Volume 262, number 1, 6971 FEBS 08218 March 1990

Energy transfer via cell-to-cell junctions

Ouabain-resistant cells maintain a membrane potential in ouabain-sensitive cells
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Animal cell cooperation has been studied in a mixed cell culture. Membrane potentials of human embryonic cells and hamster BHK-21 cells were

recorded by intracellular microelectrodes. The Na*/K*-ATPase inhibitor ouabain (1 x 1076 M; 2 h) caused strong depolarisation of the human

cells in pure culture. The same treatment reduced only slightly the membrane potential in the hamster cells in pure or mixed cultures, as well as

in the human cells in mixed culture. The above data can be explained by effective ion fluxes through heterotypic gap junctions in mixed culture.

Thus, in the presence of ouabain the Na* /K*-ATPase of hamster cells creates transmembrane differences of the electrochemical potential of ions
not only in the hamster cells, but in the human cells as well.
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1. INTRODUCTION

The energy required for the accumulation of a wide
range of solutes in living cells is provided by the action
of primary ion pumps, which create transmembrane
differences of the electrochemical potential of ions (for
reviews, see [1,2]). It is well known that effective ion
transfer (‘electric coupling’) through the permeable
cell-to-cell junctions exists in the majority of the
multicellular systems: organs, tissues, multicellular
microorganisms (for reviews, see [3,4]). The possibility
of energy distribution between adjacent cells was
substantiated for various multicellular systems via ionic
fluxes that pass through permeable cell-to-cell junc-
tions [2,3,5-8].

Previously, we have revealed with the aid of in-
tracellular microelectrodes that the apical cells of
Neurospora crassa hyphae electrically coupled with
other hyphae compartments maintain high membrane
potential levels due to the intercellular ion fluxes which
are comparable with the ion fluxes generated by the
primary ionic pump [9]. Thus, the membrane potential
in apical cell with inactive H"-ATPase (see [10,11]) is
supported by the trunk cells where the ATPase is
active.

The purpose of this study was to test the ability of
animal cells possessing active ion pumps to maintain
the membrane potential in the adjacent cells in which
the pumps are inactivated.
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2. MATERIALS AND METHODS

Experiments were carried out on pure and mixed cultures of
hamster cells (BHK-21) and primary human fibroblasts (embryonic,
from 4th up to 17th passages). A mixed suspension of two cell types
(approximately 1 x 10° cells per ml) was passed in flasks containing
cover glasses, and grown in the Eagle medium with addition of
glutamate and 10% calf serum for 2—3 days by 37°C. The medium
was renewed 3—5 h before the experiment.

Electrophysiological measurements were performed with glass
microelectrodes (1 M potassium citrate; 50—70 M2). Measurements
were made in a flow of the cultivation medium by 37°C. Microelec-
trode insertion was considered to be successful if the cell depolariza-
tion in 1-2 min after was negligible. Every other measurement was
performed at a distance not less than 5 cells from the previous one.
After membrane potential measuring in 10-15 cells of every type
(20—30 min in pure cultures and 40—50 min in mixed ones), the cover
glass was placed in a control flask or in a flask with 1 x 107% M oua-
bain for 2 h. Then the next set of measurements was performed.
About 600 cells have been tested. In the experiment performed by Dr
Mittelman, the existence of gap junctions in heterotypic cell culture
was shown. For this purpose the distribution of Lucifer yellow bet-
ween cells in a balanced salt medium by room temperature was
studied as it was described previously [3].

3. RESULTS AND DISCUSSION

In this study, we have used the mathematical model
developed by Aslanidi and Panfilov to describe ion-
osmotic homeostasis in the single animal cell [12]. This
model includes a detailed description of ionic
transport, when the Na*/K*-ATPase hydrolyzes ATP
and supports formation of the membrane potential and
ion concentration gradients through the plasma mem-
brane. The formation of gap junctions between the two
cells (one of them with completely inactive
Na*/K*-ATPase and the other cell with the active
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Fig.1. Comparison of the ouabain effect on human fibroblasts in pure and mixed cell cultures. Phase-contrast micrographs of human fibroblasts
(white arrowheads) in pure (A,B) or in mixed culture (C,D) with hamster cells (black arrowheads). A,C, incubation without ouabain. B,D, 2 h
incubation with 1 X 1075 M ouabain. Bar, 10 zm.

pump) corresponds, within the framework of the
model, to some increase of the plasma membrane
permeability in the active cell. A twofold permeability
increase leads to a membrane potential decrease in the
active cell by 1 mV only. At the same time, the mem-
brane potential in the inactive cell, which is completely
abolished in absence of gap junctions, was predicted to
be near normal level due to the effective electric coupl-
ing via gap junctions with the active cell.

Two types of the animal cells were investigated, i.e.
(i) ouabain-sensitive human fibroblasts and (ii) a
hamster cell culture which was found to be resistant to
low ouabain concentrations. The cultivated cells were
rather polymorphous in our experiments. However, as
a rule, among hamster cells we could not find cells
stretching along the axis. As to the human cells, no
small round ones were found (fig.1A,C). After 2 h of
incubation with 1 X 107% M ouabain, the morphology
of human fibroblasts changes considerably: some of
them have lost the axis polarization (fig.1B). Under the
same conditions, human fibroblasts joined to BHK-21
cells remained spread and elongated in spite of the
presence of ouabain (fig.1D).

The results of the electrophysiological measurements
are presented in table 1. The average membrane poten-
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tial values of human fibroblasts and hamster cells in
pure cultures were about —40 and —50 mV, respective-
ly. Upon contact with hamster cells, the human
fibroblasts were hyperpolarized to a level typical for
hamster cells. As it was shown by Hyde et al. [13], gap
junction formation between the fibroblasts and
myoblasts from the cardiac tissue of 2—7 days old rats
in the mixed culture caused hyperpolarization of the
fibroblasts from —20to —60 mV. This effect is similar
to that observed in our experiments.

Ouabain treatment came to almost complete
depolarization of the human cells in pure culture (table
1 and fig.2). At the same time, the membrane potential
in hamster cells was lowered by ouabain only slightly.

Table 1

Effects of ouabain (1 x 107 M, 2 h) on the membrane potentials
(mV, mean + SE) of human and hamster cells in pure and mixed
cultures

Cell type Pure cultures Mixed cultures

Control  Ouabain Control  QOuabain

—51+18 —46 + 1.8
-38x13 —-6+06

Hamster cells
Human cells

—-47 + 1.7 -42 + 1.7
—47 + 1.6 -37 + 1.8
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Fig.2. The 1 X 10% M ouabain-induced membrane potential changes
in human fibroblasts.

The membrane potential values of the human cells join-
ed to hamster cells in the mixed culture were found to
be rather high in spite of the ouabain treatment {(see
table 1).

Thus, the human cells with the inactive
Na*/K*-ATPases coupled by the gap junctions with
the hamster cells maintain high membrane potential
level, most probably due to intercellular ionic fluxes
which serve as the mechanism of transferring energy
from the hamster cells to the human cells. It should be
mentioned in this context that cultivation of ouabain-
sensitive cells with resistant ones in the presence of oua-
bain is shown to restore division [14], protein synthesis
[15,16] and viability [17] of the sensitive cells.

Different examples of spatial separation of primary
and secondary plasma membrane ion transport
mechanisms are known [18—22]. According to sugges-
tions of Skulachev [23], Mitchell [24], and Crane [25],
the energy coupling of the spatially segregated primary
and secondary transport mechanisms can be carried out
by means of lateral ion currents. The local electric cur-
rents were really demonstrated for some animal and
plant cells, but their functional significance remained
virtually obscure [1,10,11,18,19,21]. We have once
more obtained evidence (see also [6,9]) that ionic in-
teractions through permeable intercellular junctions
might be involved in the energy redistribution between
the adjacent cells. These observations might be useful
for the study of the energy budget of the tissue cells.
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