procedure. The size of the loaded
zone was determined by measuring the surface area of cells
that displayed a fluorescence intensity above the background
level determined in nonloaded cell zones within the same cul-
ture (see Materials and Methods).

Experiments with a low-molecular-mass dye

We investigated the fluorescence intensity and the size of the
loaded zone with 6-CF as a reporter dye (0.376 kDa), making
use of uni- and bipolar electroporation. The pulse protocols
for the two methods are illustrated in Fig. 1, C and D, and the
performance for both methods is depicted in Fig. 3. Field
strengths below 400 V/cm (i.e., 20 V peak amplitude applied
over electrode wires separated over 0.5 mm; see Fig. 1) did
not result in significant cell loading. Above this field strength,
both uni- and bipolar electroporation resulted in loading
efficiencies that increased with the field strength (Fig. 3 A).
Unipolar electroporation gave loading efficiencies in the
order of 20-25% in the 1200- to 1800-V/cm range, and similar
values were obtained for bipolar electroporation in the 1000-
to 1300-V/cm range. None of the bars in these two voltage
ranges showed significant differences on comparison with
analysis of variance (average loading efficiency of 21.4%
over the former and 19.8% over the latter range). Increasing
the field strength of unipolar electroporation in the 1200- to
1800-V/cm range did not result in better loading efficiencies
and was associated with increased cell death (Fig. 3 B). For
bipolar electroporation, increasing the field strength above
1300 V/cm further increased the loading efficiency, and at
1400 V/cm the efficiency was ~38% (Fig. 3 A), significantly
above the efficiency observed for unipolar electroporation
with any of the applied field strengths (p << 0.001). At this
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FIGURE 3 Comparison of uni- and bipolar electroporation in ECV304
cells. (A) Loading efficiency for 6-CF electroporation in function of the
electric field strength. The three star symbols indicate a significant difference
with p < 0.001 compared with all other bars in this graph; n = 13 for
unipolar and 12 for bipolar electroporation. (B) Cell death in function of
electric field strength, as determined with trypan blue. Stars indicate
significances compared with all the other unipolar data (other significant
differences are given in the text); » = 16 for unipolar and 12 for bipolar
electroporation. (C) Size of the electroporation-loaded cell zone in function
of electric field strength. The star symbol represents a significant difference
with p < 0.05 compared with all bipolar data; n = 13 for both uni- and
bipolar electroporation.

setting, cell death associated with the bipolar protocol attained
values in the order of what was observed in unipolar mode
(~90 cells on a total of 2100 cells/mm? in the electroporated
zone, i.e., ~4% of the electroporated cells). Thus, for the same
degree of cell death, bipolar electroporation allowed more
efficient loading.

Analysis of the size of the electroporation-loaded zone gave
a somewhat different picture. The surface area of loaded cells
increased with the field strength for both uni- and bipolar
electroporation, but the unipolar protocol yielded larger
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loading zones than the bipolar protocol (Fig. 3 C). For
unipolar electroporation, the loaded zone measured around
2 mm?” at 1600-1800 V/cm, corresponding to ~40% of the
surface area delineated by the electrode wires. At maximum,
the surface area of loaded cells was ~40% larger with uni-
polar than with bipolar electroporation (Fig. 3 C). Bipolar
electroporation was, on the other hand, better suited to load a
narrow strip of cells, with a full-width at half-maximum in the
order of 250 wm (for an electrode wire separation of 500 pm).

Experiments with higher-molecular-mass dyes

The electroporation performance was further investigated
with fluorescent probes of 3 and 40 kDa (3- and 40-kDa
dextran-fluorescein dyes applied at 100 uM). Field strengths
determined for the low-molecular-weight fluorescent re-
porter in the previous section do not necessarily apply for
these higher-molecular-weight probes; we chose 1200 V/cm
for both unipolar and bipolar electroporation because this
setting combined a low degree of cell death with acceptable
loading efficiency. With this setting, cell death in the electro-
poration zone averaged 28 = 4 cells/mm? (n = 21) for unipolar
and 18 *+ 3 cells/mm” (n = 16) for bipolar electroporation
(Fig. 3 B), corresponding to 1.3% and 0.8% of the total number
of cells in this zone, respectively (both values significantly
different from each other with p < 0.05).

The fluorescence intensity and the size of the electropor-
ation-loaded zone as functions of the molecular mass of the
reporter dye are illustrated in Fig. 4 for the two protocols.
The experiments demonstrate decreased loading perfor-
mance for probes with larger molecular weights, as expected
because of slower diffusion. With the electroporation settings
chosen, unipolar pulses were better than bipolar pulses in
terms of loading efficiencies and size of the loaded zones for
the various fluorescent probes used. The larger loading zone
observed with the 0.376 kDa 6-CF (Fig. 4 B) was not a result
of spreading of the dye via gap junctions between cells (al-
lowing the passage of substances below 1-1.5 kDa) because
the ECV304 cell batch used in these experiments did not
express the major connexins 32 or 43 (Fig. 5 A).

Experiments on cells coupled by gap junctions

We further performed experiments with bipolar electropor-
ation (1200 V/cm field strength) to investigate dye spread
from the loaded cell strip to nonloaded zones in cells that are
coupled by gap junctions. We used C6 glioma cells stably
transfected with connexin 32 (C6-Cx32) or 43 (C6-Cx43) to
this purpose. Both cell lines displayed significantly stronger
expression of their respective connexins as compared with wild-
type C6 cells (C6-WT) in Western blot analysis (Fig. 5, B and
C). The majority of the connexins were present in the Triton
X-100-insoluble fraction, which corresponds to the fraction
that contains the gap junctions (40,41). Immunocytochemistry
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FIGURE 4 Uni- and bipolar electroporation performance for various
fluorescent reporter dyes in ECV304. (A) Electroporation loading efficiency
as a function of molecular mass. (B) Size of the electroporation-loaded cell
zone as a function of molecular mass. Electroporation was done with a field
strength of 1200 V/cm for both unipolar and bipolar protocols. Stars indicate
significances as compared with the corresponding unipolar condition; number
signs indicate significances compared with the corresponding bar for 0.376
kDa; n = 10 for unipolar and 6 for bipolar electroporation.

showed immunopositive dots and plaques at cell-cell interfaces
(Fig. 5 D).

In FRAP experiments, C6-Cx32 and C6-Cx43 showed
significantly faster recovery as compared with C6-WT, as
illustrated in Table 1. Accordingly, electroporation with the
gap-junction-permeable 6-CF (400 uM) resulted in a
significantly larger fluorescent zone in C6-Cx32 and 43 as
compared with C6-WT (Fig. 6 A), illustrating dye transfer
from the electroporation-loaded zone to neighboring cells
via gap junction channels. Electroporation of C6-Cx32 and
C6-Cx43 with the gap junction impermeable 3- or 10-kDa
dextran fluoresceins (400 uM) yielded very small zones of
loaded cells as illustrated in Fig. 6 A, but because the loading
efficiency of these higher-molecular-weight probes was in-
trinsically different from 6-CF (see Fig. 4), these data cannot
be directly compared with the 6-CF data. We evaluated
another parameter indicative of dye spread that is indepen-
dent of the loading efficiency of the fluorescent reporter. The
profile of the fluorescence intensity along an axis perpen-
dicular to the length axis of the loaded strip was bell-shaped,
as illustrated in Fig. 6 B, and could reliably be fitted by a
Gaussian curve with standard deviation o. The o is an in-
trinsic parameter of dye spread and corresponds to the dis-
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in ECV304 and the C6 cells used in this study. (B and C) Western blots displaying
connexin expression in total lysates and Triton X-100-soluble and -insoluble
fractions. The majority of connexins were present in the Triton X-100-insoluble
phase, indicating incorporation into gap junctions. Antitubulin bands were added
as a loading control (almost absent in the Triton X-100-insoluble fractions as
expected). (D) Immunocytochemistry for connexin 43 and 32. Numerous
immunopositive plaques and dots were observed at cell-cell interfaces; nuclei
were stained with DAPL The arrows point to large gap junction plaques,
arrowheads to immunopositive dots. Scale bar represents 100 wm.

tance over which 68.3% of the dye molecules have diffused
in both directions from the initial loading strip. Fig. 6 C
demonstrates that o for 6-CF spread was significantly larger
in the C6-Cx32 and C6-Cx43 as compared with C6-WT.
Treatment of the cells with the gap junction blocker
carbenoxolone (25 uM, 30 min) significantly reduced o. The
value of o was also strongly reduced when dye spread was
probed with the gap-junction-impermeable 3- or 10-kDa
dextran fluoresceins (Fig. 6 C).
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TABLE 1 Fluorescence recovery after photobleaching (FRAP)
in C6 cells

Cell line Fluorescence recovery after 5 min (n = 20)
C6-WT 17.6 = 3.5%

C6-Cx43 59.6 = 5.3%*

C6-Cx32 63.3 = 4.4%%*

*Significantly different from C6-WT with p < 0.001.

In situ electroporation loading thus appeared to be useful for
investigating gap junctional coupling between cells, referred to
above as ELDT, analogous to the scrape loading and dye
transfer (SLDT) method. In SLDT, a linear scratch is made over
the culture with a needle, followed by dye uptake in disrupted
cells and dye transfer via gap junctions to neighboring cells
(30,31). The dye diffusion profiles obtained in SLDT exper-
iments are difficult to fit by a Gaussian relation because of the
presence of a central dip where the cells are removed as a result
of scraping. We therefore compared ELDT and SLDT by an-
alyzing the spatial constant A of dye spread, as determined by
fitting the flanks of the diffusion profiles by a monoexponen-
tially decaying function (Fig. 7). The A corresponds to the dis-
tance where the dye fluorescence has decreased by a factor 1/e
and is, like o, an intrinsic parameter of dye spread not affected
by the absolute fluorescence levels. Fig. 7, A-D, illustrates a
significantly larger A in cells transfected with Cx32 or 43 as
compared with WT, as expected. Moreover, the A obtained in
ELDT experiments was approximately twice as large as that
given by the SLDT procedure. This difference may in part be
related to the fact that the flanks of the electroporation-loaded
profiles are less sharply defined as those obtained with scrape
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loading, as a consequence of a gradual fall-off of the electric
field strength away from the electrode. However, a closer look
at Fig. 7 B shows that the change in diffusion profile from WT
to connexin-expressing cells is much more apparent in ELDT
as compared with SLDT, and this is also clear from Fig. 7, C
and D (note that the ordinates have different calibrations in C
and D). The increase of A in connexin-expressing cells as
compared with WT cells, symbolized by Acx — Awr, iS
depicted in Fig. 7 E, illustrating that this parameter is more than
twice as large when probed with ELDT as compared with
SLDT (40-50 uwm range for ELDT and <20 wum for SLDT).
These data indicate that the degree of coupling determined with
ELDT is significantly larger than that seen with SLDT. Cell
scraping as performed in SLDT involves strong mechanical
stimulation with plasma membrane rupture, leakage of cell
contents into the medium, and activation of various signaling
cascades. We tested whether dye spread measured with ELDT
was influenced by the SLDT procedure by applying the SLDT
scrape immediately before the start of ELDT, as illustrated
in Fig. 7 F. These experiments showed that Acx — Awr de-
termined from ELDT experiments was significantly lower in
cultures that had received the SLDT scratch. In a further step,
we tested whether supernatant obtained from SLDT-treated
cultures influenced dye coupling in acceptor cultures as mea-
sured in FRAP experiments. FRAP recovery in supernatant-
exposed cultures was mildly but not significantly depressed in
C6-Cx43 and not affected in C6-Cx32 (data not shown), indi-
cating that decreased dye coupling observed with SLDT is
caused by intracellular factors rather than by factors released
into the medium.

FIGURE 6 Bipolar electroporation loading and dye
transfer via gap junctions in C6 glioma cells. (A) Size of
the 6-CF-loaded cell zone in WT and connexin-transfected
C6 cells, 30 min after electroporation. The size of the
loaded zone in C6-WT was not different from that in
ECV304, as can be appreciated by comparison with Fig.
4 B. In C6-Cx43 and C6-Cx32, the loaded zone was
significantly larger than that in C6-WT. Electroporation
loading with the gap-junction-impermeable dyes 3 or 10
kDa dextran fluorescein (DF) resulted in very small zones,
because the efficiency of loading these high-molecular-
weight probes into the cells was much lower than that for
6-CF (see Fig. 4 A). (B) Example traces of the fluorescence
intensity profile for the conditions indicated, 30 min after
electroporation. The fluorescence intensity in the ordinate
was normalized to the peak of the intensity profile, and
each curve is the average of eight different experiments.

& &  The image on top of the graph illustrates a representative
q’b\k ‘(,\Q example of 6-CF loading in C6-WT. (C) Averaged data for
=2 % the standard deviation of dye spread o as determined by

fitting individual intensity profiles to a Gauss equation. The
o of 6-CF spread was significantly larger in C6-Cx43 and
C6-Cx32 than in C6-WT. Carbenoxolone (CBX) treatment
(25 pM, 30 min) significantly reduced o, and an even
lower o was observed when the cells (C6-Cx32) were
loaded with the gap-junction-impermeable 3- or 10-kDa
dextran fluoresceins. Stars give significances as compared
with C6-WT; n = 8 for A and C.
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FIGURE 7 Comparison of SLDT and ELDT.
(A) Examples of exponential diffusion profiles
obtained in WT and connexin-expressing C6 cells
after scrape loading (n = 10 for each curve). (B)
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Diffusion profiles obtained with electroporation
loading (n = 8 for each curve). The shaded curves
are copies of the curves illustrated in A, added for
comparison. (C and D) Summary graphs of the
spatial constant of dye spread A determined in the
experiments illustrated in A and B, respectively. Stars
give significancies as compared with C6-WT (n = 10
and 8, respectively). (E) Increase of A in connexin-
expressing C6 cells as compared with WT with the
two loading protocols. Dye spread was more than
twice as large in ELDT as compared with SLDT
experiments. Stars show significances as compared
with SLDT. (F) Decrease of A determined with
ELDT in cultures that received an SLDT scratch
before electroporation. The picture illustrates the
horizontal ELDT strip and the vertical SLDT scratch
applied just before electroporation. Dye spread
decreased to the level observed in SLDT when
ELDT was done in cultures that received the SLDT
scratch. Stars indicate significances as compared with
ELDT (n = 20).
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DISCUSSION

Electroporation is a technique that uses electrical pulses to
create transient aqueous pores in the plasma membrane that
act as a conduit for the delivery of cell-impermeable sub-
stances (reviewed in Gehl (42)). The molecular processes
taking place during permeabilization are currently not fully
understood, but various aspects of pore formation have been
experimentally investigated and mathematically modeled
(43-46). Pore formation happens on a time scale of micro-
seconds and is followed by membrane resealing that is very
much slower and proceeds on a time scale of minutes (42). If
the field strength becomes too strong, pore resealing may be
hampered, resulting in cell death. Recent work indicates that
pore formation depends on the time during which the elec-
troporation pulses exceed a certain threshold value (26,47).
For this reason, care should be taken in comparing unipolar
and bipolar electroporation protocols as applied in the study
presented here. Several differences between the two proto-
cols make comparisons at the level of field strength intensity
difficult: first, the unipolar pulses had a duty cycle of 50%,
i.e., the pulse was on for 10 us and off for the next 10 us in
the 50-kHz bursts, whereas the off period was lacking in the
bipolar protocol (which switched from 10 ws of positive
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deflection to 10 us of negative deflection without an off
period). Second, small differences in the response time of the
two amplifiers may result in slightly different above-threshold
voltage profiles and thus loading efficiencies. In addition, the
reported field strengths should be taken only as indicative
numbers: electroporation behavior depends on numerous in-
fluences, with cell geometry, electrode position, temperature,
and electroporation solution as some of the most obvious
influences that may vary substantially among different setups.
Notwithstanding these considerations, the aim of the work
presented here was to establish whether in situ electroporation
with oscillating electric fields could be applied for functional
studies on cell-cell dye coupling via gap junctions. All pre-
vious work (from our group and others) with in situ electro-
poration of adherent cell monolayers has been done with
unipolar pulse protocols (15-17,27-29). Comparison of uni-
and bipolar electroporation has been done in the context of
cell transfection in suspension cultures (18,25) but not for
functional studies where cell death is an important issue.
Taken over the range of applied electric field strengths,
the efficiency of bipolar loading of the low-molecular-mass
probe 6-CF was on average comparable to unipolar load-
ing (Fig. 3 A). At 1400 V/cm, the bipolar protocol gave a
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significantly higher loading efficiency in the order of almost
40%. Unipolar electroporation loaded the largest zone of
cells (Fig. 3 C) but was associated with sharply increasing
cell death (Fig. 3 B). Cell death with the bipolar protocol was
comparable with unipolar electroporation, but for the same
amount of cell death, bipolar electroporation gave better
loading efficiency at 1400 V/cm. A field strength of 1200 V/
cm combined good loading with an acceptable degree of cell
death for the unipolar and bipolar protocols. Electroporation
loading of higher-molecular-weight dyes with these settings
showed superior loading in terms of efficiency and size with
the unipolar as compared with the bipolar protocol. Efficien-
cies approximately halved between 0.376 and 40 kDa molec-
ular mass (Fig. 4 A), and the decline was much more
pronounced for the size of the loaded zone (Fig. 4 B).

Few researchers have compared uni- and bipolar protocols
for in situ electroporation of monolayer cultures, for reasons
delineated by Kotnik et al. (24,25), mainly related to the lack
of commercially available devices that generate a bipolar
output. These authors compared uni- and bipolar protocols
on cell suspensions, but the applied electroporation signals
were pulses rather than a high-frequency oscillating signal.
Nevertheless, bipolar electroporation yielded more efficient
uptake of a reporter dye but no gain at the level of cell death
(25). Tekle et al. (18) reported data obtained with high-
frequency oscillating fields applied to adherent cells. These
authors found bipolar electroporation to be more efficient
than its unipolar variant for DNA transfection of NIH 3T3
fibroblasts, but the conditions investigated were much more
extreme, as cell death levels ranging from 3% up to 99%
were reported. Clearly, cell death may be extensive for
transfection experiments, as the cells will recover and grow
over the hours or days after which the expression efficiency
is evaluated. The goal of electroporation for transfection
purposes is indeed to maximize efficiency, whereas the goal
in our experiments was to identify conditions combining an
absolute minimum of cell death with a realistic efficiency, so
as to allow subsequent functional studies.

Bipolar electroporation was an excellent method to load a
narrow (~250 um wide) strip-like cell zone within a con-
fluent monolayer, and we further investigated whether this
loading method could be used to estimate the degree of
functional coupling and dye transfer between cells via gap
junctions. Analysis of a simple parameter such as the size of
the zone with suprathreshold fluorescence was sufficient to
distinguish connexin-expressing cells from WT noncoupled
cells (Fig. 6 A). More sophisticated analysis was necessary
to interpret the data obtained with higher-molecular-weight,
nongap-junction-permeant probes because of intrinsically dif-
ferent loading properties of higher-molecular-weight mole-
cules. The standard deviation of the Gaussian dye spread
o proved to be a useful and robust parameter (independent
of the actual fluorescence levels) to evaluate the transfer of
various reporter dyes between cells in the monolayer (Fig. 6,
B and C). SLDT is a well-known and widely used method to
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investigate dye coupling via gap junctions (30,31), and we
compared the performance of ELDT and SLDT in terms
of dye spread quantified by the spatial constant A. Both
methods clearly demonstrated increased dye coupling in
transfected and coupled cells as compared with WT cells. The
most prominent difference was, however, that the change of A
from WT to coupled cells was more than twice as large in
ELDT as in SLDT (Fig. 7 E), indicating an underestimation
of the degree of dye coupling with SLDT. An obvious reason
for this difference may reside in the nature of the cell-loading
protocol. SLDT is done by applying a linear scrape (‘‘scratch’”)
whereby plasma membranes are disrupted and the reporter
dye leaks into the damaged cells. Cell death is one major
difference between the two loading protocols, and the first
part of this study was devoted to adjusting the electroporation
settings to obtain minimal cell death in the loading zone. A
consequence of traumatic cell loading is the release of cellular
constituents into the medium and the activation of intracel-
lular signals that may influence the degree of cell-cell cou-
pling via gap junctions. Application of the SLDT scratch
followed by ELDT showed that ELDT dye spread was sig-
nificantly reduced to the level observed with SLDT (Fig. 7 F).
The FRAP experiments on cells that received supernatant
from scraped cultures indicate that an extracellular factor is
probably not the major cause of decreased coupling in SLDT.
Presumably, SLDT triggers intracellular signals that act to
decrease transfer via gap junctions. One possibility is the gen-
eration of large intercellular calcium waves that increase the
cytoplasmic calcium concentration (mostly by releasing cal-
cium from the endoplasmic reticulum (48)) to a level that
depresses gap junctional coupling (33,49).

We conclude from this study that bipolar pulsed high-
frequency electroporation combines good loading perfor-
mance with safety in terms of cell death and is the preferred
method to load a narrow longitudinal strip of cells for sub-
sequent studies on the temporal and spatial spread of reporter
dyes via gap junctions. ELDT is an alternative for SLDT
associated with low levels of cell death and better reflects
the true level of cell-cell coupling via gap junctions. In
comparison with FRAP and LAMP, which represent point
measurements of cell-cell coupling, ELDT has the advantage
of reporting an average degree of coupling in a large popu-
lation of cells. Studies on the evolution of the dye spread
parameter o as a function of time in principle make it pos-
sible to establish an apparent diffusion constant (¢ = 2-D-f)
for the movement of reporter dye molecules in and between
cells. Future work will be directed to fully exploiting the
possibilities of this method.
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