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Summary. Individual cells (macroblastomeres) of newt embryo were brought into 
contact, and eIectrical coupling was monitored during the formation of permeable 
membrane junction. In one set of experiments, the cells were allowed to establish contact 
at random membrane spots by spontaneously moving cell processes. Coupling became 
detectable 8-14 min after contact. In another set, contact was imposed, by micromanip- 
ulation, at membrane spots of known junctional history. The basic experiment was (i) 
to make a junction (conditioning junction) at randomly chosen membrane spots, (ii) to 
pull the cells apart interrupting their electrical coupling (uncoupling), and (iii) to make a 
new junction (test junction) either at the same spots that contained the conditioning 
junction or at different ones. The times required for coupling onset at test junctions fell 
into two classes, depending on whether in the uncoupling step the membrane continuity 
between the two cells had been broken or preserved. When all membrane continuity 
had been broken, coupling through the test junctions became detectable within 4-20 min 
after membrane contact. This was so when the spots of membrane contact contained 
conditioning junction as well as when they did not. When membrane continuity (but not 
coupling) had been preserved in the form of submicroscopic strands, coupling through 
the test junction set in within 1 sec of joining the cells at spots containing conditioning 
junction. This capacity for rapid coupling persisted for roughly 10 min following the 
uncoupling step; thereafter the time of coupling onset was of the class with broken 
membrane continuity. During development of junction, the coupling coefficients rose 
gradually over 10-30 min from the detectable level (0.03 or 0.05) to a plateau (0.3-0.9). 
The cells were capable of developing and of maintaining coupling throughout their 
entire 100-min division cycle. Treatments with colchicine (0.2-1.1 mM) and with cyto- 
chalasin B (0.5-1 I~M), blocking cytokinesis and division, did not prevent the development 
or maintenance of coupling. Treatment with dinitrophenol (1 mM) prevented the devel- 
opment of coupling, but not that of cell adhesion, and (3 raM) blocked reversibly the 
coupling in established junction. 

20 J. Membrane  Biol. 19 



306 S. Ito, E. Sato, and W. R. Loewenstein 

The surface membranes of a wide variety of cells have the capacity of 

making the kind of junction that is permeable in the cell-to-cell direction 

(Loewenstein, 1966, 1968; Furshpan & Potter, 1968). In several cell types, 

this capacity seems to be a diffuse, rather than a local, property of the cell 

membrane: When pairs of individual cells of the sponges Microciona or 

Halyclona or of the embryo of the newt Triturus are micromanipulated into 

contact at randomly chosen spots on their membranes, permeable junctions 

form wherever the contact happens to be (Loewenstein, 1967a; Ito & Loe- 

wenstein, 1969). Moreover, when the newly formed junctions between the 

Triturus cells are broken by micromanipulation and the cells are again 

manipulated into contact, at spots different from the previous ones, a new 

permeable junctions forms there (Ito & Loewenstein, 1969). Thus, a large 

part, perhaps all, of the surface membrane of these cells seems capable of 

junction formation. 

In the present paper, we examine the formation of permeable junction 

more closely. We study the development of electrical coupling (a) across 

membrane contacts established spontaneously by motile cell processes and 

(b) across membrane contacts imposed by manipulation. Specifically, in the 

latter, we compare the time course of the development in membrane regions 

that had been in previous coupling contact and the time course in regions 

that had not. 
Furthermore, with the thought in mind that microtubules or micro- 

filaments might play a role in the formation of permeable membrane junc- 

tion, we study the effects of colchicine and cytochalasin B, known inhibitors 

of microtubule and microfilament assembly. 

Materials and Methods 

Cell Material 

Macroblastomere cells were isolated from Triturus pyrrhogaster embryos of the late 
morula stage (stage 8 of Okada & Ichikawa, 1947) and placed in medium containing 
(in mM) 81.2 NaC1, 0.9 KC1, 1.2 CaC12, 0.36 NaHCO 3. The isolated cells continued 
dividing and, in successful experiments, they did so even while impaled on the micro- 
electrodes. The division cycle was 100 min under the experimental conditions (Fig. 1). 
The incipient cleavage furrow, easily seen, served as a convenient reference to stage the 
cells. Single cells were generally obtained 80-90 min after furrow formation. At this 
stage, the daughter cells could be readily separated. The diameter of the cells freshly 
isolated from the embryo ranged from 0.22 to 0.6ram; that of the daughter cells, 
0.3-0.48 ram. For experimental assemblage of cell junctions, we selected cell pairs of 
about equal size and stage. We used isolated macroblastomeres or their daughter cells 
in all experiments, except in those dealing with the effects of cytochalasin B in which 
we used, in addition, small blastomeres (0.15-0.18 mm diameter) from the outer (black 
pigmented) cell layer of the embryo. 
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(3(3 
Fig. 1. Division cycle of a macroblastomere. The cells are diagrammed as seen in the 
dissecting microscope, their animal pole-vegetal pole axis coinciding with the optical 
axis, except for stage 0 in which the axes are at 90 ~ The numbers of each diagram are 
the times (min) in the division cycle; time 0 is start of furrow formation. The wiggly 
lines at stage 8-25 min represent cell surface wrinkling during the early phases of cell 
constriction. The cells " round-up"  at stage 80-90 min (karyokinesis?) and "relax" at 

90-100 min. They could be separated without damage after stage 40 min 

Coupling Measurements 

Electrical measurements of coupling were taken continuously during junction 
formation and breakage. The cells were on the bottom of the dish which was covered 
with yolk and contained the medium. The techniques for measurement of coupling (and 
of cell isolation) are described elsewhere (Ito & Loewenstein, 1969). The general arrange- 
ment of intracellular microelectrodes is diagrammed in Fig. 2. Except for the experiments 
shown in Figs. 12 and 16, the electrodes were located in the dividing cell halves that 
were in experimental contact so that coupling measurements could be taken directly 
across the contact plane. Experiments in which more than one contact occurred between 
the cells were discarded. Membrane current (i) and voltages (V1, Vz) were displayed at 

J't_ ~/ VI V 2 .r't_ ./ V~ V 2 

i 
S o l u t i _ o n ~ - - - t r ,  

Y o l k  _ _ _  

Fig. 2. Diagram of set-up and electrode arrangement. The cells (1 and 2) were placed 
on the yolk-covered bottom of a glass dish filled with physiological solution, and impaled 
on microelectrodes. One electrode (i) served to inject pulses of current into cell 1 and 
two other electrodes, to measure the resulting changes in membrane potential (V). For 
experimental cell contact or separation, the cells were micromanipulated with the aid 
of the electrodes. The drawings illustrate this for an experiment Type 2 of cell separation 
(left) and reunion (right), where the micromanipulator and a groove in the yolk made 
by the sliding cell 2 during separation, provided the constraints for rejoining the cells 
at the membrane regions of former contact. In experiments Type 1, the separated cells 

were first rotated to the desired angle and then joined 

20* 
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slow speed (3 or 12.5 mm/min) on a multichannel pen recorder system and, simulta- 
neously, for precise determination of coupling onset, at fast speed (10 cm/sec) on a four- 
trace oscilloscope. Coupling was detectable on the oscilloscope records down to a Vz/V t 
ratio of 0.05; in a few cases, to 0.03. The oscilloscope records were necessary, because 
in some experiments, the current pulses produced a small resistance coupled artifact in 
the V2-channel which masked the low-level membrane-V 2 during the early phase of 
development of coupling on the pen records. These artifacts were readily distinguished 
from true membrane-V 2 on the faster and more amplified oscilloscope records. (Samples 
of oscilloscope records are in Fig. 6 of the second paper of this series.) The marks c, 
denoting coupling onset on the figures of the pen records, were positioned according 
to the oscilloscope records. 

Junction Formation and Breakage 

Experimental junction formation was produced by (a) micromanipulating a pair of 
single cells together or (b) by placing the cells about l&20 g apart and allowing them 
to make contact by their own movement. In the first method, the two cells were pushed into 
contact with the aid of the microelectrodes, sometimes while being impaled on them. 
In the second method, the contact was made by motile processes protruding from the 
cell surfaces. Such processes formed spontaneously and moved in circles over the cells 

I-I- 0000(  0 
a b c d 
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a b c 

1-7- CXS) CzD 
a b 

Fig. 3. Diagrammatic representations of: (I) Spontaneous circus movement of a cell 
protuberance. (H) The sequence in an experiment on junction formation by spontaneous 
contact: a, initial experimental cell positions: cells are positioned 10 to 20 g apart by 
micromanipulation; b, spontaneous adhesive contact by motile protuberance. The 
contact area increases thereafter progressively by spontaneous cell movement; c, contact 
situations, as seen in dissecting microscope, 1-4 min after initial contact; and d, after 
30-60 min. The electrical measurements in Fig. 5 are from situations b to c. (III) Junction 
by imposed contact: a, initial micromanipulated cell contact; b and c, the apparent 
contact area broadens spontaneously. (IV) Junction by imposed contact in cells treated 
with colchicine or cytochatasin B: a, initial micromanipulated contact; b, the contact 
area does not change noticeably with time in these "relaxed" cells. All three kinds of 

contact are adhesive 
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(Sirakami, 1963), occasionally bridging the gap between the ceils. (The movements were 
more active during the first 10-15 min after isolation of the cells from the embryo.) 
The cells first adhered at the motile processes and then pulled themselves together in- 
creasing their apparent contact area (Fig. 3). In either method of junction formation, 
coupling measurements were taken only on cells that were in adhesive contact. Adhesion 
was ascertained after cell impalement by moving the electrodes. Time zero for deter- 
mination of coupling onset was the time of contact as seen in the microscope. 

For  experimental breaking of cell junctions, the cells were pulled apart  by micro- 
manipulation. The cells were then still impaled on the microelectrodes from the preceding 
coupling measurements and the electrodes were driven apart  by micromanipulators. 
Cell 1, which contained two electrodes, was generally fixed and cell 2 was moved (Fig. 2). 
To break the junctions, the cells were moved several millimeters apart, except in experi- 
ments Type 2. In experiments Type 2, cell separation was limited to 100-300 ~t so as to 
allow rejoining of the cells in a subsequent step, at the same regions in former junctional 
contact (see Results). Wobble was minimized in these experiments by the use of a sliding 
track: in sliding over the yolk during their separation, the cells indented it slightly; the 
indentation served as track in the subsequent cell reunion. 

Fig. 4 shows photographic examples of cell junctions made by methods a and b 
and of the breaking of a junction. 

Colchicine, Cytochalasin B and Dinitrophenol 

In the experiments on the effect of colchicine and cytochalasin B, the cells were 
generally carried into contact with the aid of a loop of human hair fixed on a micro- 
manipulated glass capillary. This method of bringing the cells into contact was preferred 
here to the general method described above, because, after the treatment with colchicine 
and particularly with cytochalasin B, the celIs became very sticky and could not be 
easily moved without damage over the bottom of the dish. Once the cells were brought 
together, they were impaled with the microelectrodes for continuous electrical measure- 
ment. In a few experiments with colchicine and cytochalasin B, cell contact was made 
as in the general method. The colchicine (Merck, mol wt 459.14) and the 2,4-dinitrophenol 
were added to the medium, and the cytochalasin B (Imperial Chemical Industries, 
13301 wt 4800) was dissolved in 1 mg/mI dimethyl sulfoxide, before adding it to the medium. 
In the case of dinitrophenol, the pH of the medium was adjusted to 7.3-7.6 with Tris-HC1. 

All experiments were done at room temperature ranging from 22 to 24 ~ 

Results 

W e  p e r f o r m e d  t w o  c lasses  of  e x p e r i m e n t s  o n  j u n c t i o n  f o r m a t i o n .  In  one  

class ,  we le t  t he  cel ls  m a k e  a d h e s i v e  c o n t a c t  b y  s p o n t a n e o u s  m o v e m e n t  of  

t he i r  sur face .  I n  a n o t h e r ,  t he  a d h e s i v e  c o n t a c t  was  i m p o s e d  b y  m i c r o -  

m a n i p u l a t i o n .  

Junction Formation by Spontaneous Contact 

Fig .  5 A  i l l u s t r a t e s  a t y p i c a l  e x p e r i m e n t  of  t he  f i rs t  c lass .  T w o  cells  were  

p l a c e d  10-20  g f r o m  e a c h  o the r .  T h e y  e s t a b l i s h e d  c o n t a c t  s p o n t a n e o u s l y  b y  

m e a n s  of  a m o t i l e  p r o t u b e r a n c e ,  such  as  p h o t o g r a p h e d  in F ig .  4 a .  A s  s o o n  
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Fig. 4. Photomicrographs: (a) Two isolated macroblastomere cells make spontaneous 
contact. The surface of one of the cells is seen puckered up at the region of contact. 
The puckering region is a spontaneously moving protuberance of the kind diagrammed 
in Fig. 3. The cells had originally been placed so as to leave a gap between them, which 
was closed by the protuberance. (b) Two such cells, after firm adhesion. Three intra- 
cellular microelectrodes, used for continuous measurement of coupling, are seen. (c) 
Cells in a situation of imposed contact. The two cells were pushed together by micro- 



Membrane Junction Formation 311 

as the adhesiveness of the cell contact was ascertained, the voltage-recording 

electrodes were inserted into the two cells (the current-delivering electrode 

was already inside cell 1 and served to test adhesiveness; see Materials and 

Methods), and electrical coupling was monitored continuously. Coupling 

became detectable 17min after cell contact and developed over about 

40 min to a plateau: the current (i) injected into cell 1, which initially pro- 

duced no detectable voltage (V) in cell 2, produced a voltage in this cell, 

which rose progressively, as an increasing fraction of the test current entered 

cell 2 via the junction (see paper II of this series); the coupling ratio V2/V1 
rose progressively over the next 20 min from near 0 to 0.8 where it remained 

constant over the following 10 rain of observation ("plateau").  

Experiments of this kind were performed on 10 cell pairs in which the 

contact occurred at different times in the cell division cycle (e.g., Fig. 5B). 

Coupling developed in seven of the cell pairs. The average time of onset of 

detectable coupling was 12 + 2.9 (sD)min. "P la teau"  coupling was reached 

in 10-30 min 1 

In three pairs, no detectable coupling developed over 20-30 min of 

observation. These pairs apparently also did not adhere stably. They came 

easily apart upon manipulation, without showing the fine ("A")  strands 

which were seen during the initial phase of separation of all coupling cells 

(Fig. 4d). 

The cells were dividing during the measurements in the experiments of 

this and the following sections, except for the experiments dealing with the 

effects of colchicine and cytochalasin B. As is typical for dividing cells, the 

cell input resistances (V1/i) and the coupling ratios V2/V~ fluctuated in the 

course of the measurements. The fluctuations are probably due to changes 

in cell membrane resistivity and in cell membrane area during cytokinesis, 

and changes in the geometry of current flow (Ito & Loewenstein, 1969); 

manipulation. (d) The breaking of a junction. Two formerly coupled cells are shown 
here during the final stage of separation. The cells were slowly driven apart by micro- 
manipulation. The last connection between them, a fine "A"-strand, is seen breaking. 
(e) The breaking of a junction in preparation for an experiment Type 2a. Here all 
"A"-strands were broken; the remaining "B"-elements are diffusely visible (arrows) 
(see diagram, Fig. 8). Further cell separation (not photographed) breaks the "B"- 

elements. Calibration line ,-~ 160 ~t for a; ~ 100 ~t for b, e and d; and ~22 ~ for e 

l We rarely continued our measurements in the "plateau" for longer than 20min; 
coupling may conceivably have improved further at a slower rate. The term "plateau" 
used here and in the following sections merely refers to the phase of coupling development 
in which the V2/V a coefficient became sensibly constant over 10-20 rain of observation. 
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F ig.  5. C o u p l i n g  by  spon taneous  cel l  contact .  (A)  T w o  cells, i so la ted  f r o m  the e m b r y o  
at stage 40 rain in their division cycle, were positioned near each other. They established 
visible contact spontaneously by means of a small motile protuberance at stage 44 min 
in their division cycle (see diagram Fig. 3b, c). The voltage (V)-recording electrodes 
were inserted into the cells 2 rain after contact [the current (/)-delivering electrode was 
inside cell 1 earlier] and the development of coupling was monitored continuously. The 
large fluctuations in V~ occurred in the course of microelectrode manipulation. Lower 
trace: test current, 2• 10 -a A;  rectangular pulse duration 300 msec; frequency, 0.4/sec 
in the fast records and 0.08/sec in the slow records. In this and the following figures: time 0 
is the time of  cell contact as seen in the microscope; the frequency of  the time marker in 
the upper trace is &l/sec (note change in recording speed); the numbers above the thick 
time marks give the time after contact in min; downward deflection in the i trace means 
inward current and in the V traces, cell inside negative; " c "  signals onset of  coupling as 
determined on high-speed oscilloscope records (see Materials and Methods), and "in" 
and "'ex" signal entry and exit o f  voltage-recording electrodes. (B) a, Two cetIs were 
isolated from the embryo at stage 90 rain in their division cycle, and spontaneous 
contact was established at stage 95 rain. At b the cells were separated by micromanipula- 
tion and then put into contact again after 1 rain. The cell diagrams (insets) show the 
electrode location and the cell contact situation at the times marked by the insets' 

arrows. Frequency of test pulses, 0.33/sec in fast records; 0.1/sec in slow records 
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when cytokinesis was blocked by colchicine, the cell input resistance was 
relatively stable (see Fig. 17). The fluctuations in input resistance, although 
cumbersome, did not obscure the results on coupling development; the 
development of V2 (or of V2/V~) was clear and was the dominant event in 
the records. 

Junction Formation By Imposed Contact 

Junction Formation Between Cells not in Previous (Experimental) Contact 

Imposed Random Contact. In one series of experiments of this class, pairs 
of macroblastomeres were pushed together at regions of their surfaces 
chosen at random. The cells had not been in previous contact for at least 
15 rain. They were isolated from the embryo at stages 40-80 rain before 
the experiments and were kept separate from each other. (The cell regions 
of previous contact in the embryo were unknown.) The experiments were, 
in this and other respects, similar to those of the preceding section, except 
that here the cell contact was forced by micromanipulation. 

The results were similar to those of the experiments on spontaneous cell 
contact: In one series, the cells developed detectable coupling 11 + 5.8 (sD) 
rain after establishment of contact (18 cell pairs); and the degree of coupling 
increased progressively over the subsequent 10-30rain to a "p la teau"  
(Fig. 6). In another series, with material from a different breeding season, 
coupling set in 21 + 11 rain after contact (41 pairs) and plateau was reached 
in 12-50 rain (Table 1). 

One out of the 60 adhesive cell pairs tested did not develop coupling over 106 rain of 
observation. Such a coupling failure may have occurred for several reasons. One possible 
cause, for instance, may have been excessive Ca influx through a poor membrane seal 
around the microelectrode in cell 2 (see Rose & Loewenstein, 1974); cell 2 had only a 
23-mV membrane potential (cell 1, 41 mV). 

Junction Formation Between Cells in Previous Contact 

Membrane Contact Conditions. In another series of experiments, cells 
with a known history of coupling contact were again brought into contact. 
(The daughter cells of isolated macroblastomeres were used in these experi- 
ments.) The general procedure was (a) to establish coupling between a 
pair of cells by spontaneous or imposed contact (conditioning junction), 
(b) to pull the cells apart interrupting their electrical coupling (uncoupling), 
and (c) to force the cells into contact again (test junction). Step c followed 
b within 3 rain (except in certain experiments in which the time is specifically 
stated). Most cells showed no major current leaks during or after the uncou- 
pling. Evidently, after cell separation, the formerly permeable junctional 
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Fig. 6. Coupling by imposed cell contact; contact regions chosen at random. The two 
cells bad been isolated from the embryo 60-70 min before the experiment and kept 
separate. Contact was established by micromanipulation at stage 80-90 min in the 
division cycle. Current pulses 1.3 x 10 -s  A; 0.23/sec. Current-passing electrode entered 

cell 1 about 50 sec after entry of voltage-recording electrode 

regions of the cells became  relatively impermeab le  and whatever  b r eak  in 

cell m e m b r a n e  had  occurred  sealed in the m e d i u m  (which con ta ined  10- 3 M 

Ca). This resembles  the behav io r  of several o ther  cell systems (Loewen-  

stein, 1967b). 

Two  types of exper iments  were done  tha t  differed in the histories of the 

regions of test cell contac t  (Fig. 7): 

Type 1) The contact ing regions 2 in the test junc t ion  were bo th  different 

f r o m  those in the condi t ioning junct ion.  

Type 2) The contac t ing  regions were bo th  the same as in the condi t ion-  

ing junct ion.  

2 The region of cell contact as seen at 80x magnification in the stereomicroscope. 
Such regions had apparent lengths of 50 to 70 la at the time of initial contact. 
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Fig. 7. Scheme of the experiments on imposed contact between cells with a known 
contact history. The diagram represents the cells after the uncoupling step, in position 
to be moved into test contact. The black dots represent the membrane regions in contact 
in the conditioning junction. The numbers denote the experiment type described in the 

text 

All cell membrane continuity was broken in the uncoupling step in the 
two types of experiments, In experiment Type 1, this was accomplished 
simply by moving the cells apart over distances of several millimeters. In 
experiments Type 2, the breaking of membrane continuity was more 
complex. Here we had to limit the cell separation in the uncoupling step to 
100-300 1~, so as to be able to bring together, in the subsequent test junction, 
the same general membrane regions that were in contact in the conditioning 
junction (see Materials and Methods and Fig. 2). When the cells are moved 
apart over distances of the latter order, they tend to remain connected by 
fine strands (A) of about 1 g in diameter that are capable of mediating 
coupling (Ito &Loewenstein, 1969). The cell separations were always 
carried beyond the breaking point of such coupling strands. Even so, mem- 
brane continuity was often not entirely broken; the cells remained linked 
by still finer elements (B) not mediating detectable electrical coupling 
(Fig. 8). These elements were not visible in the stereomicroscope. They were 
discernible in the compound microscope at 600 x magnification, although 
they were still too fine to give a sharp image (Fig. 4e). To sever the B 
elements, a fine micromanipulated needle was passed across the space 
between the cells. Membrane continuity between the cells was thus as 
completely broken in the uncoupling step of experiments Type 2 as it was 
in experiments Type 1. 

In a variant of experiment Type 2, membrane continuity was not 
completely broken: 

Type 2a) The contacting regions in the test junction were both the same 
as in the conditioning junction, but some membrane continuity was preserved 
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Fig. 8. Diagram of membrane interconnections and their severance during cell separa- 
tion: (a) upon mechanical separation to 50 100 g, the cells remain connected by A- and 
B-elements. The A-elements mediate detectable coupling; B-elements do not; (b) upon 
cell separation to 100-300 la, A-strands rupture; (c) B-elements severed with a glass 
needle (P). The diagrams represent the situations before cell reunion in experiment 

Type 2 (d), Type 2a (b), and Type 3 (a) 

after uncoupling. Here cell separation was carried to the point of rupture 
of all A-strands and of complete interruption of electrically detectable 

coupling during the uncoupling step, but B-continuity remained (Fig. 7). 
Finally in another type of experiment, the test junction followed partial 

uncoupling: 

Type 3) Test junction was made as in experiment Type 2, but the 

preceding uncoupling was incomplete. Here the A-strands and a degree of 
coupling (coupling ratio 0.1-0.2) remained after cell separation (50-100 rt). 

Results. Experiments Type 1 and 2 gave results similar to those obtained 

in the experiments on random cell contact described above: coupling became 
detectable 4-20 rain after contact, and increased progressively to a "p la teau"  
(Figs. 9 and 10). The coupling ratios in the "p la teau"  were on the average 

50 % below the coupling ratios in the conditioning junction a. The highest 
coupling ratio observed was 0.74, 5 % below that of the conditioning junction. 

3 Excluded from this tally are the cases in which the conditioning junction was < 60 rain 
old. 
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Fig. 9. Coupling by imposed cell contact; experiment Type 1. The two cells are daughters 
of a cell originally isolated from the embryo. At stage 60-70 rain, the two daughter cells 
were pu]]ed apart and kept separate for about 2 rain; they were then micromanipulated 
into contact again (test junction) at regions different, on both cells, from the previous 
regions of contact. (a) The original coupling between the two cells before their separation. 
(b) Development of coupling at the test junction. The record was started when the first 
V2 became detectable; breaks in b correspond to 5-min interruption of the records. 

Current pulses 0.09/sec; 1.5x 10 s A in a and 1.25x 10 .8 A in b 
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Fig. 10. Coupling by imposed cell contact; experiment Type 2. Conditioning junction 
had previously been established between the two isolated cells. 43 rain after the con- 
ditioning cell contact the cells were pulled apart in two steps (sept; sep2) breaking all 
"A"-connectors.  Then the "B"-connectors  were cut (cut) and, 0.33 min thereafter 
(time 0), contact for test junction was made (cont) at the former (conditioning) contact 
regions. Coupling (C) in the test junction developed about 19 min after the contact. 
Current pulse intensity 1.3-3 x 10 -s  A;  frequency, 0.13/sec after time 10 rain. (At time 
0-10 rain current pulse frequency and pen recorder speed were higher.) The membrane 
potentials (at zero current) were about 54 mV at time 55 rain. The transient depolar- 
ization of cell 2 at time 0 was caused by the movement of the voltage-recording micro- 

electrode during the micromaniputation for celI contact 
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Fig. 11. Coupling by imposed contact; experiment Type 2a. The two cells (daughters 
of a cell isolated from the embryo) had previously been manipulated into coupling con- 
tact. (a) They were manipulated apart in two steps (sepl; sep2 ) until coupling became 
undetectable. 70 sec after their uncoupling (at stage 10 rain in their division cycle), they 
were manipulated into contact (cont) at the former contact regions. (b) Repetition of 
this experimental sequence at a later stage (17 rain) in the division cycle. (After the first 
separation step in a, the cells were still connected by a single "A"-strand of ~ 1 g in 
diameter mediating electrical coupling. This strand and the coupling were broken in 

the next step, sepz; "B"-continuity remained) 

Experiments Type 2a yielded quite different results. Here coupling was 

often detectable within the order of 1 sec of full cell contact, that is, within 
the time interval of the test pulses. In one series of experiments, in which 

the test pulse interval was 3 sec, coupling set in within this time in 13 out 
of 18 trials. In another series, in which the test pulse interval was 0.75 sec, 

coupling set in within the latter time in all of five trials. The rise to "p la teau"  
coupling was progressive as in all other types of experiments (Figs. 11; 

5B, b; and 12b, c). 
The capacity for rapid coupling lasted for about 10 min. When test 

junction was imposed more than 10 min after the uncoupling of the condi- 

tioning junction, the times of coupling onset were of the same order as in 
experiments Type 1 and 2. Fig. 12 shows an example: after a prolonged cell 
separation (12min), coupling ensued (d), but the coupling onset took 
12-16 min, as against < 3 sec in the two preceding couplings in which the 
separation had been short (b, 12-sec separation; c, 30-sec separation). 

In Fig. 13, the times of coupling onset of the various Type 2a  trials 
(that yielded coupling) are plotted against the times of cell separation (time 
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Fig. 12. The capacity for rapid coupling in experiments Type 2a depends on the time 
the cells were separate after the preceding junction. Two cells were first manipulated 
into coupling contact at membrane regions of unknown contact history at stage 50 min 
in the division cycle (a); they were then separated (sep) and manipulated into contact 
again (cont) in three consecutive Type 2a experiments at the same contact region after 
separation periods of 12 sec (b), 0.5 min (c) and 12 min (d). Note the marked delay in 
coupling onset in d. Top and bottom records are continuous. Test current pulses 0.33/sec; 
5-5.5x 10 .8 A, except in d where current was adjusted to 1.3x 10-7A to compensate 

for fall in input resistance during formation of cleavage furrow 

between uncoupl ing and test contact).  F r o m  the scat tergram it can be 

discerned that  for  > 10-min separations,  the times of coupling onset tend 

to be much  greater  than for  < 3-min separat ion;  whereas for  the former,  

the times of coupling onset  are > 7 min in all trials, for  the latter these 

times are < 3 sec in 73 % of the trials. There  are not  enough data  a round  

and above the 10 rain separat ion t ime to define the limit of t ime the rapid 

coupling capaci ty is retained;  the available data  suggest that  this limit may  

lie somewhere in the ne ighborhood  of 10 rain. 
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Fig. 13. Time of coupling onset vs. the time of cell separation preceding test contact in 
experiments Type 2 a. The resolution of the method for determination of time o f  coupling 
onset in the various trials was 0.75 or 3 see. The times of coupling onset <0.75 sec are 

plotted together with those of < 3 sec below the 3-sec-ordinate level 

In  27% of the Type  2a  trials with < 3-min separat ions,  the t imes of 

coupl ing onset  were 4-25 min,  falling in the range of exper iments  Type  1 

and  2. As discussed fur ther  on, we believe tha t  in these cases we exceeded 

the limits for  reversible distension of the B-elements ;  tha t  is, the actual  

condit ions at  the t ime of test  con tac t  m a y  have been like those of experi- 

men t  Type  2 ra ther  than  of exper iment  Type  2 a. 

In a simple formation of communicating junction, one would expect that the rise 
of V z be accompanied by a fall in V1, as a progressively increasing fraction of the current 
injected into cell 1 enters cell 2; and, conversely, upon decoupling, one would expect V1 
to rise. Both changes, in fact, are found in developing sponge cell junctions (Loewenstein, 
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Fig. 14. Experiment Type 3. A conditioning junction had previously been established 
between two isolated cells. At a the cells were pulled apart; they remained mechanically 
and electrically connected by an "A "-strand. At the final intercell distance of about 
100 la, the residual coupling ratio was 1/15 of that of the conditioning junction. In the 
subsequent test step, the cells were pushed together re-establishing full contact (time 0). 
Current pulse frequency, 0.09/sec; note change in intensity at arrow marks. The membrane 

potentials were at all times equal in the two cells and ranged from 16 to 20 mV 

1967a) and in many of the present cases (see also Ito & Loewenstein, 1969). However, 
in some instances in which the interval between cell separation and test contact was 
short, as in the case shown in Fig. 11, the rise in V 2 was found to be accompanied by a 
rise in V 1. This may simply have been a manifestation of fluctuation of nonjunctional 
membrane resistance during cytokinesis (Ito & Loewenstein, 1969). A further possibility 
is that, during the phase of rising V1, the cell membrane was recovering from a leak 
around the electrodes, produced by the manipulation during the preceding cell separation, 
and that the recovery in input resistance overshadowed the fall in this resistance asso- 
ciated with the coupling process. 

Experiments Type 3. Here ,  by design, a degree of coupl ing was al lowed 

to persist  af ter  (partial)  cell separat ion.  The  coupl ing rat ios  at the t ime of 

test contac t  were 0.08-0.16, 7 2 - 8 0 %  below the cor responding  rat ios  before  

" u n c o u p l i n g " .  Fol lowing  comple te  cell reunion,  the coupl ing rat ios at  the 

test junc t ion  increased progress ively  to a " p l a t e a u "  of 0.54-0.73 (Fig. 14). 

In  one instance,  the " p l a t e a u "  value was equal  to the stable coupl ing rat io  

of the condi t ioning junct ion.  

Fig. 15 gives the t ime courses of the deve lopment  of coupl ing for  

representat ive  cases of the var ious  types of exper iment  Types  2a ,  3, and 

imposed  r a n d o m  contac t ;  and  Tab le  1 summar izes  the results of all types 

of experiments .  

21 I .  M e m b r a n e  B i o l .  19 
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Fig. 15. The time course of coupling development under various experimental conditions. 
Data from an experiment of imposed random contact (o) (which is representative of 
all experiment types in which test junction is preceded by total membrane discontinuity), 
Type 2a (zx) and Type 3 (A). Time zero, test cell contact established. The points in 

hatched region are V2/V 1 values during conditioning junction 

Junction Formation and Cell Cycle 

The cells seem capable of developing coupling and of maintaining 
coupling throughout the division cycle. For instance, in the experiment 
shown in Fig. 16, coupling produced by imposed contact, developed at the 
beginning of the division cycle, near stage 0 min [random (a)] and again 
(Type 2a) at stage 50 rain (b), and, except for a 70-sec period of experi- 
mental uncoupling, the coupling is seen to have been maintained continuously 
from stage 0 to stage 66 min. Fig. 5 shows examples of coupling produced 
by spontaneous contact, which arose at stages 44rain (5A) and 16 rain 
(5B, a). We performed a total of 41 experiments of imposed random contact, 
with successful development of coupling. In these experiments, the stages at 
which cell contact occurred and at which coupling set in, span the entire 
division cycle (Table 2). 
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Table 1. Time of coupling development 
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Experiment 
type 

Time of coupling 
onset a (min) 

range mean b No. 
of 
cases 

Time to "plateau . . . .  Plateau" coupling ratio 
coupling d (rain) 

range mean b range mean u No. 
of 
cases 

Spontaneous 
contact 

Imposed 
contact 

Random 

Type l 

Type 2 

Type 2a 

Type3 

8-14 12 • 2.9 7 10-30 20 -t-6.0 0.20-0.75 0.39_+0.25 7 

4-26 f 11 + 5.8 18 
7-47 f' 21.4-t- 1 t 41 

4-12 8 • 3.5 15 

7-20 12 _ 4.3 7 

<0.012 <0.012 
or <0.05 e or <0.05 c 

425  9 • 6.3 

10-30 19 +_5.8 0.15-0.72 0.37+___0.29 20 
12-50 26.7___+8.8 0.16-0.82 0.49• 22 

10-30 20 ___+7.0 0.22-0.74 0.31!0.20 10 
e 

18 e 

9 8-18 17 __+7.2 0.3-0.9 0.52-t-0.22 9 

3 14--24 19 __+5.0 0.5 -0.7 0.59___0.12 3 

" Time from cell contact to onset of detectable V 2. 
b With standard deviation. 
c Resolution of the method, 1 sec or 3 sec. 
a Time from detectable coupling onset to time when V2/V ~ reaches a value sensibly 
constant over 10-20 min of observation (see also footnote 1). 
e V2/V 1 rose progressively, as in all other types of experiments (see Fig. 10), but the 
time course was followed fully to "plateau" in few cases only. 
f' f' The two groups belong to experiment series done in different breeding seasons: 
f, 1972/1973; f', 1974. Group f' is detailed in Table 2. 

The shortest  t imes of coupl ing  onset  were found  a m o n g  the cases in 

which test  con tac t  was imposed  in the 97-16 rain interval  of the cell cycle. 

I t  is n o t e w o r t h y  tha t  the cor responding  coupl ing deve lopments  occurred  

between stages 0-20  rain, the per iod  in the cell cycle in which the mos t  

active cy toplasmic  surface m o v e m e n t s  occur  (cleavage is comple ted  by  

stage 20 min). The  tendency  for  the shor ter  t imes of coupl ing onset  was 

clearly unre la ted  to the t ime the cells had  been isolated f r o m  the e m b r y o ;  

the shor ter  t imes were seen a m o n g  the cells that ,  at  the t ime of test contact ,  

had  been isotated for  7 min  (the shor tes t  t ime in isolation) as well as a m o n g  

those which had  been isolated for  120 min  (the longest  time). 

Once coupl ing had  been establ ished at  the region of m e m b r a n e  contact ,  

it was ma in t a ined  t h r o u g h o u t  the cycle, including the cleavage phase.  

Besides, coupl ing was also main ta ined  cont inuous ly  at  all t imes across  the 

2 [ *  
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Fig. 16. Development and maintenance of coupling during the cell division cycle. (a) 
Contact (random) was imposed on two isolated cells (1 and 2) (separated daughters of 
an isolated blastomere) at a stage corresponding to 80 rain in the division cycle of the 
parent blastomere. The V 1- and V2-electrodes were in nonadjacent cell halves in the 
next cycle, so that coupling was measurable across the planes of imposed contact and 
of cleavage (the junction between the new daughter cells x and y) in series. (Both cell 1 
and 2 cleaved 20-40 rain after imposed contact.) In (b) the 1-2 cell junction was broken 
by pulling the cells apart in two steps (sepi, sep2) and then re-made (cont) in an ex- 
periment Type 2a. The first coupling at the imposed contact (a) developed to detectable 
level at stage 6 min, and the second coupling (b) at stage 50 rain. Note also the continuous 
coupling across the x - y  plane. (Coarse protoplasmic continuity between cells x and y 
is lost at stage 40 min; after this stage the coupling between x and y is truly junctional ; 

see Ito & Loewenstein, 1969) 

c leavage plane. These two points are clearly shown by cont inuous  coupling 

measurements  taken across the junc t ion  of daughter  cells in experiments on 

imposed contact  in which the electrodes, the plane of cell contact ,  and the 

daughter  cell junct ion  (the fo rmer  plane of cleavage) happened  to be suitably 

located. An example is shown in Fig. 16. A fur ther  known  instance of 

cont inuous  maintenance  of coupling during cell division is that  of certain 

f ibroblasts  in tissue culture (O'Lague,  Dalen,  Rubin  & Tobias,  1970). 

Effects of Colchicine and Cytochalasin B on Junct ion Fo rma t ion  

Colchicine. The action of colchicine was investigated in a set of experi- 

ments  of imposed random contact. The cells were in med ium conta ining 

0.22-1.09 mM cholchicine since their  isolation f rom the embryo  and were 

kept  in this medium th roughou t  the experiments.  M o v e m e n t  of cellular 

processes and cytokinesis were blocked in all cases by  the colchicine treat- 

ment  by the t ime the experiments on junct ion  fo rmat ion  were begun;  the 

cells were then in the relaxed state, lying rather  flat on  the bo t t om of the 

dish. Unlike in control  medium where the apparen t  area of cell contact  

increased with time by au toch thonous  cell movemen t  following the imposed 
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Cell cycle stage Cell cycle stage Time of coupling No. 
(rain) at which test (min) at which onset (min) of 
contact was made coupling set in range mean d cases 

Time in 
isolation f 
(min) 

0-19 a 14-46 8-30 18• 7.6 9 
20-39 42-67 16-41 25• 9.1 11 
40-59 57- 4 11-43 27• 8 
60-83 b 86-15 e 13"47 24-1-12. l 6 
84--99 c 98-12 e 7-22 13+ 5.1 7 

7-140 
33-168 
43-248 
7- 218 

29- 225 

Junctions by imposed random eontact. All experiments 

a Cleavage furrow completed by stage 20rain. Test junction 
(y--w) in this group was made between cleaving cells: 

In all other groups, test junction is made between 
mechanically separated daughter cells: 

in breeding season of 1974. 

. ~ ~ V  2 �9 V] V2 
O r 

b "Rounded-up" stage. 
"Relaxed" stage. 
With st). 

e 2nd cleavage in isolation; all other stages are from 1st cleavage. 
f The time cells had been in isolation from the embryo, at the moment of test contact. 

contac t  (Fig. 3, III, IV), the apparen t  area of cell contac t  in the colchicine- 

t reated cells stayed limited to about  the original apparen t  area of the imposed 

contact .  The  cells, nonetheless,  adhered well. This was ascertained before 

development  of coupling and after it. Cell input  resistance and membrane  

potent ial  (at zero current)  were similar to those in cont ro l  medium. 

Fig. 17 illustrates a typical exper iment  and Table  3 summarizes the 

results of the experiments with colchicine t rea tment  at the concent ra t ion  of 

1.09 raM. The times of coupl ing onset  were similar to those in control  

medium. The times of deve lopment  to " p l a t e a u "  coupling were longer 

(compare  with Table  1, imposed random contact, group f ');  but  we are not  

confident  that  the difference is as significant as it appears  f rom the means 

and their  statistics since, unlike the t ime of coupling onset, the de terminat ion  

of the t ime of development  to " p l a t e a u "  coupling is imprecise. 

In ano ther  set of experiments,  cell pairs were exposed to colchicine, 

0.44 raM, for  25 min after  they had established full coupling in cont ro l  

medium. This p roduced  no  significant change in the coupling. 
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Fig. 17. Coupling in colchicine-treated cells. Contact was made (time O) between two 
ceils (imposed random contact). The cells were in colchicine-containing medium (1.09 mM) 
throughout the experiment since 53 min before cell contact. Cell division and cytokinesis 
were blocked; cells were " re laxed"  at time of contact. Current pulse intensity, 2 x 10-s A;  
frequency, 0.09/sec. Membrane potentials in the two cells (at zero current) were 22-28 mV 

Table 3. Coupling in colchicine-treated cells 

Exposure to Time of coupling 
colchicine a onset (min) 
(min) 

range meanb No. 
of 
cases 

Time to "plateau . . . .  Plateau" coupling ratio 
coupling (rain) 

range mean b range mean b No. 
of 
cases 

16-301 c 7-29 16-/-6.7 18 24-71 38___13.5 0.14-0.92 0.55-t-0.28 11 

Junction by imposed random contact. Experiments in breeding season 1974. 
a Length of time cells were in colchicine medium before test cell contact; cells continued 
in colchicine medium until time of "p la teau"  coupling. Concentration of colchicine in 
the medium, 1.09 mM. 
b With SD. 
c Range includes: 2 cases of 16-20 min; 10 cases, 50-92 rain; and 6 cases, 114-301 min. 

Cytochalasin B. F o r  the  s t u d y  of  t he  ef fec ts  of  c y t o c h a l a s i n  B, we u sed  

s m a l l  b l a s t o m e r e s  f r o m  the  o u t e r  ( p i g m e n t e d )  cel l  l aye r  of  t he  e m b r y o  in 

a d d i t i o n  to  m a c r o b l a s t o m e r e s .  T h e  i s o l a t e d  cells were  p l a c e d  in  m e d i u m  
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Fig. 18. Coupling in cytochalasin-treated cells. Contact was made (time O) between two 
cells which had not been in previous contact (imposed random contact). The cells were 
in cytochalasin medium (1 ~tM) throughout the experiment since 180 min before cell 
contact. Cell division and cytokinesis were blocked; ceils were extremely "relaxed" at 
the time of contact. Current pulse intensity, 3.5x 10 -s and 2.5x 10-SA; frequency, 
0.09/sec. Membrane potentials (at zero current) were about 30 mV. At a, the pen recorder 
base line of the V 1 trace was shifted. The small downward deflections of the V 2 trace 
before the c-mark, are resistive artifacts (see Materials and Methods), which here were 
unusually high; when the V2-electrode was extracellular touching the outside of the cell, 

the deflections had the same magnitude as those before the c-mark 

conta in ing cytochalas in-B concent ra t ions  ranging 0.521-5.21 gM; m o v e m e n t  

of cellular processes and  cytokinesis  were b locked  in bo th  kinds of cells 

(nevertheless,  in concent ra t ions  of 0.5-1 gM, the nuclei of the small blasto-  

meres  of ten cont inued  to divide once or twice) and  relaxation,  which t o o k  

place within 10 min  of the t rea tment ,  was even m o r e  p r o n o u n c e d  than  in 

colchicine- treated cells. The  coupl ing measu remen t s  on mac rob la s tomeres  

t reated with cytochalas in  B were beset with difficulties. The cell m e m b r a n e s  

of ten seemed to seal poor ly  a round  the electrodes;  in fact, in several in- 

stances, the m e m b r a n e  was coarsely rup tu red  by  the electrodes, with visible 

leakage of p r o t o p l a s m  (a rare  event  in untreated cells). The  n u m b e r  of 

successful measu remen t s  were relatively scant.  
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Table 4. Coupling in cytochalasin-B-treated cells 

Expo- Time of Time to "Plateau" Input resistance 
sure a coupling onset "plateau" coupling ratio in cell 1 e (Mr2) 
(rain) (rain) coupling (rain) 

range meanb range meanb range meanb range meanb 

N 

Cytochalasin B c 
30-186 13-25 17___5.3 25-70 50+16.9 0.27-0.76 0.46-t-0.20 1.77-4.0 3.25-t-0.91 

Control a 
55-232 10-15 12-t- 2.2 56-92 73_ 15.2 0.33-0.79 0.61__+0.20 1.48-5.9 3.15• 1.91 

a Length of time cells were in cytochalasin-B or control medium before test cell contact; 
cells continued in the respective medium until "plateau" coupling was reached. 
b With SD. 
c Medium contained the normal constituents plus 5 ~tg/ml cytochalasin B and 0.5 % 
dimethyl sulfoxide. 
a Medium contained the normal constituents plus 0.5 % dimethyl sulfoxide. 
e Before test contact. 

In five successful experiments of imposed random contact in which the 

input resistances in cell 1 ranged 1.77-4.0 M~,  the same order as in control 

medium (1.48-5.9 MF2), the cells were found to establish coupling at cyto- 

chalasin-B concentrations of 1 ~tM (Fig. 18). The times required for coupling 

onset were somewhat longer than in the control medium, but the difference 

was not significant. (The control medium here is the medium plus 0.5% 

dimethyl sulfoxide, the solvent in the cytochalasin medium.) There was also 

no significant difference in the time to "p la teau"  coupling nor in the 

"p la teau"  coupling ratios (Table 4). 

The blastomeres from the outer cell layer of the embryo seemed somewhat 

less susceptible to rupture in eytochalasin medium. It was for this reason 

that we also used these smaller cells in the experiments. But here too, few 

measurements with satisfactory input resistance were made. In one, a pair 

of coupled daughter cells retained their coupling (coupling ratio 0.6) after 

exposure to 0.5 ~tM cytochalasin B for 160 min of observation; and in another, 

a measurement taken on the outer cell layer in situ, coupling was retained 

for 25 min after exposure to 1 ~M cytochalasin B. 

The cells from the outer layer of the embyro seemed to be less attached 

to each other and to the deeper cells when the embryo was dissected in 
cytochalasin B medium than when it was dissected in control medium; the 
outer cells seemed to stay attached to each other only or mainly at their 

edges confronting the exterior. This was evidently sufficient for maintaining, 
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at least, some degree of electrical coupling, a coupling that was measurable 
on the outer cell layer in situ as well as on portions of this layer isolated 
from the embryo. The presence of coupling in the isolated layer showed 
clearly that the coupling measured in situ on the outer layer was via perme- 
able junction and not simply due to the surface resistance of the embryo 
(see Ito & Loewenstein, 1969). 

To sum up, macroblastomeres and small outer blastomeres are capable 
of establishing and maintaining coupling in cytochalasin medium. 

Effects of Dinitrophenol on Junction Formation 

Treatment with 2,4-dinitrophenol (DNP) is known to depress the perme- 
ability of established junction between Chironomus salivary gland (Politoff, 
Socolar & Loewenstein, 1969). This uncoupling effect is shared by several 
other metabolic inhibitors which, by depressing Ca ++ efflux across (non- 
junctional) cell membrane and Ca ++ uptake by mitochondria, cause 
elevation of the level of free ionized Ca in the cytoplasm. In fact, the junc- 
tional uncoupling by DNP has just been s h o w n - b y  direct, simultaneous 
measurement of intracellular [Ca ++] and coupling in Chironomus salivary 
gland ce l l s - to  be associated with a rise in cytoplasmic [Ca ++] (Rose & 
Loewenstein, 1974). 

Here we have made an exploration of the effect of DNP on the formation 
of macroblastomere cell junction. The isolated cells were kept in medium 
containing 1 mM DNP throughout the experiments. Thirty to 60 min after 
their exposure to DNP-medium, the cells were micromanipulated into 
contact, left undisturbed for 60-150 rain, and then impaled with the micro- 
electrodes for coupling measurement. Cleavage in the DNP medium was 
slowed in the smaller cells (300-400 g) and arrested in the larger ones 
(500-600 g). Relaxation was comparable to that in colchicine-medium. 

The cells adhered well and stably in the DNP medium, but no detectable 
coupling was found to develop across the test contacts (five cases). Pre- 
sumably, as in the case of the Chironomus cell junction, the cytoplasmic 
[Ca ++] was elevated by the action of DNP and coupling was thereby 
prevented. 

In another set of experiments, cell pairs with coupling junction established 
in normal medium (by imposed random contact) were exposed to 3 mM 
DNP. In 10 experiments the coupling ratio was found to decrease 1.6-5 min 
after DNP exposure, becoming undetectable in 8-14rain (Fig. 19). Here 
again cell adhesion was retained. In two trials of reversal, coupling across the 
junction was restored to the original level within 28-33 rain of exposure to 
control medium. 
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Fig. 19. Uncoupling in a forming junction by dinitrophenol. A junction between two 
cells had been made at time 0 by imposed random contact in control medium; the record 
shows the end phase of the establishment of coupling. During the time signalled on the 
time base, the control medium was replaced by medium containing 3 mM DNP; the 
cells were in this medium throughout the remainder of the experiment. Note that, 
aside from the V2/V 1 ratio, the junctional uncoupling is manifested by the divergence 
of the membrane potentials at zero current of the two cells. The uncoupled junction 
remained cohesive. (Cell cleavage and cytokinesis were blocked.) Current pulse intensity, 

1.3 • 10 .8  A; frequency, 0.09/sec 
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Discussion 

Junction Formation. The present results show that when adhesive contact is 

established between the embryo cells, the membrane regions in contact form a 
permeable junction, that is, a coupled, insulated membrane system where 
molecules of a certain size range can diffuse from one cell interior to another 
with little loss (see Loewenstein, 1966). The basic functional elements of such 
a system as defined by measurements of electrical conductance and studies 
with diffusible tracer molecules, are (a) the permeable junctional membrane 
portions containing the membrane diffusion channels and (b) the junctional 
insulation that seals off the interior of the coupled system from the exterior. 
In a simple model of membrane junction proposed by one of us (Loewen- 
stein, 1966), these elements are pictured forming multiple, parallel junctional 
units, each complete with its individual insulation, providing effective cell- 
to-cell passageways (Fig. 20, Top). The assembly of such a coupled mem- 
brane system seems to take on the order of 10 min: The electrical measure- 
ment detects the first signs of coupling 4-47 rain after establishment of 
membrane contact under the various experimental conditions of contact; 
and a "plateau" in coupling is reached in 10-50 rain. The coupling tended 
to start somewhat earlier when membrane contact was imposed by manipula- 
tion than when it occurred between spontaneously moving cell processes 
(Table 1). But this may merely have been due to our misjudging the moment 
of adhesive contact (time zero) in the latter case, or due to the fact that the 
initial contact was broader in the former case, rather than to a more funda- 
mental difference in the process of junction formation. Only in experiments 
Type 2a, in which full contact was re-established between not entirely 
discontinuous membrane regions of electrically uncoupled cells, did coupling 
set in much faster (<  3 sec). 

A possible explanation of this fast coupling is as follows: The B-elements 
(the remnants of membrane continuity of conditioning junction in experi- 
ments Type 2 a; see Fig. 8 b) are elastic cell extensions that contain intact 
portions of conditioning permeable membrane junction. In the final position 

in the uncoupling step, the B-elements are so stretched that their longitudinal 
internal (cytoplasmic) resistance becomes too high or the junctional mem- 
branes they enclose become too distorted to mediate detectable coupling. 
(Their diameter is < 0.3 Ix and their length, 100-300 Ix.) When the B-elements 
are relaxed in the step of test contact, the cell-to-cell path resumes its 
original dimensions and coupling is restored. In other words, the first 
detectable coupling (within < 1 sec of test contact) in an experiment Type 2a 
would be across residual conditioning junction, just as the coupling at the 
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:"?!:'~C ~)!!i!:' 
Fig. 20. Top: A junctional unit: C, permeable junctional membrane," S, junctional insula- 
tion; O, nonjunctional membrane; i, cell interior. In the model (Loewenstein, 1966), 
many such parallel units, each an effective cell-to-cell passageway, constitute a per- 
meable membrane junction (J, bottom) (from Loewenstein, 1966). Bottom: Hypothetical 
representation of the situation of membrane contact in an experiment Type 2a. B, a 
distended B-element at the end of the uncoupling step (see Fig. 8 b), containing residual 
conditioning junction (J) with junctional units intact. The rest of the conditioning mem- 
brane junction shown here has ruptured. Two possible rupture modes are diagrammed: 
the junction has split in halves (H--J)  or has broken out of the membrane (F, K) of 
one of the cells. The halves and breaks seal in the presence of Ca + + in the medium. 

il ,  i 2 are the interiors of the two cells 

t ime of test contac t  in experiment  Type  3 is dear ly  across residual condi- 

t ioning junct ion.  In this light, experiments Type  3 and 2a  differ only in 

that,  before test contact ,  the cell-to-cell conduct ion  path  via the A-elements 

is shorter  (50-100 g) and wider than via the B-elements, and in that  the 

area of residual condit ioning junct ion  in experiment  Type 3 is perhaps  

greater than in Type  2a  (the diameter  of an A-element is of the order  of 

1 g). The  ca. 10-rain (uncoupl ing step-test contact)  t ime limit for  rapid 

coupling in experiments Type  2a  (Fig. 13) m ay  then possibly reflect the 

time limit for  elastic reversibility of the B-element. 



Membrane Junction Formation 333 

Another possibility is that the rapid coupling in experiment Type 2 a is 
the result of a facilitation of the process of junction formation by the previous 
presence of permeable (conditioning) junction. Although this would be a 
more exciting possibility, it seems fruitless to speculate along these lines 
further until information is available on the structure of the B-elements and 
of the membrane junction, and on the fate of the junction during the un- 
coupling. 

In all types of experiments on new junction formation, the degree of 
coupling rose progressively from the moment of detectable coupling onset 
to the "plateau".  As will be shown in the following paper (Ito, Sato & 
Loewenstein, 1974), this reflects a progressive rise in junctional conductance. 
Even in experiment Type 3, the degree of coupling rose progressively from 
the coupling level of residual conditioning junction (Fig. 14), and the times to 
~"plateau" coupling were of the same order in all experiments. It appears, 
therefore, that the rising phases in the curves of coupling development in 
experiments Types 1 and 2 reflect the development of new junction, and 
that in Types 3 and 2a they at least include development of new junction. 

The times of coupling onset in the experiments of spontaneous contact 
(8-14 min), of imposed random contact (4-47 min) and of imposed contact 
Types 1 and 2 (4-20 min) are of the same order as those found under 
conditions of random contact in four other cell systems. In cells from the 
sponges Microciona and Halyclona, on which the first experimental study 
of junction formation was made, the times of coupling onset in experiments 
of imposed random contact ranged from 1 to 40 rain (most cases, from 
4 to 15 min) (Loewenstein, 1967a). In bovine lymphocyte aggregates stimu- 
lated with phytohemagglutinin, the time of coupling onset (after stimulation) 
ranged 1-7 min (Htilser & Peters, 1972; see also Sellin, Wallach & Fischer, 
1971; Oliveira-Castro, Barcinski & Cukierman, 1973). In certain fibroblasts 
derived from Novikoff hepatoma, the time of coupling onset under condi- 
tions of spontaneous (random) contact in tissue culture ranged 5-10 min 
(Hammer, Epstein & Sheridan, 1973) and in embryonic chick heart cells, 
this time, inferred from observation of synchronous beating, ranged 4-38 min 
(DeHaan &Hirakow, 1972; see also DeHaan & Sachs, 1973). The time 
reported for Fundulus embryo cells is longer, 1 hr (Bennett & Trinkaus, 
1970). But this value may have been an overestimate; it is based on spot 
checks of electrical coupling of about 10 cases only, not on continuous 
measurements. 

In our earlier work on newt embryo cells (Ito & Loewenstein, 1969), the 
experimental conditions were in many cases similar to those depicted in 
Fig. 2, with one of the cells sliding back and forth on a yolk track during 
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cell separation (uncoupling) and rejoinder, and the cell separations during 
the uncoupling were often on the order of 200-300 g. Although no conscious 
effort was made at that time to make junctions with a former membrane 
region in contact, the chance for this to happen under these conditions 
was high. Some of these experiments were therefore comparable to the 
present systematic experiments Type 2a and the times of coupling onset 
were indeed of the short < 3-sec order. We also had cases with times of 

coupling onset of the long order, but we neglected them. We thought that 
they represented cases in which we had misjudged the time zero of test 
contact or cases in which the coupling was retarded because of poor initial 
membrane contact. For these reasons, we assumed that the shorter values 
were the more significant ones. In view of the present results, it is clear 
that this assumption was wrong. The short values must have belonged to 
the special Type 2 a. 

Junction Breakage. The experiments in which electrical coupling and 
input resistance were monitored during cell separation show that the cell 
membrane resistance stays generally high after the breaking of the cell 
junction. The input resistance in cell 1 generally increased upon cell separa- 
tion and in many cases, such as in the experiments of Figs. l l a  sept, l l b  
and 12b, the increased value is not far from the expected one, if, after 
occlusion of the junctional path to cell 2, the current injected into cell 1 
is distributed uniformly over the nonjunctional membrane of cell 1 with 
unaltered resistivity (see the second paper of this series). This means that 
the former junctional membrane diffusion channels as well as any possible 
membrane breaks are rapidly sealed upon cell separation. 

Processes of junctional sealing and of membrane sealing, and some of 
their requirements are known. Chironomus salivary gland cell junctions 
seal when the Ca + + activity on the cytoplasmic face of junctional membrane 
is raised experimentally above 5-8 x 10-SM (Oliveira-Castro & Eoewen- 
stein, 1971 ; Rose & Loewenstein, 1971, 1974; see also Politoff et al., 1969), 
and this presumably is so too when the Ca ++ activity is raised on the 
external face of junctional membrane, the face that is normally protected by 
junctional insulation from the high Ca ++ activity in the external medium 
(Loewenstein, 1966; Loewenstein, Nakas & Socolar, 1967; see also Ddl6ze, 
1970). Furthermore, broken (nonjunctional) membranes of various kinds 
of cells seal in medium containing Ca ++ (Heilbrunn, 1956) and this seal 
is tight enough even to block the small inorganic ions (Kuffler & Potter, 
1964; Oliveira-Castro & Loewenstein, 1971). For instance, holes of about 
2 g in diameter drilled into Chironomus salivary gland cells seal in the 
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presence of Ca + + or Mg + + ; the restoration of the membrane diffusion barrier 
is nearly complete in medium with Ca ++ or Mg +§ activities of 1-2 x 10-3 M 
(Oliveira-Castro & Loewenstein, 1971). The divalent cation activities in the 
present medium were more than sufficient for such self-sealing of junctional 
diffusion channels or membrane breaks. 

In some cases, the input resistance fell transiently during cell separation 
or increased less than expected on the basis of the above considerations 
(Fig. 5 B, b). This may have been due to slow or poor  junctional sealing. 
However, we think it more likely that this was caused by leakage around 
the electrodes, as the cells were pulled apart by them. 

We don ' t  know the fate of the membrane junction during the cell separa- 
tion. Two possibilities will be considered: (i) the membrane junction splits 
in two halves so that each membrane retains the corresponding junctional 
membrane portions (Fig. 20); and (ii) one of the cell membranes breaks 
and the other carries along all or parts of the junction with the junctional 
units complete (although occluded). The two possibilities are represented 
schematically in Fig. 20. There is electron-microscopic evidence suggesting 
that both separation modes may occur in cell systems in which the "gap 
junc t ion"  (Revel & Karnovsky, 1967) is the probable site containing the 
permeable junctional units. In cells of frog heart (Barr, Dewey & Berger, 
1965; but see also Dreifuss, Girardier &Forssmann ,  1966), guinea pig 
smooth muscle (Barr, Berger & Dewey, 1968), and mouse liver (Goodenough 
& Gilula, 1972), the gap junction appears to be split in halves when the 
cells are exposed to hypertonic sucrose medium. In fact, the freeze-fracture 
electron-micrographs of Goodenough  and Gilula (1972) seem to have 
caught the gap junction in the process of splitting. On the other hand, in 
rat liver cells, dissociation produced by Ca,Mg-free medium containing 
collagenase and hyaluronidase or ethylenediamine-tetra-acetic acid, the gap 
junction is carried seemingly complete by one of the membranes (Berry & 
Friend, 1969), and when liver cells are ruptured in a Dounce homogenizer, 
rather complete junctions break off f rom the rest of the cell membrane 
(Bennedetti & Emmelot,  1967; Goodenough & Revel, 1970). We have no 
electron-microscopical information to guide us in the question of which 
mode of disengagement was operating in the present experiments. Be that 
as it may, it is clear that the cells promptly selfsealed upon their disengage- 
ment  in all experiment types. 

This work was supported by grants 854175 and 954189 from the Ministry of Education 
of Japan, by U.S. Public Health Service research grant No. CA 14464, and National 
Science Foundation grant No. GB 36763 X 1. 
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