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Since the existence of electrical as opposed to chemical synapses was 
described by Furshpan and Potter (1959) in abdominal nerve cords of the 
crayfish, such "low-resistance junctions" have been discovered in numerous 
types of nonexcitable cells. These junctions allow the exchange of ions and 
molecules between cells in contact and are, therefore, considered respon
sible for intercellular communication (Loewenstein and Kanno, 1964; Potter 
et al., 1966). As far as is known, they are found in all normal in vivo cell 
systems. 
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Recent findings suggest that these low-resistance junctions are identical 
with the gap junctions found by electron microscopical observation ofmem
branes after lanthanum impregnation or freeze-cleaving (Revel and Kar
novsky, 1967; Revel et al., 1971; Johnson and Sheridan, 1971; Rose, 1971; 
Gilula et al., 1972; Pinto da Silva and Gilula, 1972; Friend and Gilula, 
1972). 

In the following sections, the electrophysiological techniques used for the 
demonstration of low-resistance junctions by the occurrence of ionic coup
ling pulses will be described. It will also be shown that for the analysis of 
coupling phenomena between cells, electrical parameters such as potential 
difference, membrane resistance, and capacitance must be taken into ac
count. In addition, the electrical and mechanical instrumentation necessary 
for such measurements will be described with special emphasis on electro
physiological studies in cultured cells. Based on experiments with lympho
cytes it will be shown that low-resistance junctions can be built up within 
minutes and that in the case of cells of established lines in culture their 
existence is related neither to normal nor to malignant cell properties, but 
appears to be associated with fibroblastoid cells. 

II. Technical Equipment 

The techniques used for demonstrating low resistance junctions were 
adapted from neurophysiological methods, and therefore the application of 
current pulses of millisecond duration and their registration with the oscillo
graph was understandable. Although this method allows suitable analysis of 
the transmitted pulse with regard to resistive and capacitative components of 
the involved membranes, for routine measurements we prefer the con
tinuous registration of the electrical parameters with a pen recorder. This 
requires the application of current pulses of several seconds' duration and 
allows a better observation of changes in cell electrical properties during an 
experiment. 

For the determination of ionic coupling between nonexcitable cells it is 
necessary to measure (1) the potential difference (PD) between the cell inter
ior and the medium, (2) the superimposed pulses resulting from the injection 
of current pulses into a cell, and (3) the resistances of the cell membrane and 
junctional membrane (low-resistance junctions) to show the integrity of the 
cell. 

Most of the instruments used for pulse generation, amplification, and re
cording are commercially available. The instruments used for the measure
ments described in Section IV are indicated in the following section. 
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A. Electrical Setup 

A schematic drawing of the electrical setup is shown in Fig. 1. Experiments 
registered by a pen recorder were performed with 6 coupling pulses per 
minute. In this case the current supplied from the pulse generator G 1 (Tek
tronix 601, modified 161, 162) to the current electrode CE could be directly 
measured with a nanoammeter (Philips digital multimeter PM 2421). This 
current flows from CE through the medium and a glass bridge filled with 
Ringer-agar to a 3 M KCI solution into which the indifferent calomel elec
trode IE is immersed. A symmetrical circuit is desirable, in order to avoid 
different diffusion potentials which could interfere with the PD measure
ments (Pfister and Pauly, 1969; Barry and Diamond, 1970). 

The current supplied to a cell has to be varied depending on the size of 
the cell and the degree of coupling. In ionically coupled cells, in which the 
current spreads through the cell monolayer, a maximum pulse of about 50 nA 
results in the same hyperpolarization of about 75 mV as in noncoupled cells 
supplied with a current pulse of about 10 nA. For better time resolution, 
shorter pulses (20 msec) were supplied via an opto-electronic circuit as 
described by Baird (1967). The advantage of such an electroluminescent 
diode combined with a photo-detector (e.g., Monsanto MCD2) is the 
isolation of the current electrode from ground by no conductive paths other 
than the preparation. Both the short current and coupling pulses were 
measured with the oscillograph. 
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FIG. I. Scheme of the electrical setup. The current supplied by the generator G-I to 
the current electrode CE can be measured with a nanoammeter. The circuit is closed via a 
Ringer-agar bridge and the indifferent electrode IE. The resulting potential changes can be 
measured with the recording electrodes RE, and RE2 and the negative capacitance electro
meters E I and E 2. For continuous electrode resistance control, a current pulse can be sup
plied from the generator G2. The metallic conus of the water-immersion objective, 0, is 
insulated by a beeswax-colophonium cover. 
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The POs were measured with the recording electrodes REI and R~ using 
negative capacitance electrometers Eland E 2 (Keithley 605) and observed 
at an oscillograph (Tektronix 564) or registered with a pen recorder (Graph
irac, Sefram). REI could be connected via a 1010 n resistor to a second pulse 
generator (0.1 Hz), thus permitting continuous measurements of the elec
trode resistance (see Section III). Two types of coupling measurements were 
performed with this setup. 

1. In cells which could be impaled with two electrodes, both CE and 
REI were inserted into one cell. The reSUlting voltage pulse VI superimposed 
onto the PO line of this cell was compared with the voltage pulse V2 in an 
ionically coupled cell impaled with RE2 • If no pulse could be detected with 
RE2 , the cells were not considered to be ionically coupled. The ratio V2 : VI-
defined by Loewenstein and Kanno( 1967) as "communication ratio"-indic
ates the degree of ionic coupling and the existence oflow-resistance junc
tions (see Section III). 

2. In the case of small cells, such as lymphocytes, single cells cannot be 
routinely impaled with two electrodes. Therefore, ionic coupling was in this 
case determined with two electrodes only. The small surface area of these 
cells results in a high ohmic resistance, Therefore, the successful insertion of 
CE was indicated by a decreased current, whereas, when REI was success
fully inserted, an increased resistance was indicated by the continuous resis
tance pulse. It was necessary to register these parameters, because the PO 
values in lymphocytes varied around zero. 

Since changes in pH over a range between pH 7 and pH 8.4, as well as 
temperature changes between 20°C and 37°C did not noticeably influence 
the PO (Hiilser, 1971), the measurements were performed at room temper
ature under microscopical observation (Zeiss Standard RA). We used a 
water-immersion objective (40x), electrically insulated with a beeswax
colophonium mixture coating the metallic conus. No demonstrable toxic 
effect on the cell cultures was observed during the measurements. This 
procedure permitted an overall 400 X magnification, sufficient to observe 
any morphological alteration ofthe cells which might occur during impale
ment. 

B. Mechanical Setup 

The measurements in cells of established cell lines in monolayer culture 
were performed in surface-treated plastic petri dishes (Falcon or Greiner). 
Prior to the measurements, 2 cm of the wall of the dish on opposite sides had 
to be removed with a flat soldering iron, permitting a low-angle approach of 
the electrodes. This was necessary because of the short working distance of 
the insulated water-immersion objective. It was not necessary to cover the 
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petri dish bottom with a soft resin, as was described by Borek et al. (1969), 
since this low-angle approach prevented the electrode from being so easily 
broken. 

For positioning the electrodes correctly under the microscope objective, 
we used Leitz micro manipulators (Leitz, Wetzlar, Germany) which allow 
electrode movement in three dimensions with different transmissions and 
without a backlash. Various other micro manipulators are commercially 
available that will meet the same requirements (see Kopac, 1964). 

For measurements with lymphocytes and explants of tumors and tissues, 
special preparation techniques were used, they are described in Section IV. 

A serious problem for measurements with micro-manipulators is the ab
sorption of vibrations which may result from different sources. Among a 
number of possibilities to overcome this problem, we chose a castiron plate 
of about 150 kg situated on two inner tubes in a table frame. On this plate, 
the microscope and the micromanipulators can be balanced by lead blocks. 
Most of the vibrations that occur in a laboratory are thus completely ab
sorbed or transposed into low oscillations of the plate, which are then fol
lowed synchronously by the microscope, the micro manipulators, and the 
electrodes without damaging the preparation. 

The transition from the electrolyte solution to the connective cable can 
either be performed using an Ag/ AgCl wire with the AgCl in the electrolyte 
solution or with a calomel electrode. We preferred calomel electrodes 
because of their high stability with regard to drifts of potentials. Calomel 
electrodes (Fig. 2) can be prepared by first fixing a Pt wire into the end ofa 
30 mm-long glass tube (5 mm outer diameter, 3 mm inner diameter) by melt
ing the glass. The other end is narrowed so that a magnesia rod (Merck, 
Germany, No. 5809) will just pass. The part of the tube with the Pt wire is 
then filled with Hg and the other half with Hg2CI2 in saturated KCI. A 10 mm
long magnesia rod is then pressed into the calomel and sealed with a quick
acting glue. The whole calomel unit is fixed with a Plexiglas glue into a Plexi-

Q bed ef 9 hi k Imn 0 

FIG. 2. Plexiglas electrode-holder with a calomel unit. a, glass micro electrode; b, rubber 
washer; c, stainless steel screw; d, Plexiglas tube; e, electrolyte solution; f, hole for pressure 
compensation, g, Plexiglas bar for attachment to a micromanipulator; h, quick-acting glue, 
i, magnesia rod; j, Hg,CI, in saturated KCI; k, Hg; I, Pt; m, Plexiglas glue; n, connective 
cable; 0, shield of the connective cable. 
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glas holder. The protruding end of the magnesia rod must be covered with 
the electrolyte solution to prevent the calomel from drying. 

The Plexiglas holder should have a small hole on top to allow pressure 
compensation. Otherwise a flow of electrolyte through the tip will result, 
which may affect the electrical properties of the electrode. A small Plexiglas 
bar on the bottom of the holder enables it to be attached to a micro
manipulator. 

c. Glass Microelectrodes 

For the intracellular recording of potentials, glass electrodes are widely 
used. Since their introduction by Ling and Gerard ( 1949), there has been con
siderable progress concerning the optimal properties of the glass and the 
technical equipment used for pulling and filling the pipettes. Electrodes with 
a tip diameter of the order of 0.5 I'm, which can impale a cell without 
damaging it, have been termed "micro electrodes." Even though numerous 
metal electrodes are now available, the open-tip glass microelectrodes are 
preferred for several reasons: they are easily and cheaply prepared in a suf
ficiently reproducible manner; their resistances are low compared with metal 
electrodes; they are nonpolarizable and they can be used for iontophoretic 
injection of different molecules or ions (Chowdhury, 1969). 

In this section the preparation of glass microelectrodes is described as 
carried out in our laboratory. This procedure results in a sufficient number 
of electrodes having the desired properties needed for our investigations. 
However, other methods have been described for different types of in
vestigations, especially for filling the pipettes with electrolytes (Tasaki et al., 
1954; Burkhardt, 1959; Frank and Becker, 1964; Oliveira-Castro and 
Machado, 1969; Machemer, 1970; Zettler, 1970). 

Some of the procedures used for glass microelectrode production are en
tirely empirical and may sometimes appear alchemistic; but nevertheless, 
most of the proposed variations have resulted in certain advantages. 

1. PREPARATION OF THE ELECTRODES 

Glass capillaries (Corning Pyrex glass 7740/234400) with an outer dia
meter of 2 mm are cut into 8-cm lengths, and the ends are rounded in the 
Bunsen flame without narrowing the lumen. These capillaries are soaked in 
distilled water for 24 hours and then sonicated in a test tube with dilute deter
gent (Mucasol, Merz & Co.) by inserting the tip of a sonicator (Branson
Sonifier B-12) just above the capillaries for about 3 minutes. The detergent is 
washed off under tap water, followed by distilled water in which the capil
laries are sonicated a second time before washing in acetone and drying at 
180°C for 20 minutes. 
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The cooled capillaries are pulled into micro pipettes by a vertical pipette 
puller (David Kopf I nstruments, Model 700C) . Such a puller a llows the pre
paration of pipettes with different shapes and lengths of the shank and dif
ferent sizes of the tip by variation of the temperature of the heater coil and 
the pulling force. Both pipettes pulled from one capillary can be used for 
filling with the electro lyte ; sign ificant differences in their electrica l pro
perties have not been observed. 

The pipette puller should be cleaned with a lcohol or acetone before use, 
and the capillaries and pipettes should be handled only with clean forceps 
to avoid contamination of the electrode tips. The pipettes are placed with 
their tips down into a Plexiglas disk with drill holes, where they are kept 
secu re wit h a rubber band situated in a groove. This disk wi ll hold 30 elec-

FIG . 3. Plexiglas disk with glass micro electwdes, fixed by a Plexiglas bar in the lid of the 
Witt flask. 
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trodes, as shown in Fig. 3. The disk is screwed onto a Plexiglas bar fixed in the 
neck of the lid of a Witt filter apparatus containing a side tube. The Plexiglas 
bar has a central bore hole from outside to its middle corresponding to the 
normal filling level for the solutions. 

The electrodes are shaken once in methanol in the cleaned Witt flask, and 
after the methanol is poured through the side tube, the flask is filled with 
methanol again, so that all the pipettes are covered. The side tube is then 
closed, and by evacuating through the Plexiglas bar with an aspirator, the 
pipettes are filled with methanol. 

Now the methanol in the flask is removed and enough solution of 3 M 
KCI + 2 mM potassium citrate is added to cover the pipettes. This electro
lyte solution should be freshly filtered through aO.45-,um Millipore filter. The 
methanol in the pipettes is displaced by the electrolyte solution. To speed up 
this diffusion, the flask is placed in a water bath at 40°C for about I hour; it 
is then evacuated once more to remove the remaining methanol. The Plexi
glas disk with the electrodes is now unscrewed from the Plexiglas bar and 
turned, so that the electrode tips point upward. In this position the electrodes 
can be stored up to 1 week or longer. Normally they are not used within the 
first 2 days after preparation, because of their unstable electrical properties 
during this period. 

2. ELECTRICAL PROPERTIES OF THE ELECTRODES 

There are two electrical properties by which electrodes are generally 
selected: Ohmic resistance and tip potential. Electrodes with resistances 
between 20 and 50 M.Q, and tip potentials :5 5mV are preferred for most 
experiments. Both resistance and tip potential depend on the tip diameter, 
and they change with the age of the electrode. 

a. Electrode Resistance. The resistance changes with the direction, ampli
tude, and duration of the current carried by the tip (Frank and Becker, 1964; 
Zettler, 1970), as well as with the ion concentration of the fluid in which the 
electrode is immersed (see Table I) . Therefore, electrode resistances can 
be compared only if determined in solutions of the same ion content. The 
changes caused by the current will not influence the determination of resis
tances if the calibration is performed with identical methods, but they can be 
of importance when current is supplied to the cells for the determination of 
cell membrane resistances. 

The electrode resistance is easily determined by differentiation of a ramp 
signal with a RC combination formed by the electrode resistance (or, for 
calibration, with known resistors) and a constant capacitor. Figure 4 shows 
the setup used to determine the electrode resistance. The calibrator of the 
oscillograph supplies square pulses (a) which can be integrated (b) by a 
200 k.Q resistor and a 0.47 ,uF capacitor into ramp signals (c). These ramp 
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FIG. 4. Determination of the electrode resistance. A square pulse (a) is integrated (b) into 
a ramp signal (c). This ramp signal can be differentiated by the RC combination of the 
electrode resistance and a constant capacitor (d). The amplitude of the resulting square pulse 
(e) depends on the electrode resistance. 

signals are differentiated (d) into square pulses (e) by a constant capacitor 
in the Keithley 605 electrometer and the resistance of the electrode. The 
amplitude of these square pulses (e) increases with increasing resistance. 
They are, therefore, used for the determination of the unknown electrode 
resistances by comparing their height with calibration values obtained from 
the differentiation with known resistors between IO and 100 M Q by the same 
setup. Furthermore, the risetime of the square pulse (e) is an indicator for the 
electrode capacitance and every other capacitance introduced into the 
circuit. 

h. Electrode Tip Potential. Much more important for the potential dif
ference (PO) measurements in cells is the tip potential (TP) of the electrodes. 
The possible origin of TPs has been discussed in several publications 
(Adrian, 1956; Bernhardt and Pauly, 1967; Redmann and Kalkoff, 1968; 
Agin, 1969; Lavallee and Szabo, 1969; Snell, 1969); their influence on PO 
measurements will be demonstrated. The TP is defined as the PO which 
appears in a closed circuit when the electrode tip is broken off. With a broken 
electrode tip, only symmetrical diffusion potentials are found in the circuit, 
and the resulting potential can be considered as the zero potential. When a 
fine-tipped electrode is introduced in place of a broken one, a potential 
change will be observed which indicates the height of the TP of the intro
duced electrode. For electrodes filled with 3 M KCI, this TP is always nega
tive when the tip is inserted into a cell culture medium and can reach values 
of > 40 mY. When other electrodes with tips broken in the same way are 
introduced and the same electrode holder is used in the same circuit, small 
changes of about 1-2 mY can be observed, indicating that the real TP ofa 
glass microelectrode can only be determined by breaking the tip after the 
experiment. At the end of the experiment, however, the TP may have been 
altered by a film of cellular substances adhering to the tip after withdrawal of 
the electrode from a cell. This would result in a change ofthe base line which 
may escape observation, if experiments performed with the same electrode 
are not recorded continuously. 
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A single electrode changes its TP when inserted into different salt solutions 
with different ion concentrations, as can be seen from Table I. The use of a 
solution buffered with 2 mM Hepes buffer to a pH of about 8 did not result in 
a different TP value. The experiment started with the measurement ofthe TP 
and resistance of one electrode in the medium and continued with measure
ments in increasing concentrations of the solutions. After the measurement 
in 3 M KCl solution, the values were once more determined in the medium 
before continuing with the NaCI solutions. It will be noticed that the 
electrode TPs and resistances depend to a greater part on the ion concentra
tion, but also on the "history" of the electrode shown by the different values 
in Eagle-Oulbecco medium. After the measurements in the bicarbonate 
solutions, the tip was immersed in the medium for a short period before being 
broken to reveal the originally determined TP of -4 mY. 

The different intracellular ion concentration, as compared with that ofthe 
medium, means that the tip potential of an electrode will also change when 
the electrode is inserted into a cell. This can be demonstrated using two glass 
micro electrodes. The tip potential decreases after cell impalement resulting 
in PO values lower than the actual membrane potential of the cell. This is 
illustrated in the schematic drawing of Fig. 5. The zero line is obtained with 
broken glass microelectrodes as recording and indifferent electrodes (see 

o 1 
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FIG. 5. Membrane potential measurements: influence of microelectrode tip potential. 
TPr: tip potential of the recording electrode in medium; TP;: tip potential of the recording 
electrode in a cell; TPj : tip potential of the indifferent electrode in medium; TPj: tip potential 
of the indifferent electrode in a cell; MP: membrane potential; PD: Potential difference 
measured between cell interior and medium; dTP = TP j - TP,; dTP' = TPj - TP; . 
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Fig. 1). After introducing an intact recording electrode RE, its tip potential 
TPr is measured (Fig. 5a). When inserted into a cell, the tip potential de
creases (TP~), but at the same time the membrane potential (MP) is recorded, 
so that this change of the tip potential cannot be observed, and only a 
potential difference (PDr ) is registered. If a glass micro electrode had first 
been chosen as the indifferent electrode IE, a situation similar to that found 
with RE will be observed, but the voltage deflections would have the opposite 
direction (Fig. 5b). When both IE and RE are intact glass microelectrodes in 
the medium, a change ofthe zero line for .6 TP is observed which corresponds 
to the difference of the two tip potentials (Fig. 5c). With the insertion of both 
electrodes into one cell, only the difference of the two tip potentials in the 
cytoplasm (.6 TP') will be recorded . .6 TP' is always less than .6 TP, indicating 
that the electrode tip potential has decreased after insertion into a cell. Upon 
withdrawal of the electrodes, the original tip potential is recorded. 

In Section IV some examples are presented which show the precautions 
required for evaluating the membrane potential of different cell types. 

III. Determination of Cell Membrane and Junctional 
Membrane Resistance 

It should be emphasized that the electrode resistance can change simply 
by insertion of the electrode into another solution. Therefore, the measure
ment of cell membrane resistance with single-electrode techniques requires 
careful interpretation. According to the values of Table I, the resistance 
change should not be important if only small TP changes occur, but as dif
ferent cytoplasmic resistivities for different cells have been measured 
(Schanne, 1969; Gradmann, 1972), it must be taken into account. The 
differentiation method allows at least a very careful demonstration of resis
tance and capacitance changes of cell membranes and, furthermore, 
provides a way of distinguishing between coupled and non coupled cell types 
(see Section IV, Fig. 12). The cell membrane resistance determined by this 
method will always be less than the actual value, owing to the decrease of the 
electrode resistance when impaling a cell. 

A convenient method for continuous resistance control ofthe electrode is 
the application of a current pulse to the recording electrode via a high ohmic 
resistor as shown in Fig. 1 (Woodbury and Woodbury, 1963; Hegel and 
Fromter, 1966). This current pulse causes a voltage drop across the electrode 
resistance which is superimposed onto the PO measurement and can be 
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registered in order to control the electrode stability. In the case of small 
lymphocytes which have a high ohmic membrane resistance owing to their 
small surface area, this method could also be used as an indication of success
ful impalement of the cells (see Section IV, B). Another method, the single
electrode bridge technique, enables the injection of current through the 
voltage recording electrode. This may be useful for some experiments, but 
requires cautious interpretation of the recorded current voltage relations, 
as shown recently by Engel et al. (1972). 

The influence of the described change of electrode resistance is diminished 
if the measurements of the resistance of the cell surface membrane and the 
junctional membrane are performed with two electrodes, as described by 
Loewenstein and Kanno (1964, 1967). 

By the two-electrode method, the current and the voltage ofthe circuit are 
measured directly, and the ohmic resistance can then be calculated. For 
better understanding of the conductive paths, a schematic drawing of an 

u u 

IE 

u u 

Rc 

v 

Q b 

FIG. 6. (a) Determination of the ohmic cell membrane resistance. (b) Determination of 
the junctional membrane resistance. U, Voltage pulse from the generator; V, voltage 
measurement using the electrometer and the recording electrodes RE; CEo current elec
trode; IE, indifferent electrode; Re, resistance of the current electrode; Re, resistance of 
the cell membrane; Rj, resistance of the junctional membrane. 
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impalement of a single cell is shown in Fig. 6a, together with the respective 
electrical circuit. The voltage pulse V is recorded superimposed onto the PO 
and is due to the voltage drop across the resistance of the cell surface 
membrane Rio 

(I) 

(U: voltage pulse supplied by the generator: Re: resistance of the current 
electrode CE; the resistance of the medium plus the circuitry has been 
neglected because it is less than 0.1% of the total resistance). 

The situation with one attached cell is also very simply demonstrated, 
whereas that for a monolayer or tissue becomes more complex and requires 
mathematical evaluation (Cole, 1968; Shiba, 1970a,b; Shiba and Kanno, 
1971; Siegenbeek van Heukelom et al., 1972a,b). 

The schematic drawing in Fig. 6b shows the electrical circuit of two 
coupled cells isolated from other cells. Rj represents the resistance of the 
junctional membrane. The voltage drop across the cell membrane resistance 
is now given by 

v: = U 1/2 Rc 
I R e + 1/2 Rc 

(2) 

where the resistance of the medium plus the circuitry has again been 
neglected for the determination of the parallel cell resistance, and Rj can 
be neglected in a first approximation for the case of coupling. The coupling 
pulse V2 is then given by 

(3) 

If R j ~ R c the coupling pulse V2 < VI. This is the situation of noncoupling. 
With R j < Rc the coupling pulse V2 = VI' indicating complete coupling. The 
communication ratio V2 : VI :5 I, and is also an indicator for the extent of the 
junctional resistance. 

Measurement of the resistance of cell membranes with only one electrode 
by the differentiation method gives values of the same order as the two
electrode measurement. For comparing different cell membranes, the 
specific resistance (Q X cm2

) of the cells must be calculated by determining 
the cell surface area. 
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IV. Measurements of Ionic Coupling in Different Cells 

A. Established Mammalian Cell Lines in Monolayer Culture 

Cells of so-called established cell lines in culture, i.e., cells that have 
acquired the capacity for indefinite proliferation, are generally aneuploid 
and, morphologically, either of the fibroblastoid or the epithelioid type. As 
we have observed in 14 different cell lines (Hiilser, 1971; Hiilser and Webb, 
1973) and as suggested by the data of a number of authors (Azamia and 
Loewenstein, 1971; Borek et a/., 1969; Furshpan and Potter, 1968; O'Lague 
et a/., 1970; Gilula et a/., 1972), the ionic coupling between cells in a mono
layer generally appears to be associated with their morphological appear
ance: fibroblastoid cells are ionically coupled, epithelioid cells are not. 

FIG. 7. Recorder diagram of an experiment with ionically coupled fibroblastoid BIeRI 
MIR-K tumor cells. Starting on the left side, one observes the initial voltage deflections after 
insertion of both recording electrodes into two cells, separated by three other cells. The final 
PDs of about 70 mY are reached after a short time interval. The insertion of the current 
electrode into one of the two cells is indicated by the beginning of the coupling pulse, which 
also indicates the displacement of both traces due to the recorder. After about I minute, the cur
rent electrode is withdrawn and inserted into the other cell. Note that the communication 
ratio is the same in both cases, i.e., about 0.3. Upon final withdrawal of the current electrode, 
the PDs remain stable. Retraction of both recording electrodes results in the original base 
lines. Horizontal bar, I minute; vertical bar, \0 mY. 



FIG. 8. 3T3 cells, an example of ionically coupled fibroblastoid cells. Bar indicates IOO,um. 

FIG. 9. HeLa cells, an example of ionically noncoupled epithelioid cells. Bar indicates 
100 ,urn. 
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The presence o r a bsence of io ni c co upling is appa re ntly not re la ted to the 
origin o f th e cell lines o r to th ei r tumo rigenicity. An epith elioid cell line 
(H ulser a nd Fra nk , 197 1; F ra nk el al ., 1972) deri ved from embryo nic rat cells 
fa iled to produ ce tum o rs even when 2 X 106 cells were injected into IO-day
old isogeneic ra ts. In th ese ce lls we we re unable to detect ioni c coupling. A 
fi broblasto id cell lin e de ri ved fro m a tra nspla ntabl e BIC R/ M 1 R tumor gave 
rise to tum o rs within 14 d ays whe n 1 X 106 cells were inj ected into isogeneic 
baby rats. These ce ll s were found to be io nicall y coupled (Fig. 7). A furth er 
example of coupl ed fi b roblas to id cells is the nonma li gnant 3T 3 cell line 
shown in F ig. 8, whe reas the H eLa tumor cell lin e (F ig. 9) is representative 
fo r the no ncoupled epithe li o id ce ll s. The respecti ve oscillogra ph tracings of 
the current pulses a re d emo nstra ted in F ig. 10. 

Th e communi catio n rati o va ri es in different fibroblasto id ce ll lines but has 
been detectable in eve ry case investi gated . In epith eli o id ce ll s faint io nic 
coupling may sometimes be observed several seco nds to minutes after the 
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FIG. 10 Oscillograp h trac ings o f expe riments wi th coupled a nd no nco up led cells. (a) ion· 

ica ll y coupled fi brob lastoid 3T3 ce ll s: a 50 nA cur ren t pu lse (i) of 20 msec durati o n results 
in a 75 mV hyperpo la ri za ti o n pulse V, a nd a 30 mV co upling pulse V, . (b) No ncoupled epithe
lioid He La ce ll s: a 15 nA cur rent pu lse (i) of 20 I11sec d urat io n results in a 90 m V hyperpo la r iza · 

ti on pulse V, . A coupling pu lse V, is 11 0 t reco rd ed . 
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inse rti on of the e lectrodes in to two neighbo ring cells. This effect is du e to an 
a rt ifact, no t to the recovery fro m tra nsie nt un coupling caused by the inser
ti o n of the electrodes, sin ce a t the same time o ne o r mo re small blebs can 
usua lly be seen budding fro m the impa led cell s. Th ese bl ebs a re mo re clea rly 
seen a t th e border of a gro up of ce lls tha n in a de nse mo no laye r. In Fig. II 
thi s is demo nstrated fo r the e pithe lio id H e La ce lls . Pro ba bly because their 
o ut er membra ne has p ro pert ies di ffe re nt fro m tha t o f the intact cell , these 
b lebs may lead to a n a rt ific ia l type of co upling between ce ll s w hich no rm ally 
possess no low-res ista nce j uncti o n. The blebs a lso cause a drasti c cha nge 
in th e me mbra ne resista nce a nd capacita nce (Hlil se r a nd W ebb, 1973) as 
demo nstra ted in Fig. 12 fo r no ncoupled He La ce ll s. Afte r insertio n o f a n 
electrode into a ce ll , the res istance in creased fro m a bo ut 30 M Q to about 
45 M Q, as indicated by the inc reased pulse height. With th e a ppeara nce of 
blebs, there was no t o nly a furth e r in c rease in the res ista nce, but a lso in the 
capacita nce, as can be seen from the lo nger ri se tim e . 

True a bsence o f coupling is no t easily de mo nst ra ted , since it co uld be due 
to a n uncoupling o f co upled ce ll s by the inse rti o n of three e lectrodes into 
two neighbo ring cells; i.e., th e proba bility of di srupting juncti o na l mem
bra nes must be ta ke n into acco unt. Th e lik e lihood of un co upling is redu ced 
by insertion o f o ne electrode o nl y a nd dete rmina tio n o f th e me mbra ne res is
ta nce by the differenti atio n method as desc ribed in Secti o n II ,e. This 
procedure a lso prov id es a n indicati o n o f the presence o r the a bsence o f low
resista nce juncti o ns: no ncoupled cells have a simila r o hmi c membra ne 
res ista nce if they a re iso la t ed o r in contact with eac h o th er ; coupled ce lls 
have a lower o hmic membra ne res ista nce whe n contacting each other 
co mpa red with iso la ted cell s. The res ista nce of th e junctio ns is some o rd ers 
o f magnitude lower tha n th e me mbra ne resista nce, so tha t th e res ista nce of 
th e coupled ce ll s sho uld dec rease in pro po rti o n to th e in crease in th e co m
mo n surface a rea due to th e a tt ac hed ce lls . 

Wh e n co upled cell lines a re coculti va ted , cell s of o ne lin e a re a lso co upl ed 
to ce lls of other lines ( Micha lk e a nd Loewenstein , 197 1; G ilula el al ., 1972) . 
This phe no meno n ca n be used to demo nstra te coupling o r no ncoupling by 
ma nipula ting th e cell o f inte rest in such a way that it provid es the o nl y link 
between the two gro ups of coupled cells (Aza rni a a nd Loewenstein , 197 1). 
This "cell-bridge method" a llows the demo nstra ti o n o f coupling o r no n
coupling with o ut impa ling the cell in questi o n with a n electrod e, sin ce o nly 
th e io n fl ow thro ugh th e ce ll is o bserved , whereas th e injecti o n of curre nt and 
th e reco rdin g o f th e coupling pulse a re pe rfo rmed in ot he r ce lls . 

Anothe r method for de mo nstra ting coupling o r no ncoupling is th e in
jectio n o f flu o resce in by io nto pho res is. The spread o f th e d ye into ne ighbo r
ing cell s can be ta ken as a n indi cati o n fo r low-res ista nce junctio ns, as it is 
repo rted to be assoc ia ted with th e findin g o f io ni c coupling ( Loewenstein 
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FIG. II. Appearance of blebs during a coupling experimen t with He l a ce ll s. A ll pic
tures were taken within 90 seconds fro m a televis ion sc reen. (a) Cell s before electrode insertion . 

(b)-(d) Situation 30, 60. a nd 90 seconds after insertion of two recording electrodes and one 
current electrode int o two neighbor ing ce ll s. The appeara nceofthese blebs was accompanied by 
the o nset of slight coupling (commu nication ratio 0 .003-0.005). 
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FIG . 12 . Membrane res istance measurement by the differentiation method in a Hela 
cell in a mo nolayer cu lture. (a) Pulse height (30 M!l) ind icates t he electrode resista nce in Eagle
Dulbecco medium . (b) Pulse height (45 M!l) indicates the electrode resistance of the inse rted 
electrode plus the ohmic resistance of a Hela cell. immediately afte r impalement. (c) Fort y 
second s after insertion of the elect rode where blebs cou ld be obse rved. not o nly the ohm ic 
membrane resistance has in creased. but a lso the capacitance. as indicated by the longer rise 
time of the pulse. (d) Ninety seconds after inserti on of the electrode. Further increase of the 
resistance and the capaci tance ca n be obse rved . 
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and Kanno, 1964; Potter et oJ., 1966; Kanno and Loewenstein, 1966; 
Furshpan and Potter, 1968; Loewenstein, 1967; Sheridan, 1970, 197Ia,b; 
Rose, 1971; Rose and Loewenstein, 1971; Oliveira-Castro and Loewenstein, 
1971). Using this method it could be shown that molecules with a molecular 
weight of at least 10,000 could pass from one cell to another in the salivary 
glands of Drosophila (Kanno and Loewenstein .. 1966); however, it is not yet 
known whether this value also applies to mammalian cells. Since the ionto
phoretic application of substances also requires the impalement of cells, 
which may cause uncoupling, further improvement should be forthcoming 
from the cell-bridge method, using cells which have, for example, accumu
lated fluorescein by hydrolysis of fluorescein esters (Sellin et oJ., 1971). 

B. Lymphocytes 

The presence of ionic coupling has been interpreted as an indication of 
information exchange between coupled cells (Loewenstein, 1968a,b; 
Furshpan and Potter, 1968). It was, therefore, of interest to measure the 
ionic coupling between cells that can change from one physiological state to 
another. For example, small lymphocytes can be induced, by nonspecific as 
well as immunologically specific stimulants, to shift from a resting state 
to an activated state with high metabolic activity. We used the nonspecific 
stimulation with phytohemagglutinin, which activates a high proportion of 
lymphocytes and is accompanied by cell agglutination, which allows the 
measurement of ionic coupling (HiiIser and Peters, 1971, 1972). 

The lymphocytes were obtained from bovine lymph nodes, dissociated 
and suspended in Eagle medium supplemented with 10% inactivated calf 
serum, purified by passage through a glass fibre column, and maintained in 
Eagle's medium (Hausen et oJ., 1969). This procedure results in a more than 
95% pure lymphocyte preparation. Stimulation was performed by adding 
1.0 III of phytohemagglutinin-P (Difco) to 1 ml medium containing 5 X 106 

cells. To agglutinate lymphocytes without a stimulating effect, 10"10 horse 
anti pig-thymocyte serum was used instead of inactivated calf serum. Im
mobilization of the lymphocytes was achieved by a special embedding 
method performed at 37°C with glassware of the same temperature (HiiIser 
and Peters, 1972). A stock solution of 2% agar (Agar Noble Special, Difco) 
in physiological saline was heated to 100°C. When the agar had cooled down 
to about 60°C, 0.8 ml was mixed with 1.2 ml of a 37°C solution of Eagle's 
medium supplemented with 10% inactivated calf serum and 0.6% gelatin 
(Merck, Germany). Sedimented lymphocytes were suspended in this agar
gelatin mixture at a concentration of about 1 to 1.5 X 108 lymphocytes per 
milliliter. From this cell suspension, 0.15 ml was pipetted into a scratched 
petri dish and smoothed down to provide a thin film which immobilized the 
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lymphocytes after a 3- to 5-minute gelatinization period at room tempera
ture. With 2.5 ml of Eagle's medium + 10010 calf serum, the cells could be 
kept in a humidified CO2 incubator for more than 24 hours. Several test 
procedures confirmed that cells prepared in this way were in the same viable 
state as cells kept under normal culture conditions. Less than 10% of the cells 
were trypanblue positive, these cells appearing dark under phase contrast 
compared with the bright viable cells. Resting lymphocytes prepared in this 
way can be stimulated with phytohemagglutinin or pokeweed mitogen 
(Peters, 1972). 

An indication of successful impalement of a cell is normally the PD 
measured between the interior of the cell and the medium. During the 
measurements with lymphocytes, we observed variations in the positive PD 
values which were related to the electrode TP. Regression analysis of 1200 
PD measurements of resting lymphocytes with electrodes of TPs between 
-I and -40 mY showed a linear relation between TP and PD expressed by 
Eq. (4) 

PD = -0.55 TP + 0.009 (4) 

The intercept (0.009) indicates that a resting lymphocyte has practically no 
membrane potential, the measured PD being due only to the change of the 
TP on insertion of the electrode into another solution (see Section II,C). 
Electrodes that had been used for several impalements occasionally 
produced changes in the base line, which were sometimes followed by 
negative PD values. This was probably caused by adherence of cellular 
substances to the electrode tip as described in Section II,C. However, even 
when measured PD values are not due to a membrane potential, they are, 
together with continuous membrane resistance measurements as described 
in Section II,C, a useful indicator of the successful impalement of a cell. 

As long as the PD and the resistance values remained stable and the cell 
kept its bright appearance, we considered it to be viable. Sometimes an 
impaled cell suddenly became dark; this was always associated with a de
crease of the potential to the base line and a decrease of the resistance to the 
value of the electrode resistance, as ifthe electrode had been withdrawn from 
the cell. 

A high sensitivity is required to measure small PDs and to avoid un
necessary hyperpolarization during coupling experiments. This led to the 
registration of the bath coupling pulse arising from the electrical circuitry 
and to a less extent from the resistivity of the medium. With the recording 
and current electrodes in different cells, the bath coupling pulse must be less 
than the measured coupling pulse. To test this, the electrodes were placed in 
the medium at a similar distance as they had been in the cells. If the cells had 
been agglutinated and stimulated by phytohemagglutinin, the coupling pulse 
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exceeded th e bath coupling pulse in most cases, and co mmuni cation rati os 
between 0. 1 and 0.5 could be observed . To determin e th e co mmuni cation 
ratio V2 : V I' th e bath coupling pulse u is subtracted fro m th e coupling pulse 
v. Thu s th e maximum pulse height VI which is obta in ed by insertion of both 
electrodes into one ce ll is give n by 

(5) 

whereas the pulse height V2 obtai ned by inse rtion of th e electrodes into 
different ce lls of a n agglut inate is given by 

u (6) 

In nonstimulated lymph ocyte agg lu t inates, no cou piing co u Id be detected, 
suggesting that ionic couplin g is not necessa rily link ed to lymph ocyte agg lu
tinatio n. Th e onset of ionic coupli ng in these agg lutinates aft er th e addition 
of ph ytohemagglutin in co uld be demonstrated. Figure 13 shows an example 
of such an experiment , a lthough th e full y established coupling pulse is not 
demonstrated. This ex perim ent was performed with a high TP electrode 
which resulted in a pos itive PD . Sta rting on th e le ft side, th e short pulse 

FIG. 13 . The on,et of ionic coupling between lymphocytes afler the addilion of ph\'

IO hemagglu tinin . Sta rt ing on the left side. Ihe impalement of a ce ll by the recording eleci rode is 

noted by th e posilivc potential change and the increase of the shon resi stance measuring pulse . 
Th e inse rt ion of the current cleclrode is indica ted by the appearance of Ihe sma ll coup li ng 

pu lse which is identical to the ba th cou pl ing pulse. T hc a rrow indicatcs Ihe mO l11 enl of 

add ition of p hytohemagglulinin 10 the medium. which results in an in creased coupling pulse 
after about I minutc. Horizon ta l bar. I min ute: vertica l bar. I mY. 
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superimposed onto the base line indicates the electrode resistance. No bath 
coupling pulse can be detected. The irregularities before the voltage drop are 
due to electrode movements on the cell surface. After impalement of the cell, 
not only is a PD of about + 5 m V recorded, but also an increase in the resis
tance pulse, preferentially due to the surface membrane. The impalement 
of a more distant cell by the current electrode is indicated by the slight 
irregularity and the beginning of a coupling pulse, which is identical with 
the bath coupling pulse. The arrow indicates the moment of phytohemag
glutinin addition to the medium, which results in an increased coupling pulse 
after about I minute. Upon withdrawal of both electrodes, a small overshoot 
of about 0.5 mV occurs before the base line is reached. The resistance pulse 
again indicates the original electrode resitance. In control experiments, the 
coupling pulse remained stable for up to 1 hour while the electrodes were 
inserted into cells of nonstimulated agglutinates. 

These experiments indicate that different sites may exist at the cell surface: 
unspecific sites, where the cells can be connected without triggering cellular 
processes, and more specific sites, where an agglutination of lymphocytes is 
associated with ionic coupling and the stimulation of cells. Upon addition 
of phytohemagglutinin, these specific sites react within minutes simulta
neously producing agglutination, ionic coupling and-as an early sign of 
stimulation-an increase in the rate of certain transport processes (Quastel 
and Kaplan, 1970; Peters and Hausen, 197Ia,b; Allwoodetal., 1971; vanden 
Berg and Betel, 1971; Whitney and Sutherland, 1972; Resch et al., 1972). It 
was demonstrated by Peters (1972) that lymphocytes need cell contact to 
become stimulated. Therefore, this cell activation may be a multicellular 
process rather than a single-cell phenomenon. The hypothesis has been 
advanced that the establishment of ionic coupling between lymphocytes 
marks the beginning of stimulation and mediates cellular cooperation 
(Hiilser and Peters, 1972). Interestingly, using the fluorescein method, 
Sellin et al. (1971) have demonstrated a flow of this dye from one cell to 
another in the course of specific immune reactions. 

c. Explants from Normal and Malignant Tissues 

Loewenstein and Kanno (1967) reported that normal liver cells showed 
good ionic coupling, whereas hepatoma cells did not. Morphologically 
unaltered liver cells in the neighborhood of hepatoma cells had a diminished 
communication ratio. Together with the results of Jamakosmanovic and 
Loewenstein (1968), these findings suggested a possibility of distinguishing 
between normal and malignant cells and especially for the detection of early 
stages in the expression of malignant cell properties on the basis of the pres
sence or the absence of ionic coupling. In the meantime not only were cell 
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lines in culture described that were both malignant and ionically coupled 
(Furshpan and Potter, 1968; Borek et a/., 1969; Johnson and Sheridan, 1971; 
Hiilser and Rajewsky, 1971; Hiilser, 1971), but also certain tumors showed 
ionic coupling under in vivo conditions (Boitsovaet a/., 1970; Sheridan, 1970; 
Hulser and Rajewsky, 1971), indicating that this concept could not be 
generalized. 

It is known (Loewenstein et a/., 1967; Loewenstein and Penn, 1967) that 
ionic coupling may disappear if cells are injured. Therefore, in our ex
periments the preparation of explants was performed carefully, in orderto 
avoid uncoupling. Whole tumors or liver lobes were removed from rats and 
immediately put into Eagle-Dulbecco medium supplemented with 10% calf 
serum. For immobilization of the explants in the petri dish, we prepared 
I-cm-Iong threads soaked in hot beeswax. Pieces of about 5-mm length were 
carefully cut from the tissues and secured on a dry dish by melting the ends 
of a thread laid across the explant before adding the medium. Four different 
rat tumors, as well as intact lobes of rat liver, were investigated (Hulser 
and Rajewsky, 1971). 

The cells of the transplantable rat mammary tumor BICR/MIR (Rajewsky, 
1970; Rajewsky and Gruneisen, 1972) were found to be ionically coupled, as 
were the cells of the respective malignant culture cell line BICR/MIR-K 
(see Fig. 7) which originated from the BICR/MIR tumor. Between cells of 
ethylnitrosourea- induced cystic anaplastic neurinomas of the BD IX rat and 
in a kidney metastasis of one of these tumors, no ionic coupling could be 
found, whereas in one of the respective culture cell lines the cells were 
coupled. In subcutaneous transplanted neurinomas ionic coupling with a 
low communication ratio was detected. 

Control experiments with intact rat liver lobes revealed a high com
munication ratio, which decreased rapidly after the tissue was damaged with 
a needle. In every explant the measured PDs were considerably lower (about 
15-30 mY) than usually found in cells cultured in vitro (about 50 mY). This 
result coincides with the finding of Penn (1966), who described lower PDs 
in isolated liver cells as compared with liver cells in situ, and with Schanne 
and Coraboeuf (1966), who showed that the high PD of about 50 m V in liver 
in situ decreases to about 25 mV within 30 minutes after the death of the 
animal. 

D. Mammalian Cells Cultured in Intraperitoneal 
Diffusion Chambers 

The preparation oftissue or tumor explants is often unsatisfactory because 
of the damage that may occur owing to the dissection procedures. A method 
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which avoids such difficulties, and which also facilitates the culturing of cells 
under in vivo conditions, is the diffusion chamber method described by 
several authors (Algire et 01., 1958; Capalbo et 01., 1964; Benestad and 
Breivik, 1972; Boyum et 01., 1972; Laerum et 01., 1973). 

We used diffusion chambers consisting of a Plexiglas ring of 10 mm Ld. 
and 13 mm o.d. containing a hole which could be closed by a plastic stopper. 
A square piece of a glass coverslip was glued into such a ring by "Tensol" 
cement (ICI). Then Millipore filters (GSWPO 1300) were glued on both sides 
of the ring. The tightness ofthe chambers was checked before sterilization 
overnight at 80a C. Two chambers with about 5 X lOs cells each were 
implanted into the peritoneum of mice or rats, and after 2 to 5 days the 
cells were harvested. One filter was removed, then the glass was taken from 
the plastic ring and transferred into a petri dish for the measurements. Since 
a coagulum is formed around the cells within the chamber, the removal 
of the filter and the glass has to be performed carefully. Usually, cells were 
attached to both sides of the glass and could be used for electrophysiological 
measurements. 

Comparative investigations with established cell lines in tissue culture 
showed that the morphological and electrical properties of cells cultured in 
diffusion chambers or in vitro are identical: fibroblastoid cells also exhibit 
fibroblastoid morphology in the chambers and are ionically coupled, where
as epithelioid cells preserve their epithelioid morphology and are not 
ionically coupled (Laerum and Hiilser, in preparation). 

E. Nonmammalian Cells 

As an example for nonmammalian cells we describe some results obtained 
with a cellular slime mold (Dictyostelium discoideum). When aggregating, 
these cells communicate by an intercellular system which consists of chemo
taxis, cell contact formation, and periodic stimuli from cell to cell (see 
Gerisch, 1971). It was of interest to investigate the possibility of an inter
cellular ion transport by measuring the ionic coupling between aggregating 
cells. 

The ax-2 strain of Dictyostelium was grown in axenic medium (Watts and 
Ashworth, 1970) up to a density of approximately IO'/ml in suspension cul
ture. The cells were washed three times and resuspended in 16.7 mM phos
phate buffer pH 6.0. When seeded into plastic petri dishes, the cells adhere to 
the bottom and can easily be impaled with electrodes. The lower ion concen
tration of the phosphate buffer, as compared with Eagle-Dulbecco medium, 
results in higher TPs of the electrodes. As in the case of lymphocytes, a 
linear relation was found between the TP and the PD. 
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Linear regression results in Eq. (7) 

PO = -0.80 TP - 9.11 (7) 

where the intercept indicates that the membrane potential of these slime 
mold cells is of the order of - 9 m V. The slope is different from that obtained 
for the lymphocyte Eq. (4) and may indicate a different intracellular ion con
centration in these cells. 

The PO measured after impalement of slime mold cells was stable for only 
30 seconds. A vacuole could then be seen forming at the electrode tip. At the 
same time, there was usually a change in the PD. In most cases the vacuole 
soon disappeared and the original PO was reestablished. This often occurred 
several times before the cell finally retracted from the elecrode (Hiilser and 
Malchow, unpublished results). The appearance of vacuoles can be inter
preted as unsuccessful attempts by the Dictyostelium cells to phagocytose 
the electrodes. These phenomena precluded an unequivocal demonstration 
of ionic coupling between aggregating cells, however by the use of inhibitors 
of contractile proteins it may be possible to perform coupling experiments 
with this type of cell. 

v. Conclusion 

Electron microscopic investigations on different mammalian tissues by 
Friend and Gilula (1972) have shown that all known interconnections be
tween nonexcitable cells can be subdivided into two general categories: cell 
junctions sharing a structural component and cell contacts which do not. 
It seems obvious that low-resistance junctions should be represented by cell 
junctions rather than by cell contacts. Indeed, recent evidence tends to 
establish gap junctions as the ultrastructural equivalent of low-resistance 
junctions (Revel et al., 1971; Johnson and Sheridan, 1971; Rose, 1971; Gilula 
et al., 1972; Pinto da Silva and Gilula, 1972; Hiilser and Oemsey, 1973). The 
question whether these junctions are always present or only transient must 
still be regarded as unanswered. The fact that lymphocytes need only a 
transient contact to become stimulated (Peters, 1972), together with our 
demonstration of ionic coupling immediately after stimulation (Hiilser and 
Peters, 1971, 1972), suggests that low-resistance junctions may be established 
rapidly and may only exist transiently. Therefore, it is understandable that 
only after careful preparation could gap junctions be detected in cells 
reported to possess low-resistance junctions. Furthermore this indicates 
the necessity of measuring cell membrane properties, such as PO, resistance, 
and capacitance to detect possible changes of the cell viability that may 
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occur during an experiment. In this context experiments with metabolically 
coupled cells (Pitts, 1971; Coxet 01.,1972; Gilulaet 01.,1972) are informative, 
since they allow the demonstration of junctional membranes without the 
interference of probes, such as electrodes. 

The lack of coupling in cultured cells with epithelioid morphology shows 
that a mere close attachment of the cells is not sufficient for ionic coupling. 
Membranes of such cells are apparently unable to build up low-resistance 
junctions, even when the cells are in close contact and have proliferative 
characteristics similar to ionically coupled fibroblastoid cells. Since cells 
of different coupled cell lines can be interconnected by low-resistance 
junctions, it seems that these junctions are not cell-type-specific but are 
related to membrane properties common to these cells. The varying morpho
logical appearance of cultured cells may be due to differences in membrane 
structure and composition which are reflected by different properties re
vealed with electrophysiological methods. For instance, the PD in cultured 
epithelioid and fibroblastoid cells is about 50 mY in Eagle-Dulbecco medium 
containing 44 mM bicarbonate. In medium with a reduced bicarbonate 
concentration the permeability of fibroblastoid cells is changed, resulting 
in a PD of about 35 mY, whereas epithelioid cells are unaffected (Hiilser, 
1971). 

The described electrophysiological methods not only allow the demon
stration of common membrane properties of different cell lines, but by the 
determination of ionic coupling they also offer a useful tool for the investiga
tion of cell interactions and their role in biological processes requiring 
cellular cooperation. 
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