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A B S T R A C T

Gap junctions are plasma membrane channels between neighboring cells. We previously

described a powerful technique where gap junctional, intercellular communication (GJIC)

of adherent cells can be examined by in situ electroporation on a slide, part of which is

coated with electrically conductive and transparent indium-tin oxide. An electric pulse is

applied through an electrode placed on the cells in the presence of the tracking dye, Lucifer

yellow (LY). The pulse causes LY’s penetration into the cells growing on the conductive part

of the slide, and the subsequent migration of the dye to the non-electroporated cells grow-

ing on the non-conductive area is microscopically observed under fluorescence illumina-

tion. Although this technique is adequate for a number of cell lines, the turbulence

generated as the electrode is removed can cause cell detachment, which makes GJIC exam-

ination problematic. In this communication, we describe a slide configuration where junc-

tional communication can be examined in the absence of an upper electrode: Cells are

grown on two co-planar electrodes separated by a barrier which diverts the electric field,

rendering it vertical to the cell layer. The elimination of an upper electrode is especially

valuable for the electroporation of sensitive cells, such as terminally differentiated adipo-

cytes. This technique can also be used for the introduction of other non-permeant mole-

cules such as peptides or siRNA, followed by examination of the cellular phenotype or

gene expression levels in situ.

ª 2007 Federation of European Biochemical Societies.

Published by Elsevier B.V. All rights reserved.
1. Introduction

Gap junctions are plasma membrane channels that serve

as conduits for the passage of small molecules between the

interiors of neighboring cells. A reduction in gap junctional,

intercellular communication (GJIC) is believed to lead to an

increase in cell proliferation (reviewed in Vinken et al. (2006)).
Interestingly, a loss of GJIC also accompanies the cessation of

proliferation and differentiation of murine preadipocytes

(Azarnia and Russell, 1985; Brownell et al., 1996a).

The investigation of junctional permeability is usually con-

ducted through the introduction of a fluorescent dye such as

Lucifer yellow (LY) by microinjection, scrape-loading (el-Fouly

et al., 1987) or preloading with dye (Goldberg et al., 1995),
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followed by observation of its migration into neighboring cells,

or by measuring the recovery of fluorescence after photo-

bleaching (Wade et al., 1986). These methods are generally ex-

pensive and time-consuming or introduce the potential

complication of cellular damage. We previously developed

a technique for GJIC measurement which can overcome these

problems (Raptis et al., 1994, 2006). Cells are grown on a glass

slide, half of which is coated with electrically conductive, opti-

cally transparent, indium-tin oxide (ITO) (Raptis et al., 1994,

2000b). A Lucifer yellow solution is added to the cells and an

electrical pulse delivered through an electrode placed on top

of the slide (Figure 1A). Cells growing on the conductive side

of the slide are electroporated, while those on the adjoining,

non-conductive area do not receive any current, therefore

they are not permeabilized (Raptis et al., 1994). The electrode

set is subsequently removed, the unincorporated dye washed

and the cells observed under phase contrast and fluorescence

illumination. Tracer movement can be evaluated several min-

utes after the electrical pulse, by overlapping the phase con-

trast and fluorescence images of the cells (Raptis et al., 1994;

Vultur et al., 2003; Tomai et al., 1998). As previously demon-

strated, dye transfer through gap junctions can be precisely

quantitated in this way, simultaneously and in a large number

of cells, without any detectable disturbance to cellular metab-

olism (Brownell et al., 1996b, 1998; Raptis et al., 1994; Tomai

et al., 1998, 1999).
Although this technique has been employed extensively

for GJIC examination, it is not adequate for a number of cell

types which do not adhere well to their solid support. This is

often especially acute if cells are grown to high confluences,

when they may detach due to the turbulence and suction

forces created as the top electrode is removed after electropo-

ration, making it impossible to examine GJIC. Even detach-

ment of a small part of the cell layer during removal of the

electrode may allow the dye to penetrate under the cell sheet

where it cannot be removed by washing, and this makes the

examination of GJIC problematic. Coating the slide with Cel-

Tak�, fibronectin or collagen, although it improves cell adhe-

sion (Anagnostopoulou et al., 2006), it does not eliminate the

problem. Besides, these coatings can increase the voltage re-

quired for electroporation, so that a slight variation in the

thickness of the coating may affect the uniformity of poration.

For these reasons the ability to electroporate without the use

of an upper electrode is highly desirable.

The induction of differentiation of preadipocytic cell lines

such as 3T3 L1 is invariably conducted by treating confluent

cultures with inducers of adipogenesis for approximately

10 days, at which time differentiation is manifested by

a change in morphology from a fibroblastoid to a rounder

one with accumulation of cytoplasmic lipid droplets, which

is the hallmark of terminal adipocytic differentiation (Raptis

et al., 1997a). The adipocytic differentiation process requires
Figure 1 – Electrode and slide assembly for the study of intercellular, junctional communication: standard slide. (A) Top panel: side view. A

coating of ITO (1a) (shown greatly enlarged for clarity) on the upper surface of the glass slide (1) makes a conductive path from the positive contact

bar (2), through the cells (4) and the electroporation solution to the bottom surface of the negative electrode (3). D and L denote connections to

the positive and negative poles of the pulse source, respectively. (5), insulating Teflon frame, (6), electrode holder. Note that the negative electrode

is inclined to compensate for the resistance of the coating (Raptis et al., 2006). Lower panel: top view. The outline of the positive (7) and negative

(8) electrodes and their relative position on the slide in relation to the frame (5) and the window where the cells are grown are indicated. The lightly

shaded area (a) represents the conductive coating. (b), area where the conductive coating has been removed. Arrowhead points to the transition line

between conductive and non-conductive areas. (B) Examination of gap junctional communication using the above apparatus. Human lung

carcinoma A549 cells were plated in the window (a,b) as shown in (A) and electroporated in the presence of 5 mg/ml Lucifer yellow. After washing

the unincorporated dye, cells from the same field were photographed under fluorescence (right panel) or phase contrast (left panel) illumination.

Arrows point to the transition line between conductive and non-conductive areas. Note the absence of fluorescence in cells growing on the non-

conductive part of the slide (Tomai et al., 1999).
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that the cells remain undisturbed and attached onto their

substratum; if the cells detach then differentiation is abol-

ished, and this makes the examination of gap junctional com-

munication problematic. The elimination of an upper

electrode would greatly simplify the introduction of Lucifer

yellow or other tracer molecules into differentiated adipo-

cytes. This communication describes an electrode configura-

tion to this effect.

2. Results and discussion

To examine gap junctional communication, it is important to

be able to reliably distinguish cells that received Lucifer yellow

by electroporation, from cells that have taken in dye from

neighboring cells through gap junctions. To achieve this,

a sharp transition in electrical field intensity between electro-

porated and non-electroporated areas must be established.

When an upper electrode is used, the electric field follows

a path that is straight up from the conductive ITO surface,

through the cells that are growing on it, so that no electropo-

ration takes place on the adjacent glass surface from which

the ITO has been removed (Figure 1A and B; Raptis et al., 2006).

In initial experiments involving electroporation without an

upper electrode (Figure 2A) we attempted to use a slide where

a 3-mm-wide strip of ITO had been removed (c), leaving two

co-planar electrodes (a,b and e,f ), supported by the same glass

slide substrate (1). A containing wall (4) made of hydrophobic

plastic and bonded to the slide held the cells and growth me-

dium over this region. When the two sections of ITO coating

were connected to a power source and short pulses alternat-

ing in polarity delivered, cells growing on the ITO surfaces

were electroporated (Figure 2C). However, electroporation us-

ing this approach produced a gradient of fluorescence at the

edges of the ITO coating (Figure 2C), even for A549 cells which

do not have gap junctions (Figure 1B and Tomai et al., 1999).

This indicated a gradient of actual field strength, which makes

this approach unsuitable for the examination of junctional

communication. This gradient could be the result of a combi-

nation of the coplanar relationship of the ITO electrodes and

the electrical characteristics of the membranes of the cells

growing in this region. In the absence of cells, based on the

principle of electricity tending to flow preferentially along

the path of least resistance, it is expected that the flow of cur-

rent would be from one ITO surface to the other, laterally in

a diffuse straight line. However, when cells are growing on

the ITO surfaces and on the plain glass between them, the im-

pedance of the cell membranes would affect the rate and pat-

tern of electrical charge flow (Ghosh et al., 1993; Wegener

et al., 2000). As previously described (Wegener et al., 2000),

the cell membrane is essentially insulating, so that current

leaving the electrode has to flow in the narrow space under-

neath the cells before it can escape into the bulk electrolyte

above them. Thus, as the charge carriers escaping from the

edge of each ITO electrode are attracted to the opposite pole,

they concentrate in the region immediately beyond the edge

of the ITO coating, such that a sufficient charge across the

cell membrane builds up as to cause electroporation of these

cells (Ghosh et al., 1993). At the same time, the electroporation

event causes a sudden lowering of impedance across these
cells, allowing electrical current to flow more easily through

the cells into the bulk electrolyte surrounding them (Ghosh

et al., 1993). The net effect is that several rows of cells are elec-

troporated at progressively weaker voltages, until the inten-

sity of the electric field drops below the threshold necessary

for electroporation in cells farther away from the edges of

the coating. This results in a gradient of fluorescence, in a pat-

tern indistinguishable from the gradient seen following dye

transfer through gap junctions (Figure 2B and C) (Tomai

et al., 1999), which makes this approach unsuitable for GJIC

examination.

In an attempt to ensure that only cells in contact with the

ITO surface are electroporated, a 0.5 mm barrier of non-con-

ductive plastic was inserted in the middle of the glass area,

bonded onto the glass and attached to the inner sides of the

wall (Figure 3A and B (5)). The two ITO electrodes ((2) and (3))

were connected to the pulse source. However, they were elec-

trically isolated until sufficient electroporation medium was

added to cover the barrier (5), thus establishing an electrical

path between the fluid pools on either side of the barrier.

The results of this simple change were dramatic and consis-

tent. Apparently, the path of the electric current during the

electroporation pulses is diverted through the layer of fluid

above the barrier so that it now consists of a diffuse field

that is substantially above the ITO and cell layer, rather than

adjacent to them (Figure 3B). Extensive experimentation dem-

onstrated that in this setup, cells such as A549 do not display

a gradient of fluorescence, indicating a sharp transition in

electroporation intensity (Figure 3C).

The results using this approach for the electroporation of

3T3 L1 preadipocytes are shown in Figure 3D and E. Cells

were plated in a chamber as in Figure 3A and electroporated

in the presence of Lucifer yellow (see Section 3). Pulses were

delivered with alternating polarity to minimize the build-up

of ions at either edge of the ITO coating. As shown in

Figure 3D, undifferentiated, confluent 3T3L1 cells display ex-

tensive junctional communication. In stark contrast however,

10 days following confluence and induction of differentiation,

no transfer from the terminally differentiated cells to their

neighbors is observed, even if the latter are not completely

differentiated yet (Figure 3E).

In conclusion, we describe a method which greatly facili-

tates electroporation of adherent cells. The elimination of an

upper electrode is especially valuable for the non-traumatic

examination of junctional communication of cells that do

not adhere well, such as NIH 3T3 cells overexpressing the epi-

dermal growth factor receptor (Anagnostopoulou et al., 2006),

a variety of neoplastically transformed lines, primary tumor

cells, insect cells or very sensitive cells such as terminally dif-

ferentiated adipocytes, whose physiology may be disturbed by

placing and removing an electrode. Moreover, the possibility

of using identical conditions regarding pulse intensity and

LY solution in the two chambers offers the opportunity for

a direct and precise comparison of the effect of different treat-

ments to the same cell type, upon junctional communication.

This is especially important considering that the apparent

GJIC measured may be greatly affected by dye concentration,

the exact pulse conditions and time after the pulse when the

cells are observed. However, if GJIC in two different types of

cells is measured, the fact that these cells may require slightly
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Figure 2 – Electroporation in the absence of an upper electrode. (A)

Top view. Cells were grown on an ITO-coated slide from which the

coating was removed in a strip (c) as shown. The two conductive sides,

(b, e), serving as electrodes, continue outside the cell growth area

(a, f ), and are connected to the positive (2) and negative (3) poles of

the pulse generator. (B) Side view. The slide with the cells growing on

the ITO-coated and the bare glass regions is schematically shown.

Current from the pulse generator connected to contact point (3)

passes into the thin conducting ITO layer (1a), under the wall of the

chamber (4) to area (e) to the opposite electrode (b) as shown. (8),

electric field lines. An electrical potential is created across the cells

growing on (e) and those on the glass area (c) (Fig. 2A), immediately

next to the edge as current passes into the electroporation buffer,

which acts as an electrolyte, around and through the electroporated

cells. Bottom panel, enlargement of the edge of the conductive

coating. Dotted lines with arrows indicate the electric field lines along

the surface of the slide, around the cells and through the surrounding

fluid. The gray-scale represents the relative intensity of Lucifer yellow

fluorescence; darker gray cells have been electroporated with higher

fields than their lighter neighbors. (C) A549 cells were plated in

a chamber as in (A) above and electroporated in the presence of

Lucifer yellow (30 V, 0.2 mF, 6 times, with the polarity reversed on

alternate pulses). After washing the unincorporated dye, cells from

the same field were photographed under fluorescence (b) or phase
different voltages for optimum permeation must also be taken

into account. An added advantage is that since there is no

need for an upper electrode, and the electrical contacts are

outside the cell growth chamber, sterility can be easily main-

tained. The possibility of observing intercellular communica-

tion between large numbers of cells simultaneously, permits

a precise quantitation of the degree of intercellular communi-

cation (Figure 3D). Most importantly, the above approach can

also be employed for the introduction of a variety of non-per-

meant molecules, such as quantum dots, peptides or siRNA,

followed by detection of changes in gene expression by immu-

nocytochemistry or other techniques in situ. In this case, the

assessment of the effect of the introduced material can be

greatly facilitated by a slide configuration providing non-elec-

troporated cells side by side with the electroporated ones as

a control and this can be especially valuable in signal trans-

duction studies (Raptis et al., 2000a).

3. Experimental procedures

3.1. Cell lines and culture techniques

Tissue culture media and sera were from Life Technologies

Inc. A549 human lung carcinoma cells and 3T3 L1 preadipo-

cytes (both from ATCC) were grown in petri dishes in Dulbec-

co’s modification of Eagle’s medium (DMEM) supplemented

with 10% fetal calf serum in a 37 �C CO2 incubator. Differenti-

ation was induced by the addition of 0.2 mM dexamethasone,

10 mg/ml insulin and 0.5 mM 3-isobutyl-1-methyl-xanthine

(IBMX) in 10% fetal calf serum (FCS) at confluence for 48 h, fol-

lowed by 10% FCS and insulin until the onset of differentia-

tion, approximately 10 days later (Raptis et al., 1997b).

3.2. Gap junctional intercellular communication assays:
standard procedure

In the standard configuration of the apparatus (Figure 1A)

(Raptis et al., 2006), cells are grown on a glass slide (1) coated

with electrically conductive, optically transparent indium-

tin oxide (1a) (ITO, Colorado Concept Coatings, Boulder CO,

USA), in a window cut from electrically insulating teflon (5).

The thickness of the coating is 800 Å, for a surface resistivity

of 20 U/sq (Raptis et al., 2006). In order to study the transfer

of material from cell to cell, the conductive coating was re-

moved lengthwise from half the slide, including the area

within the window (Figure 1A, (b)) by etching with acids

(Raptis et al., 1994). Cells growing on this non-conductive

surface do not receive any pulse, therefore they are not per-

meated. The slide is placed inside a 3-cm petri dish and gas

sterilized. Prior to pulse application, the growth medium is re-

moved, the cells washed twice with prewarmed, calcium-free

contrast (a) illumination. Note the gradient of fluorescence in cells

growing on the non-conductive part of the slide, despite the fact that

these cells do not have gap junctions, as shown in Fig. 1B (Tomai

et al., 1999). Arrows point to the transition line between conductive

and non-conductive areas.
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Figure 3 – Electroporation on two co-planar ITO electrodes, with a barrier separating the two areas. (A) Top view. Cells were grown on an ITO-

coated slide from which the coating was removed in a strip as shown. The two conductive sides (a, f ), serving as electrodes, were connected to the

positive and negative poles of the pulse generator (2) and (3). A non-conductive barrier (5) divides the strip of bare glass in half and separates the

chamber into two sections. (B) Side view. The slide with the cells growing on the ITO coated and the bare glass regions is shown. When

electroporation buffer is added to the chamber to a level above the height of the barrier (5) then an electrical path between the electrodes (e and b) is

formed. Note that the ITO layer (1a) is shown with dramatically exaggerated thickness for clarity, although its actual thickness is much less than

the thickness of the cells. (C) A549 cells were plated on the slide in (A) above and electroporated in the presence of Lucifer yellow as in Fig. 2

above. After washing the unincorporated dye, cells from the same field were photographed under fluorescence (b) or phase contrast (a)

illumination. Note the absence of fluorescence in cells growing on the non-conductive part of the slide. Arrows point to the transition line between

conductive and non-conductive areas. (D) 3T3 L1 preadipocytes were plated in the window shown in (A) above and electroporated in the presence

of Lucifer yellow. After washing the unincorporated dye, cells from the same field were photographed under fluorescence (b) or phase-contrast (a)

illumination. Note the gradient of fluorescence, indicating extensive dye transfer through gap junctions (Raptis et al., 2006; Tomai et al., 1999). To

quantitate gap junctional communication, electroporated cells growing at the border with the non-conductive zone (stars), and fluorescing cells

growing on the non-conductive side of the slide, into which the dye had transferred through gap junctions (dots) were identified. The number of

cells into which the dye has transferred per electroporated border cell can be calculated by dividing the total number of fluorescing cells on the non-

conductive side by the number of cells growing at the border with the conductive coating. Arrows on the conductive side point to the transition line

between conductive and non-conductive areas. Magnification: 2003. (E) 3T3L1 preadipocytes were plated in the window shown in (A) above and

induced to differentiate by the addition of IBMX, insulin and dexamethasone at confluence (see Section 3). Ten days later, terminally

differentiated adipocytes were electroporated in the presence of Lucifer yellow. Note the absence of dye transfer through gap junctions. Arrows

point to the transition line between conductive and non-conductive areas. Arrowheads point to a terminally differentiated adipocyte growing on

the transition line between conductive and non-conductive areas. Magnification: 2003.
DMEM and the same medium, supplemented with 5 mg/ml

Lucifer yellow (HPLC-purified, dipotassium salt, Biotium)

added to the cells. A series of short electric pulses (25–45 V,

0.1 mF, 6 times, for a conductive area of 4 � 4 mm) are deliv-

ered by placing an electrode set on top of the slide as shown
in Figure 1A. During the pulse, current flows through the pos-

itive contact bar (2) along the conductive surface of the slide,

up through the electroporation solution and the cells growing

in this space (4), to the bottom surface of the negative elec-

trode (3) and back to the pulse source. This treatment opens
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pores on the plasma membrane which rapidly reclose without

any disruption in cellular metabolism (Brownell et al., 1998).

Unincorporated Lucifer yellow is washed with calcium-free

DMEM supplemented with 10% dialyzed calf serum which fa-

cilitates pore closure (Bahnson and Boggs, 1990). Tracer move-

ment is evaluated 5 min after the pulse by overlapping phase

contrast and fluorescence images of the cells taken with an

Olympus IX70 microscope.
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