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Abstract. Mammary tumor cells of the rat (BICRlMIR0 and mouse (EMT6fRo) as 
well as rat glioma ceUs (C6) are electrically coupled and show intercellular dye spreading. 
Monolayer cullures of synchronously beating chicken heart cells were aJso electrically 
coupled, dye spreading. bowever, was significantly restricted to only one or two adjacent 
cells. In all coupled. cells, gap junctions were found in both freeze-fracture replicas and 
ultrathin sections. Heterologous gap junctional coupling between these tumor cells and 
heart cells was regularly established. The human cervix carcinoma line Hel..a and the 
mouse L sarcoma line were elcctrically not coupled and did not reveal gap junctions, 
consequently they showed no coupling to heart cells. 

Introduction 

Invasive tumor cells progressively occupy other tissues, causing degen
erative alterations [19]. Despite the important role tumor cell invasion 
plays for malignaney, little is known about its mechanism. According to 
our present knowledge, a combined action of tumor cell proliferation, 
active locomotion and release of lytic enzymes results in a progressive 
degeneration of the normal host tissue [18, for review]. None of these three 
basic mechanisms, however, is per se considered specific for malignant 
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cells. Tumor cell invasion into the surrounding nonnal tissue is an early 
step in the process of metastasis which, in most cases, is responsible for 
lethality caused by malignant tumor.;. A common prerequisite for invasive 
tumor cells is the ability to survive in the metabolic environment of the 
host tissue. Clinical data from human autopsy studies showed that tumor.; 
have patterns of metastatic colonisation depending on their original organ 
and histotype [30, for review]. Specific interactions between tumor cells 
and the normal host tissue may require a diffusion of soluble substances, 
promoting and increasing tumor cell attachment and survival [II]. 

Other mechanisms such as direct cell-to-cell contact are likely to be 
involved. In most vertebrate tissues, intercellular communication and 
cooperation are mediated by specialized membrane contacts between adja
cent cells, so-called gap junctions. Specific proteinaceous channels bridge 
the gap between the adjacent cells and connect their cytoplasms. These 
channels allow a direct transfer of ions and small molecules up to a molec-
ular weight of about 900 daltons [5], thus providing a path not only for 
intercellular electrical communication but also for metabolic cooperation 
[8, 29]. In living organisms, intercellular communication via gap junctions 
is involved in the synchronization of contracting heart muscle cells, in the 
regulation of growth, and in processes of differentiation and development 
[22, for review]. 

Gap junctions, however, do not only occur in nonnaI tissues, but have 
also been described for a variety of tumor cells [12, 27]. Gap junctional 
communication has also been detected in mixed cuhures of vertebrate cells 
derived from different tissues and different organisms [4, 9, 21]. Interest
ingly, coupled cells might be less sensitive to changes of the cell microen
vironment or stress factors than cells without gap junctions as has been 
shown for irradiated multicellular tumor spheroids [2]. Loewenstein and 
Kanno [17] correlated the absence of gap junctional communication to 
tumorigenicity. This hypothesis has been modified and states now that 'the 
junctional membrane channels are instrumental in cell-to-cell transmission 
of molecules necessary for the control of growth' [15]. When tumor cells 
are coupled to normal cells, their proliferative capacity may be reduced 
[15, 32] or - as our results indicate - they may have an advantage for 
invading normal tissue. 

In this paper, we report investigations with monolayer cultures of five 
different tumor cell lines. Their homologous gap junctional coupling 
capacity and their heterologous junctional communication with embryonic 
chick heart cells were measured. These data are fundamental for the inter-
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pretation of the histological results described in the following paper where 
an in vitro invasion assay [20] was used to investigate whether the invasive 
behaviour of these tumor cell lines is correlated with their gap junctional 

coupling capacity. 

Materials and Methods 

Permanenliy Growing Cells 
Monolayer cultures of five different tumor cell lines were used in this study. Fibre

blastoid BICRlMlRk cells were derived from tbe BICRIMIR transplantable mammary 
tumor of the Manball rat (24]. The fibroblastoid EMT6IRo cells were selected from a 
mammary tumor cell line of a Balblc mouse (25). Fibroblastoid C6 cells were derived 
from N-nitrosomethylurea-induced glial tumors of the rat (I). Hela cells were established 
from a buman cervix carcinoma [7, 26]. Fibroblastoid L cells originated from a 20-
methylcholanthrene-treated. primary strain of C3H-mouse-fibroblasts (3). 

Primary Embryonic Chick Heart Cells 
Single cell suspensions of 9-day-old embryonic chick hearts were prepared as 

described by Freshney [6]. Briefly, chick beans Wert e"planted from 9~ay-old embryos, 
placed overnight in I m1 ice-<ald trypsin (0.25% trypsin in phosphate-buffered saline 
(PBS) witbout calcium and magnesium). After trypsin removal, the organ was incubated 
in tbe residual trypsin at 37 · C for 10-15 min aDd dispersed by gentle pi pelting in 2 ml 
culture medium. The cell suspension was then seeded in 3 to 4 6()...rnm diameter Petri 
dishes (Falcon, 3002 F. Becton Dickinson, Mountainview, Calif.) with 5 ml culture 
medium. 

Culture Conditio11S 
All cell lines were grown at pH 7.4 and 37·C in a bumidified incubator with 5% 

C02 atmosphere in Dulbecco's modified Eagle's medium (Biochrom KG. Berlin , FRG) 
supplemented with 3.7 gil NaHCO), 100 mgll streptomycine sulfate, 150 mgll penicillin 
G and S% calf serum. CeUs were passaged in tissue culture flasks (Nunc, Rosk.ilde, Den
mark) by treatment with 0.25% trypsin in PBS without calcium and magnesium. 

For electrophysioJogicai experiments tbe cells were cultured in Petri dishes (Falcon 
3002 F). The bicarbonatelCO :z-bufTered culture medium was replaced for Hepes-bufJered 
medium (25 mM) only for embryonic heart cells during measurements. 

Confrontation cultures of embryonic chick heart cells with permanently growing 
mammalian tumor cells were obtained by seeding tumor cells to subconnuent heart 
monolayer cultures. For better identification, tumor cells had been stained with vital red 
(0.8 mg/mt culture medium; Chroma, Kongen, FRG) for 2 to 3 days prior to trypsiniza
tion and subsequent confrontation. 

Electrophysiology 
Measurements of membrane potentials and intracellular applications of electrical 

current were performed under liaht microscopical observation (Leitz Epivert or Zeiss 
Standard RA , equipped with phase contrast and epifluorescence illumination). Glass 



Tumor Cell Invasion and Gap Junctional Communication (Part I) 21 

microelectrodes were puUed from capillary glass (outer diameter I mm, with inner ma
ment; Hilgenberg Glas, Malsfeld, FRG) with a pipette puller (OK Instruments, Tujunga, 
Calif.) and back-filled with 3 M KCI; their tip resistances varied between 20 and 30 MO. 
For measurements of membrane potentials, the two recording microelectrodes were con
nected through an AglAgCI-<:lectrode to the input ofa capacity-compensated electrometer 
(750, WP Instruments, New Haven, Conn.). for current injection, a microelec1rode was 
connected to an electrometer (M 701, WP Instruments) and rectangular hwerpolarizing 
current pulses of S nA and up to 50 ms duration. supplied by a stimulator (IWG SOl, 
Feedback Instruments, Crowborough, UK) were injected into a cell. The resulting hyper
polarizing pulses wert registered in the same and, in case of coupling. in adjacent ceUs 
(16). Membrane potentials and current amplitudes were displayed on a digital storage 
oscilloscope (Nicolet 3091, Madison, Wise.) and either photographed from the screen or 
recorded with an X-V-recorder (F-42 CP, Rikadenki Kogyo Co., Tokyo, Japan). In addi
tion to measurements of ionic coupling. we investigated whether larger molecules would 
pass through gap junctions. We therefore applied microiontophoresis, using glass microel
ectrodes back-filled with a 4% solution of the fluorescent dye Lucifer yellow CH (Mr 457, 
Sigma, St. Louis, Mo.) in I M LiD. Cells were injected for 30 s with a negative current 
step of up to 20 nA, supplied by the iontophoresis unit of a microelectrode amplifier 
(UM-I, List electronic, Dannstadt. FRG). The progress of microinjection was monitored 
on a Zeiss Standard microscope under epiOuorescence illumination (exciter filter BP 
450-490, dichroic mirror 510, barrier mter LP 520) and photographed after 2 min on an 
Ilford HP 5 film. To reduce background fluorescence, the culture medium was exchanged 
for PBS. In all electrophysiological experiments micromanipulators with electrical drives 
(Gebr. Marzhauser, Wetzlar, FRG) allowed a controlled positioning of microelectrodes. 

Electron Microscopy 
Monolayer cell cultures were washed twice in PBS and fixed in 2.5% glutardialde

hyde (Merck, Darmstadt. FRG) for 30-60 min at room temperature. For thin sections the 
cells were fixed in 1 % osmium tetroxide (Merck) and embedded in epoxy resin Glycid
ether 100 (formerly Epon 812, C. Roth, Karlsruhe. FRO). Regions of interest were select
ed, polymerized as small cubes onto resin capsules, tbin sectioned and poststained with 
uranyl acetate and lead citrate. For freeze fracture the cells were treated with increasing 
concentrations of glycerol and rapidly frozen as ceU pellets in liquid Freon 22. freeze 
fractured and replicated under high vacuum in a BAF 30 I instrument (Balzers AG. 
Liechtenstein). Thin sections and replicas were examined with a zeiss EM lOA electron 
microscope at 60 kV. 

Results 

Intercellular Coupling 
Ionic coupling was detected in BICRIM I R" EMT6/Ro and C6 cul

tures (fig. I a, d, g). However, iontophoretical injection of the fluorescent 
dye Lucifer yellow into these monolayer cultures revealed differences in 
the degree of dye coupling. 
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Fig. 1. Comparative ele<:trophysiological and ultrastructural investigat ions on 
monolayer cultures of BICRIM I Rk cells (a-e), EMT6/Ro cells (d- f ), C6 cells (g-i), 
embryonic chick heart cells (j-I), L cells (m-o), and HeLa cell s (p-r). 

Left column: measurements of ionic coupl ing. Oscilloscope photographs (a. d, g, m. 
p) depict rectangular hyperpolarizing current pulses (i, bonom trace) of a stimulating 
electrode impaled in one cell of a monolayer culture and the responding membrane 
potential of the injected (lOp trace, E I ) and an adjacent cell (middle trace, E2). 

After dye injection into a BICRIM I R, cell dye spreading into all con
tacting cells within a large area of the monolayer culture could be observed 
(fig. I b). In contrast, dye injection into an EMT6/Ro cell resulted in a 
different pattern of dye spreadiog: the nuorescent dye could only be 
detected in some of the attached cells (fig. Ie). In C6 glioma cells, dye 
coupling was even more restricted, in most cases fluorescence was appar-
ent in only one or two directly connected cells (fig. I b). 
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Middle column: dye coupling measurements in epifluorescence illumination; k, n 
and q with the same cells in phase cont rast microscopy. Bar: 50 ~m. 

Right column: electron micrographs show freeze·fracture replicas of gap (c, (, I) and 
light junctions (r) as well as thin sections of an annular gap junction (i) and a desmosome 
(0). Bar: 0.1 ~m. 

Measurements of ionic coupling between embryonic chick heart 
cells in monolayer culture were performed with only two voltage record
ing microelectrodes. The hean cell action potentials were used as an 
intrinsic voltage signal, transmitted through gap junctional channels into 
coupled neighbor cells: from synchronously beating heart cells synchro
nous action potentials were recorded (fig. Ij). Injection of the fluorescent 
dye Lucifer yellow, however, revealed only a minor degree of dye 
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coupling: dye transfer was restricted to one or two contacting cells 
(fig. I k). 

In contrast, with Land HeLa cells neither ionic coupling (fig. 1m, p) 
nor dye coupling could be registered: the injected cells retained the dye, no 
maUer how many cells were in direct contact with the injected cell 
(fig. In, q). 

Electron Microscopical Investigations 
All cell cultures were processed for ultrastructural investigation of 

plasma membrane contacts between adjacent cells. With B1CRlM I R. 
cells, many gap junctions were found in freeze-fracture replicas (fig. I c). A 
less frequent appearance of gap junctions was observed with EMT6/Ro 
cells (fig. If). Very rarely, gap junctions were detected in ultrathin sections 
of C6 cells. In most cases, these gap junctions were of the annular type 
(fig. I i). In freeze-fracture replicas of embryonic chick hean cells, gap junc
tions appeared as irregularly shaped plaques of small size (fig. II). In thin 
sections and freeze-fracture replicas of the fibroblastoid cell line L and the 
epithelioid cell line HeLa, which did not exhibit ionic or dye coupling, gap 
junctions were not detected. 

Whereas L cells only exhibited desmosome-like structures as special
ized cell junctions (fig. 10) HeLa cells revealed numerous tight junctions in 
freeze-fracture replicas (fig. I r). 

Measurements of Heterologous Ionic Coupling in Mixed Monolayer 
Cultures 
Monolayer confrontation cultures of embryonic chick heart cells with 

each of the five investigated mammalian cell lines were tested for heterol-
ogous gap junctional communication. In these mixed cultures, the vital 
red-labeled mammalian cells could be unequivocally distinguished from 
the bean cells by dye granules accumulated around the nuclei of the 
labeled cells. As the amount of dye decreased with each cell division. all 
experiments were carried out within 20-30 h after addition oflabeled cells 
to the precultured hean monolayers. 

In confrontation cultures of hean cells with the coupled cell lines 
BICRlM I R., EMT6/Ro and C6, the experiments were performed by 
inserting a potential recording microelectrode into a labeled cell adjacent 
to a heart muscle cell. The spontaneous heart action potentials were used 
as endogenous signals which could be detected in neighboring tumor cells 
when they were coupled by gap junctions to the hean cells. All cell lines 
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Fig. 2. Measurements of heterologous ionic coupling in monolayer confrontation 
cultures of embryonic chick heart cells with tumor cells. a Action potentials ofa hean cell 
detected in an adjacent BICRIM I Rt cell. b The membrane potential of a HeLa cell 
(-21 mY) did not exhibit any superposition with the simultaneously measured action 
potentials of an adjacent hean cell . 

which were ionically coupled in homologous monolayer cultures 
(fig_ 1 a, d, g), also coupled to embryonic heart cells, as shown in figure 2a 
for a BICRIM I R. ceiL Chick heart action potentials detected in coupled 
mammalian cells reached values between 2 and 8 mV, depending on cell 
density and ratio of tumor to heart cells, the frequencies varied with the 
temperature of the culture medium. 
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In confrontation cultures of embryonic chick heart cells with the non
coupled cell lines Land HeLa. both the membrane potentials of the tumor 
cells and the action of the adjacent heart cell were recorded. In these cul
tures heterologous coupling could never be recorded, an example is shown 
in figure 2b, where a HeLa cell exhibited a constant membrane potential of 
-21 mY, although the adjacent heart cells generated action potentials with 
amplitudes of about 90 mY. 

Discussion 

Ionic coupling, indicating intercellular spreading of ions such as Na+, 
K+ and CI-, could not only be detected in a mammary tumor of the rat 
(BICRIM I R0 - as already described [12) - but also in the EMT6/Ro 
mouse mammary tumor and in C6 rat glioma. Our results are in agreement 
with a number of studies demonstrating that tumor cells of various origin 
are able to communicate via gap junctions [9, 12,27). Microinjection of 
the fluorescent dye Lucifer yellow CH, however, revealed differences in the 
amount of dye spreading into neighboring cells. Numerous fluorescent 
cells in monolayers of BICRIM I R.-cells correlated well with the presence 
of numerous gap junctions in thin sections and freeze~fracture replicas. 

An irregular pattern of dye transfer could be observed in EMT6/Ro 
monolayer cultures, frequently exhibiting a selective spreading into some 
of the neighboring cells. This restriction of dye transfer coincided with a 
less frequent appearance of gap junctions in electron microscopic prepara-
tions, suggesting that the number of gap junctions could be a factor for the 
regulation of intercellular communication. This view was supported by the 
detection of an extremely small number of gap junctions in thin sections 
and the unsuccessful search for these structures in freeze-fracture replicas 
of C6 cells. These cells exhibited the lowest degree of dye spreading, in 
most cases fluorescence could be detected in only one or two direct neigh~ 
bor cells. Annular gap junctions found in these cells revealed an electron 
dense filamentous coat around the gap junctional membrane (fig. Ii). In 
electron microscopical investigations with a number of cells of different 
origin, Larsen et al. [14) demonstrated that this coat is composed of actin 
maments being involved in the internalization of gap junction structures 
in vesicular fonn. A low proportion of communicating gap junctions -
compared with a much higher number of internalized gap junctions -
could result in a reduced number of intercellular channels which, however. 
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might still be sufficient to allow ionic coupling, but reduce dye spreading to 
a subthreshold extent. Another possible explanation for differences in the 
degree of dye coupling could be a gradual closing of gap junctional chan
nels, as has been described for BICRIM I Rk multicell spheroids [13). In 
these cell aggregates, ionic coupling could be registered between cells which 
allowed no longer the transfer of dye, demonstrating that small current
carrying ions could pass through the channels whereas the much larger 
Lucifer yellow CH molecules (Mr 457) were retained. In this study we 
obtained similar results with embryonic chick heart cells, which regularly 
exhibited ionic coupling in monolayer culture, whereas dye spreading was 
limited to one or two adjacent cells. A lack of dye spreading has been 
reported for the smaller sodium fiuorescein dye molecules (M r 332) 
injected into ionically coupled atrioventricular cells of mammalian heart 
[23). Williams and De Haan (31) calculated from electrophysiological data 
that only 5 gap junctional channels would allow synchronization of beating 
heart cells. In dye spreading experiments, however, the amount of fiuores
cent dye molecules transferred through only a few channels might be too 
small to be detected by fiuorescence microscopy. 

Neither dye spreading nor ionic coupling could be detected for Land 
HeLa cells, which correlated with the lack of gap junctions in electron 
microscopical preparations. HeLa cells were linked by numerous tight 
junctions (fig. 1 r), which are necessary to maintain a selective permeability 
barrier [28) in epithelia. 

Since measurements of ionic coupling revealed a higher sensitivity 
than the dye spreading assay, monolayer cultures of embryonic chick heart 
cells confronted with each of the 5 tumor cell lines were screened for het
erologous junctional communication by measurements of ionic coupling. 
In confrontation cultures with the coupling-competent tumor cell lines 
BICRIM IRk, C6, and EMT6/Ro action potentials of an adjacent heart cell 
could be recorded in the respective tumor cell. In our experiments the 
voltage defiections of heart action potentials detected in tumor cells corre
spond well with results of Goshima (9), who recorded excitation potentials 
from nonexcitable cells which were cocultured with myocardial cells and 
suggested an electrotonic transmission mechanism. 

In homogeneous cultures of HeLa and L cells we could not detect gap 
junctional coupling, consequently, no heterologous coupling could be mea
sured between embryonic chick heart cells and HeLa or L cells. These 
results confirm the finding of Goshima [9J who did not observe synchro
nization of independently beating mouse myocardial cells across bridging 
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L cells. This lack of heterologous communication corresponded with the 
absence of gap junctions between heart and L cells in thin sections [10]. 
Furthermore, the lack of depolarization potentials in noncoupled tumor 
cells is a strong argument against the possibility that a nonjunctional cur
rent might be responsible for the rhythmical depolarization in coupled 
tumor cells adjacent to a beating heart cell. 

These results demonstrate that under our experimental conditions 
coupling-<:ompetent tumor cells - regardless of their tissue of origin - are 
able to form open gap junctional channels with embryonic chick heart 
cells. Some consequences of these heterologous gap junctions will be dis
cussed in the following paper, where all five cell lines described in this 
paper were investigated for their invasive capacities in a well-established 
[20] three-dimensional in vitro invasion assay using embryonic chick heart 
cells as host tissue. 
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