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A B S T R A C T  

Intercel lu lar  communica t ion  was examined  in regenerat ing ra t  liver an d  urodele skin, two 
tissues of fast bu t  normal  growth. In  both,  cellular communica t ion  is in general  as good as 
in  their  respective normal  in tac t  state. This  stands in striking contras t  to the lack of cellular 
communica t ion  in tissues with cancerous growth. U p o n  wound ing  of the urodele  skin, the 
normal ly  permeable  junc t iona l  membranes  of cells near  the wound border  seal themselves 
off, thereby insulat ing the interiors of the communica ted  cell systems from the exterior. W h e n  
the cells of two opposing borders make mechanica l  contact  in the course of wound  closure, 
communica t ion  between them ensues within 30 min.  Wi th in  this period all cell movemen t  
also ceases ( "contac t  inhib i t ion") .  The  possible implicat ions of these findings in the control  
of tissue growth are discussed. 

I N T R O D U C T I O N  

The  finding tha t  cancerous liver has poor inter-  
cellular communica t ion  (18) poses the question of 
whether  this is a manifestat ion of uncontroUed 
growth or a manifestat ion of growth in general. 
To  answer this question, we shall inquire  into the 
cellular communica t ion  of normal ly  growing tis- 
sues. Regenera t ing  ra t  liver and  heal ing urodele 
skin were chosen for this purpose, because two 
major  aspects of growth, cell proliferation, and  
cell movement  are well represented in these tissues. 
In  regenerat ing liver, cell proliferation is as fast 
as in the fastest growing cancerous liver; and  in the 
heal ing skin, cell movement  is as active as in in- 
vasive cancers. 

The  heal ing urodele skin also provided the 
oppor tuni ty  to examine the beginnings of cellular 
communica t ion  as two advanc ing  cell fringes es- 
tablish contact  in the process of wound  closure. 
T h e  study of this point  is our  second purpose. 

M E T H O D S  

LIVER: The abdominal cavity of adult white 
laboratory rats was opened under ether anesthesia. 
The median and left lobes of the liver, which consti- 
tute about 70% of the total liver mass, were ligated 
at their pedicles and then excised (6). The abdomen 
was sutured and the animal was left to recuperate 
unanesthetized. The animals were killed 20, 48, 72 hr, 
and 1 wk after partial hepatectomy Their  livers were 
quickly isolated in Krebs' solution, and cell com- 
munication was measured electrically as described 
in the first paper of this series (18). Most measure- 
ments were taken on the outermost layer of cells 
along the liver edge, where cells could be viewed in 
transillumination and where distances between in- 
tracellular recording points could be accurately de- 
termined. Some measurements were also made on 
cells in surface areas away from the edge and on cells 
deep in the liver. These measurements gave essen- 
tially the same results. 
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SKIN: Rectangular pieces of skin, 0.2-1 mm 2, 
were cut out on the back or abdomen of 15-35 mm 
long larvae of Ambystoma opacum and Triturus viri- 
descens. The cut through the epidermis was made with 
a sharp microdissecting instrument under a micro- 
scope; the spatial definition of the cut was generally 
better than one-fifth of an epidermal cell diameter. 
The wound edges were visible at all times, and in- 
dividual epidermal cells could be tracked in their 
movement until they came to a standstill when the 
two opposite edges met. Some of the cells around the 
wound edges were marked with dyes (azure B, orange 
G) to facilitate their recognition. The dyes were in- 
jected into the cells by iontophoresis with the same 
type of micropipettes used for passing current. The 
skin was left to heal in situ (temperatures: 19-25°C). 
For electrical measurements, the skin region contain- 
ing the wound was isolated and mounted in a holder 
(14), as shown in Fig 1. The skin isolation followed 
immediately after the killing of the animal or its 
anesthesia with MS 222 (Sandoz). The cell outlines 
were clearly visible in this isolated preparation. 
Measurements were made at various stages of wound 
healing within 5-20 min after skin isolation, a given 
animal providing material for one stage only. The 
measuring arrangement was as illustrated in Fig. 1 a 
of the preceding paper (18), except that only one 
current-passing electrode was used. 

The results were essentially the same in the Amby- 
stoma and Triturus materials. 

R E S U L T S  

Liver  

Fig. 2 illustrates typical results of measurements  
of intercellular communica t ion  in the regenerat ing 
liver lobes. One  microelectrode, fixed in one cell, 
passes current ,  and  the other  microelectrode re- 
cords the resulting voltages (ordinates) from inside 

ceils located at  varying distances (d) from the cur- 

rent-passing electrode. Measurements  are done 

48 hr, 72 hr, and  7 days after hepatectomy. These 

times correspond with interesting growth phases: 

a t  48-72 hr  of regeneration,  the rate of cell mult i -  

plication is maximal ;  the liver regenerates at  the 

rate of 1-2 g /24  hr, and  at tains about  70% of its 

original mass at  the end of this period (5, 6). By 

the 7th day, growth has slowed to less than  8 % of 
the maximal  rate, and  the liver has regenerated to 

near ly  its original mass (6). 
As is shown by the results in Fig. 2, there is good 

cellular communica t ion  at  all stages of liver regen- 

eration. The  resistive voltages are readily detecta-  

ble over distances of more than  350 # from the 
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FIGURE 1 Diagram of skin set-up. S, skin piece 
mounted with its inner face on agar-Ringer's solution 
(A). The skin is fixed between the outside wall of a box 
(B) and a conic ring (R) of lucite which operate like an 
embroidery hoop (14). W, pond water containing 10 .4.  
10 .3 M Ca. L, lens arrangement for darkfield or bright- 
field microscopic observations. M, compound micro- 
scope. E, microeleetrodes. 

current  source, i.e., over distances of more than  
20 liver cells. In  fact, no differences in cellular 
communica t ion  are detectable electrically between 
regenerat ing liver and  normal  liver. As in normal  
liver (21), the space constants of voltage decrement  
(to I/e) are 100-150/~ at  all stages of liver regen- 
erat ion;  this is also true of the space constants 
measured 20 h r  after hepatec tomy (not shown in 
Fig. 2), a t  a t ime when  intense changes in cellular 
metabol ism are taking place, bu t  relatively little 
cell mult ipl icat ion has yet occurred (6). 

Liver  cells are not  synchronous in their  growth 
activities. T h e  question thus arose whether  a cer- 
ta in  type of cell was selected by the electrical 
method.  (This applied also to the experiments on 
cancerous liver described in the preceding paper.)  
Systematic explorations of communica t ion  were 
therefore made  in several randomly  chosen regions 
of regenerat ing livers (and cancerous livers). I t  is 
simple to implan t  a current-passing electrode in a 
given cell of the liver and  to go from cell to cell 
wi th  a recording electrode. I n  this manner ,  all 
cells in the regenerat ing liver pa renchyma are 
found to be communicat ing.  For  example, in a 
typical exploration of 104 cells, whereof 6 were 
injured,  as revealed by  their  zero resting potential  
and  negligible inpu t  resistance, all 98 in tac t  cells 
had  space constants a round  120 #. A perfect con- 
trast is provided by the results of similar explora- 
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FlOVRE ~ Cellular communication in regenerating liver. A current of 3 X 10 -7 A is injected into a cell 
of the liver surface, and the resulting resistive voltages (ordinates) are recorded intracellularly at varying 
distances (d, abscissa) from the point of injection. (All measm'ements on cells of the liver surface). O, nor- 
mal unoperatcd liver; + ,  48 hr; A, 72 hr; A, 7 days after partial hepatectomy. 

tions in cancerous liver, where all intact cells show 
poor communication. For instance, in a nodule of 
Morris'  cancer No. 7793, out of 32 cells examined 
(sec Fig. 1 b, preceding paper), whereof 3 were 
clearly injured, 29 had communication ratios be- 
low detectable levels; and out of 122 cells in which 
input resistance was measured (single electrode, 
bridge method),  all had resistances of l0 T f~. I t  
seems thus unlikely that selection of cells could 
have occurred. 

Skin  

COMMUNICATION IN THE NORMAL SKIN: 
The urodele epidermis contains gland cells and 
so-called epidermal cells (2, 26). The epidermal 
ceils are well intercommunicating. The electric 
field around an intracellular (epidermal) current 
source is not so uniform as in liver or in other 
more homoger/eous epithelial cell systems 07,  
20, 21), but the existence of communication be- 
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Diagram of cell relation- 
ships in the plane of measurement (all measurements in the outermost cell layer) and location of the cur- 
rent-passing (i) and voltage recording (V) intracellular microelectrodes. W, injured epidermal cell bor- 
dering the wound; I and II, adjacent epidermal cells uninjured. The zigzagged line represents the wound 
border (for spatial resolution, see Methods). Current is of the order of 10 -7 A in all cases, and is constant 
in each series of measurements. 

a. Junctional sealing. Ordinates, mean resistive voltage of 9 cells, all with the spatial relationship to 
wound border diagrammed in the inset. The voltage in each cell is normalized on the basis of the voltage 
value in the same cell before wounding (100%); the mean values of the normalized voltages are plotted 
with their standard errors (vertical bars) for four stages after wounding. Abscissa in this and other graphs 
of the figure give time after wounding; the measurements in each series are lumped over spans of ~-8 min. 
Points normal and time 5 min, and time 5 and 40 rain differ at  a level of significance better than 0.001; 
successive points on the falling phase of the curve differ at  a level of 0.004, except for the last two points 
which are not significantly different. 

b. Recovery of junctional communication near the wound border. Ordinates, mean communication 
ratios (ten cell pairs) with their standard errors. The value marked normal is the mean ratio before wound- 
ing. (A communication ratio of the same order was found also in measurements taken in the respective 
I -W pairs, before wounding). Points normal and time 5 min, and time 5 and 100 min differ at  a level of 
significance better than 0.001. 

c. Lack of repair in the injured cell. Ordinates, mean voltage normalized as in a. The first two points 
plotted are means from four W-cells; the last point, from three W-cells (one cell of the original four was 
shed). Standard errors less than size of dots. 

tween pairs of ad jacent  epidermal  cells is readily 
demonst ra ted .  The  communica t ion  rat io (for a 
definition, see first paper  of this series, reference 
18) averages 0.4 (Fig. 3 b ) )  

J U N C T I O N A L  S E A L I N G  U P O N  W O U N D I N G ;  

1 Evidencc for intercellular ion communication in 
epidermis has also reccndy bcen obtaincd for the frog 
skin by B. Steinbach (personal communication). In  the 
frog cpidcrmis, the cclls are known to have junctions 
of Farquhar  and Palade's zonulae occludentcs typc 
(2 ~). 

L A C K  OF CELL REPAIR:  Fig. 3 illustrates 
some of the short- term effects on cell communi -  
cation of a cut  made  into the epidermis. Immed i -  
ately striking is the fact tha t  the interiors of the 
interconnected epidermal  cell systems near  the 

cut  have not  become leaky to the exterior. T h e  
cells which  have been cut  into are, of course, 
leaky; bu t  the adjacent  cells are not. This  is 

clearly seen in experiments in which  cur ren t  is 

flowing between extracellular fluid and  inter ior  

of an  in tac t  epidermal  cell (I) close to the wound  
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edge, and the resulting resistive voltages are 
measured across the surface of this cell. Not only 
is there a voltage recordable in I, but  the voltage 
is actually much greater after wounding than it 
was before (Fig. 3 a): Cell /, which was well 
communicated with its neighbor W when this 
was still intact (communication ratio 0.5), has 
sealed itself off from this cell (see reference 19 
for a quantitative description of this phenomenon).  
Tha t  this is due to sealing of the junctional  mem- 
brane surfaces, and not to nonjunctional mem- 
brane repair in the damaged cell W, is readily 
verified by measurements of voltage in which 
both the voltage recording and current-passing 
electrodes are in W: the damaged cell W is 
leaky and stays indefinitely so until  it is shed 
(Fig. 3 c). 

Junct ional  membrane  seallng upon cell injury 
has been found also in gland epithelia (15) and is 
likely to be a phenomenon of general importance 
in connected cell systems. Its functional role has 
been discussed and its mechanisms have been 
analyzed elsewhere (15, 19). 

In  addition to sealing off from the exterior, 
cell I seems also to have uncoupled to some ex- 
tent from the uninjured cell neighbor / / ;  the 
communication ratio of these cells falls right 
after wounding of W, while the input  resistance 
of H rises. In  general, a fringe, around the wound, 
several cells deep, has subnormal communication 
ratios when probed a few minutes after wound 
production. Intercellular communication in this 
fringe improves with time; within 2 hr after wound- 
ing, the communication ratio was generally 
normal again in the smaller wounds (Fig. 3 b). 

E S T A B L I S H M E N T  O F  C O M M U N I C A T I O N  U P O N  

WOUND CLOSURE: Within minutes after the 
wound is made, the well-known phenomenon of 
cell movement starts which brings together even- 
tually the opposing wound edges (references 4, 
11, 19, cf. references 1, 25). In  the rectangular 
wound here, cell movement was chiefly in the 
direction of the minor wound axis, and cellular 
velocities averaged about 120/z/hr. Active move- 
ment  seems to occur only in intact cells. Most of 
the injured cells formerly lining the wound border 
seem to be shed in the process of wound closure. 
By the time the borders come into contact, only 
intact cells are generally seen at the border. As 
Lash (11) has shown, the cell movement comes 
to a halt when the cells of the two edges meet. 
With the types of wound used in the present ex- 

periments, this happens 1-5 hr after wounding, 
depending on wound size and temperature. 
The establishment of mechanical contact be- 
tween the opposing edge cells is generally fol- 
lowed by the establishment of communication 
between these cells. 

This is shown by experiments of the kind dia- 
grammed in Fig. 4 in which a current source 
was implanted in a given intact cell (I) on the 
wound edge and resistive voltages were measured 
inside another intact cell (H) on the opposite 
edge located at a distance (d) of several space 
constants of voltage decrement from cell L 
Measurements were done just before the wound 
edges met, and at various times after their meet- 
ing. So long as the wound edges were separated, 
there were no voltages measurable in IL But within 
1 hr after the edges had made mechanical con- 
tact, voltages were generally detectable in H 
(in some cases, within 30 rain); and, within 2-4 
hr, the communication ratio of the ceils reached 
0.4, the mean value in the unwounded epithelium 
(Table I). 

D I S C U S S I O N  

G R O W T H  C O N T R O L  A N D  C O M M U N I C A T I O N "  

The present work provides two examples of 
normally growing and normally differentiated 
tissues which show good intercellular communica-  
tion. In  contrast with these are the various types 

J 
J 

b 

J J 

/ /  
/ /  
/ / 

FIGURE 4 Diagram of an experiment on the establish- 
ment of cellular communication upon wound closure. 
Current is passed with an electrode in Cell I (intact) 
dose to the wound border, and the resulting volt- 
ages are measured simultaneously in this cell and in 
cell II  (intact) of tile opposite wound border, d~9  ram. 
Results of ineasm'ements are described in the text. 
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T A B L E  I 

Cellular Communication and Contact 

Communicat ion No. of 
Contact situation* ratio s (VI I /VI )  cases 

a, Cell I and H separated 
by liquid or air 

b, I and H in direct con- 
tact 

b, Direct contact pre- 
vented by a solid film of 
electrically conducting 
or nonconducting ma- 
terial 

<0.002 32 

0.41 4- 0.09§ 17 

<0.002§ 11 

* The italicized a and b refer to diagrams of Fig. 4. 
:~ Mean values, with standard errors where indi- 
cated; limit of resolution of the method = 0.002. 
§ Measurements taken 2--4 hr after the establish- 
ment of the respective contact situation. 

of cancerous liver tissues, which lack such com- 
munication to any appreciable degree, dealt with 
in the preceding paper (18). The  differences in 
communication do not simply reflect differences 
in rate of cell multiplication, or in cell mobility. 
Cells of the normal liver multiply at the startling 
rate of 1 g /h r  during peak regeneration, which is 
as fast as the fastest liver cancer studied here; and 
during wound healing the skin cells move with 
speeds comparable to the most invasive cancer we 
have used. The  most obvious and enticing possi- 
bility is that the differences in cell communicat ion 
reflect differences in growth control; or to state 
this more positively, that normal tissue growth and 
differentiation depend on the flow of materials from one 
cell interior to another through the junctional cell sur- 
faces. 

The related and more general notion that 
diffusion of substances between cell aggregates 
plays a role in their growth and differentiation is 
not new. This idea has been nurtured by a variety 
of evidence, some of which is quite compelling 
(cf. references 3, 7, 8, 13, 23, 94). With the present 
results we are simply adding an experimental 
argument;  and our earlier work which revealed 
the functional organization of cell junctions, 
namely the high junctional membrane  permeabil- 
ity to various substances, the continuity of surface 
insulation along connected cell systems, and the 
resulting efficient cell-to-cell diffusion path (17, 

20), pointed out where and how such diffusion of 
substances could take place. Two further argu- 
ments may now be added. One of them comes 
from recent exploration of the molecular size 
limits for substances permeating the junctional 
membranes in gland cells; these limits turned out 
to lie as high as 103-104 molecular weight (10). 
This leaves ample room, indeed, for flow of possi- 
ble control substances, even macromolecular ones. 
A second argument is provided by the work of our 
colleagues Ito and Hori  (9) and, particularly, by 
that of Potter, Furshpan, and Lennox (92) which 
reveal extensive electric communication between 
embryonic cells. 

One  aspect of growth, the most tangible one 
experimentally at this time, is "contact  inhibi- 
tion." The  present experiments on healing skin 
give the first example in which contact inhibition 
is paralleled by cellular communication. The  
parallel holds also in the converse experimental 
situation: when a thin foil of platinum or gold, or 
a thin strip of latex or methacrylate, is placed 
between the approaching wound edges of the 
present system, there is no contact inhibition in 
epidermal cells (11 ), and as the results summarized 
in Table  I show, there is also no communicat ion 
detectable between them. 

This, of course, suggests the possibility of a 
causal relationship. But there are also enough ele- 
ments of doubt  which make this notion appear, at 
present, more seductive than attractive. These 
elements will here be emphasized so as not to run 
the risk of obscuring the issues we purport  to clar- 
ify: (a) The  time resolution in the present experi- 
ments is coarse. The  parallelism between contact 
inhibition and communication means here, at 
best, that the onsets of the two are not more than 
30 min apart. (b) The  conditions in the experi- 
ments with separating films are not exclusive in 
preventing cellular communication of the kind we 
are concerned with here, namely diffusion of sub- 
stances directly from one cell interior to another 
through the junctional complex. Other  forms of 
tissue interaction may also be prevented. (c) In  cer- 
tain cultured fibroblasts "transformed" by viruses 
communication is at least p a r t y  present, namely 
for the smallest ions (22). Although some trans- 
formed fibroblast strains do present contact in- 
hibltion (Abercrombie, personal communication),  
those examined for electrical communication do 
not (Potter and Furshpan, personal communi-  
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cation).  This  is a s trong warn ing  against  over- 
simplification. 

To sum up, while it seems permissible to infer 
tha t  cellular communica t ion  and  normal  growth 
and  differentiat ion are interrelated,  ~ a decision on 
whether  there is such an  interrelat ionship between 
cellular communica t ion  and  the more special 
aspect(s) of growth, contact  inhibi t ion,  must  
awai t  fur ther  analysis. (A major  difficulty here 
may be tha t  contact  inhibi t ion is not  a single, 
simple process.) 

JUNCTIONAL MEMBRANE SEALING UPON 
INJURY: An interesting phenomenon  is tha t  of 
junct ional  uncoupl ing in cells near  the wound 
border.  This phenomenon,  which allows the com- 
munica t ing  cell system to seal itself off from an  
injured cell m e m b e r  and,  hence, from the exterior, 
is undoubted ly  of physiological impor tance  in an  
epi thel ium exposed to f requent  injury. As analyzed 
elsewhere (15, 19), the uncoupl ing is pr imari ly  due 
to the influx of extracellular Ca ++ a n d / o r  M g  ++ 
into the interior of the connected cell system; 
upon contact  with  these divalent  cations, the junc-  
t ional membranes  seal themselves off. The  influx 
of d ivalent  cations is self-limiting; bu t  in a variety 
of tissues the kinetics of the sealing reaction are 
such tha t  enough divalent  cations cross at  least 2 
to 4 junct ions  in series with  the open cell, before 
the influx is cut  off (10, 15, 19). This  p robably  
accounts for the decrease in communica t ion  ob- 
served here extending initially a few junct ions  
away from the wound border.  The  present re- 
sults show tha t  this decrease is reversible. I t  is 
reversible even when  communica t ion  has fallen 
to very low levels, as in the case of cells a t  the 

2 The results that communication is lacking between 
liver cancer cells, while present in transformed cul- 
tured fibroblasts, are not conflicting here. On the con- 
trary, they seem to bring to light interesting differ- 
ences between these ceils. The differences in com- 
munication may well mean that  different stages in 
the control of growth are affected. (See 16 a). More- 
over, i t  should be realized that  while lack of com- 
munication, as shown by electrical measurements 
alone, means total lack of communication for diffusi- 
ble particles small and large; a result of presence of 
communication obtained by such measurements pro- 
vides much less information. It  means that  there is 
communication for the small ions that  carry the cur- 
rent (K +, Cl-), but it says nothing about the com- 
munication for the larger and probably more rele- 
vant particles. 

edges of the in tac t  fringe r ight  after wound ing  
(Fig. 3 b). 

CELL MOVEMENT AND COMMUNICATION: 

In  the course of wound  closure, the epidermal  

cells move with velocities on the order  of 102 

/~/hr. In  fact, closure of the epidermis is effected 

main ly  by cell movement ;  cell proliferation begins 

only at  later  times (11, 12, 25). According to 

Lash (reference l l, see also reference 25), the 

cellular movemen t  is individual  ra ther  than  in 

mass, i.e., cells move alongside each other. I f  this 

is so, there must  be continuous breaking and  

making of junc t ional  communica t ion ;  communi -  

cation between cells (away from the wound border)  

is detectable at  all times. Moreover,  the breaking  

of communica t ion  seems then to be immedia te ly  

associated with junc t ional  membrane  sealing, 

since cell resistance measurements  show no leaks 

to the exterior at  any  time. To explain such 

sealing, the same mechanisms involving extra- 

cellular d ivalent  cations in junc t ional  sealing upon  

injury may  be invoked. All elements for such a 

sealing reaction are bui l t  into the cell system and  

are critically poised: the Ca ++ concentra t ion  

profile falls off steeply across the cell m e m b r a n e  in 

the inward  direction, and  the junc t iona l  mem-  

branes  are clearly capable  of sealing when  ex- 

posed to sufficiently high [Ca++1 (19). All tha t  is 

required to set the reaction into motion is a break  

in the surface insulat ion of the connected cell 

system; the effects are the same, whether  the 

break occurs at  the level of the cell surface mem-  

brane ,  as in injury, or at  the peri juncfional  

insulation, as presumably  happens  in cell locomo- 

tion (15). 

The  chal lenging problem r ight  now concerns 

the making  of junc t ional  communicat ion.  This  

involves an  uphil l  reaction, the change to a h igher  

state of m e m b r a n e  permeabili ty.  The  first clues 

on the mechanisms of this react ion have just  

come from work on another  communica t ing  cell 

system, sponges (16). 
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