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Cell-to-cell communication in the heart: structure-function correlations 

by J. Ddt6ze 

Physiologie Cellulaire, Unitd Associde au C N R S  n ~ 290, Universitd de Poitiers, F 86022 Poitiers ( b)'ance) 

Summary. The communica t ing  cell junc t ions  tlhat ensure  the electrical and  diffusional  cont inui ty  of  the intracellular  space in 
the hear t  fibres can be switched from their normal  conduct ing,  or opened state, to an exceptional  non-conduct ing ,  or closed 
state. This electrical uncoupl ing is observed al ter  cell injury in the presence of  Ca ~-+ ions in the extraceltutar fluid, after  
metabol ic  inhibi t ion and in the presence of  al iphatic alcohols (C(, to C9). The correlat ions between electrical uncoupl ing  and  
gap junc t ion  morpho logy  in the hear t  are briefly reviewed. A decrease of  the distance between P-lace particles and between the 
E-face pits has been found  in all invest igat ions 3" Lo, ~. 18, 55 but  the funct ional  significance of this observat ion  is no t  unders tood  
at  present.  A quant i ta t ively  very similar decrease of  the average part icle d iameter  (about  - 0.7 nm)  has been measured in 
glutaraldehyde-f ixed sheep Pnrkinje  fibres j6 and in unfixed, quickly frozen rat  auricles ta tha t  had  been electrically uncoupled 
by three different procedures.  A b o u t  hal f  of  this decrease was reversible on shor t - te rm electrical recoupl ing (within 20 min). I t  
is concluded tha t  a measurable  decrease of  the connexon  d iameter  correlates with electrical uncoupling.  
Key words. Hear t ;  electrical coupling;  electrical uncoupl ing;  communica t ing  junc t ions ;  gap junct ions .  

From a syncytium to a coupled cell system 

Up to 1954, physiologists  considered the hear t  as a m o r p h o -  
logical and funct ional  syncytium of  fused ceils building up 
fibres with regularly spaced nuclei but  no  obvious  t ransversal  
cell boundar ies ,  and with electrical propert ies  similar to 
those  of  skeletal muscle or nerve. This con t inuous  network 
accounted  fbr the a l l -or-none p ropaga t ion  of  electrical and  
mechanical  activity f rom any s t imulated point .  This  classical 
view was seriously quest ioned by Sj6strand and  An-  
dersson 's  56 electron micrographs ,  in which the hear t  fibres 
unequivocal ly  appeared  to be buil t  up of  single cells entirely 
separated by their  surface membranes ,  abu t t ing  wi thout  fu- 
sion at  the intercalated disks. 
These discontinuit ies  in the core conduc to r  of  hear t  fibres 
had to be taken into account  in any explana t ion  of  electrical 
conduct ion.  Silvio Weidmann ,  who had just  showed (1952) 64 
tha t  the Purkinje fibres of  ungula te  hear ts  have cable proper-  
ties similar to those of  nerve 29 and  skeletal muscle 32, despite 
their  wel l -known cellular s t ructure  4s,58, took up this chal- 
lenge and  s tar ted an invest igat ion of  the cell-to-cell conduc-  
t ion process in the heart .  W e i d m a n n  ~ first tried a direct  
measurement  of  the cell-to-cell resistance by means of  two 

double-barre led micro-electrodes,  one on  each side of  an 
intercalated disk. This first a t t empt  was not  successful 
because, as is now unders tood,  electrical t ransmiss ion across 
the disk is so efficient tha t  the voltage drop  across the cell 
bounda ry  is smaller than the error  inherent  in measurements  
by micro-electrodes_ W e i d m a n n  6s,66 then devised an entirely 
original approach  to this problem by loading a thin myocar-  
dial bundle  in a two-compar tmen t  chamber  with 42K ~ over  
one hal f  of  its length, while the o ther  hal f  was cont inuous ly  
washed in a non-radioac t ive  solution. The  fibres in the un-  
loaded c o m p a r t m e n t  become radioact ive too, and  the spatial  
d is t r ibut ion of  42K_+ when diffusion equil ibrium is ap- 
p roached  corresponds  to tha t  calculated on the assumpt ion  
of a cell-to-cell passage of  42K+ across an average disk resis- 
tance of  3 f2 x cm 2. The space cons tan t  of  1.55 m m  measured  
for the decrease of  radioact ivi ty  on the unloaded side of  the 
bundle  makes  improbab le  the al ternat ive in terpre ta t ion  tha t  
loading in the washed c o m p a r t m e n t  could be by way of  the 
extracellular space only. 
The same me thod  was applied later  to invest igate the diffu- 
sion of  several substances with different molecular  weights 
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inside the heart fibres 3~ 59, 68, 70 These studies showed that, as 
in other electrically coupled cell systems 34, the cell-to-cell 
channels in the membranes of  adjacent heart cells allow the 
passage not only of  K +, but also of  much larger ions and 
molecules (see Imanaga,  this Review). 
These direct cell-to-cell channels account for the low myo- 
plasmic resistivities of  heart Purkinje and muscle fibres, 
which amount  respectively to 3 times and 9 times the specific 
resistance of  Tyrode solution 64,67, and make it possible to 
retain the classical explanation of  electrical propagat ion by 
local current flow. Moreover ,  the validity of  the core conduc- 
tor hypothesis for electrical transmission in the heart has 
been directly confirmed: the conduction that has been 
blocked along a heart bundle by an extracellular insulation 
(for instance a sucrose gap) can be reestablished by electri- 
cally shunting the two pools of  solution on each side of  the 
wall 4. It can be recalled that such a stimulation by the action 
potential is impossible unless the intracellular space provides 
a low resistance current path. 
The first evidence that the high conductance of  heart junc- 
tions can decrease to values so low that the cells become 
virtually isolated from each other was provided by experi- 
ments on the healing-over phenomenon.  Engelmann ~-~ had 
observed that the injury potential  vanishes in about  1 5 min in 
frog heart and in visceral smooth muscle, in contrast to its 
much longer durat ion in the sartorius muscle (hours), and he 
already suggested that the injured heart or smooth muscle 
cells become isolated after injury. Weidmann 's  study of  the 
electrical properties of  heart Purkinje fibres 64 showed that 
their core is electrically continuous but that, unlike axons or 
skeletal muscle fibres, they are closed at the cut ends by high 
resistances (fig. 1). Micro-electrode measurements close to 
precisely defined injuries u' J3 showed that the resting poten- 
tial drops at the instant of  injury and returns to control 
values within one minute. It was also demonstrated u-j3 that 
the presence of  Ca > ions in the bathing solution is a pre- 
requisite for this recovery of  the membrane potential (fig. 2). 
Furthermore,  continuous records of  the membrane potential 
and input resistance close to small injuries by a laser beam 
demonstrated that healing-over is promoted by the rapid 
development (within one minute) of  a new diffusion barrier 
that closes the leak opened up in the biological cable at the 
injury site, thus allowing the return of  the membrane poten- 
tial to normal values ~3 (fig. 3). That  the injury potential  
recorded by surface electrodes in amphibian hearts lasts for a 
much longer time (from 10 to 30 min 2,2~ than that neces- 
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Figure 1. Spatial distribution of the electrotonic potential near the cut end 
of a Purkinje fibre in Tyrode solution. The polarizing electrode was set at 
0.02 mm ( x ), 1.48 mm (O) or 2.14 mm (O). The three curves have been 
calculated from the equations of cable theory with the same parameters, 
on the assumption that the cut end of the fibre is sealed by an infinite 
resistance. Reproduced from Weidmann 64 with permission of The Jour- 
nal of Physiology. 
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Figure 2. Spatial distribution of the electrotonic potential near the cut end 
of a Purkinje fibre in an isotonic solution with a cation concentration 
similar to that of the intracellular fluid (�9 A), and with I raM-Ca 2+ 
added (0 ; &). The polarizing electrode was set at 0.5 mm fl'om the end. 
At the beginning of the experiment, the electrotonic potential was mea- 
sured in the presence of Ca 2+ ions (Q) and after the solution was made 
Ca2+-free (O). When a fl-esh cut was performed in the Ca2+-free solution, 
the electrotonic potential was immediately decreased to steady lower 
values (A) tending towards zero at the cut end. A last series of measure- 
ments (at) was obtained after adding 1 raM-Ca 2+ to the solution. The 
three curves have been calculated from the equations of cable theory, with 
the same parameters chosen by trial and error to give the best overall fit, 
on the assumptions that the end of the fibre, initially sealed (0;  O), 
reraains opened after the cut in the Ca2+-free solution (A) and seals again 
after Ca 2+ addition (at). This fibre healed-over at the distance marked by 
the bar (D, which accounts for the electrotonic potential being higher than 
the initial value (O). Reproduced from D61~ze 13 with permission of the 
Journal of Physiology. 

sary for the development of  the resistive barrier close to the 
injury site in sheep Purkinje fibres (1 min ~3) should be con- 
sidemd a consequence of  the poorly defined boundaries o f  
the mechanical injuries employed by the former authors, and 
the consequent persistent discharge of  membrane current by 
partly injured cells that retain a partial electrical coupling 
with the uninjured tissue. The alternative explanation of  a 
genuine difference in the time course of  electrical uncoupling 
of  amphibian and mammal ian  heart cells is not  tenable 
because the duration of  the injury potential after mechanical 
injury of  sheep heart preparations is also 10-20 min (D616ze, 
unpublished observations). 
By observing the diffusion of  a fluorescent molecule (Procion 
yellow), that does not penetrate the intact cell membranes 
but can pass from cell to cell after it has been introduced into 
the cytosol, it has been possible to show that the new diffu- 
sion barrier that appears after a small injury is located at the 
intercalated disks 14. 
Apart  from healing-over, electrical uncoupling in heart 
seems to take place whenever the normal  cell thnction is 
impaired, such as in anoxia 71, interference with ionic trans- 
port  69, or metabolic inhibition 19, Similar effects of  inter- 
ference with metabolism have been described in several other 
electrically coupled cell systems 34, and it has been suggested 
that the triggering factor common to all these situations of  
electrical uncoupling could be a rise of  the cytosolic Ca 2+ 
concentrat ion above a threshold 33' 34, though the actual intra- 
cellular Ca 2+ monitor ing during electrical uncoupling has so 
far been performed in two cases only, in the Chironomus 
salivary gland by means of  aequorine s~ and in the heart Pur- 
kinje fibre by Ca2+-sensitive micro-electrodes I~ In both tis- 
sues, the measured threshold level for uncoupling was 
5 x 10 7 M, which is close to the detection limit of  the aequo- 
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Time after laser shot 

Figure 3. Rapid recovery of resting potential and input resistance, indica- 
ting development of a new diffusion barrier, in a Purkinje fibre iujured by 
a pulse of laser light. Upper record: calibration of the square pulses of 
constant current fed to one intracellular micro-electrode to measure the 
input resistance. Bottom record: membrane potential and superimposed 
periodic variations (proportional to the input resistance) recorded by 
another micro-electrode at 120 p.m from point of current application. 

Membrane potential and input resistance fell to about half their control 
values when an injury of diameter equal to that of the fibre was made at 
0.55 mm fi'om ~.he current electrode. After recovery the iuput resistance 
settled at a higher level that fits cable theory applied to a fibre terminated 
by an infinite resistance at the site of injury. Reproduced from D61~ze 13 
with permission of the Journal of Physiology. 

rine, and  even more  so of  the micro-electrode method.  A 
quant i ta t ive  relat ion between the intracel lular  Ca 2+ activity 
and  the junc t iona l  conduc tance  is clearly needed before any 
acceptable s ta tement  can be made  concerning possible regu- 
lat ions of  the cell-to-cell conduc tance  by Ca 2+ ions dur ing  the 
normal  hear t  function.  
The heptyl alcohol  n -hep tan - l -o l  (heptanol) ,  3.5 m M  in Ty- 
rode 's  solut ion,  reversibly suppresses ceil-to-cell conduc t ion  
in sheep Purkinje  fibres 15, ~6 and  in rat  auricles 17' 18, as it does 
in the crayfish electrical synapse 3~ and  in the ra t  pancreas  and 
the Xenopus embryo  5'6. As a rise of  the intracel lular  Ca  2+ 
concent ra t ion  has  been detected in squid axons in the pre- 
sence of  al iphatic alcohols 63, it appears  possible tha t  an in- 
crease in the cytosolic Ca 2 ~ concen t ra t ion  triggers electrical 
uncoupl ing  in this case also. 
It  is k n o w n  tha t  a modera te  rise of  the cytosolic H + ion 
concen t ra t ion  uncouples  embryonic  cells of  amph ib ians  6~ 
and  of  fish 57, bu t  in the adul t  m a m m a l i a n  hear t  this effect 
appears  to be much  less impor tan t ,  and  it has  not  been pos- 
sible to induce electrical uncoupl ing  by decreasing the intra-  
cellular pH over the physiological  range 5~ 
In short ,  the communica t ing  cell junc t ions  tha t  ensure  the 
electrical and diffusional  cont inui ty  of  the intracel lular  space 
in the hear t  fibres can be switched f rom a normal  conduct ing,  
or opened state, to an exceptional  non-conduct ing ,  or closed 
state. This  p roper ty  is shared by many  permeable  junc t ions  
examined so far and  is generally believed to be triggered by a 

rise of  the cytosolic Ca 2+ or  H + ion concen t ra t ion  to values 
which,  for tunately,  are no t  likely to be reached dur ing  
no rma l  hear t  funct ion.  

A morphological correlate of  cell- to-cell communication: The 
nexus or gap junction 

Dewey and  Bar r  2~ suggested tha t  the spots o f  close mem-  
brane  apposi t ion  (the nexus) tha t  they were describing in the 
visceral smooth  muscle are regions of  low electrical resis- 
tance al lowing the electrotonic spread of  current  f rom cell-to- 
cell. Their  hypothesis  has been suppor ted  by the observa t ion  
of  t ransmiss ion  loss in hear t  after separa t ion  of  the nexus 
membranes  in hyper tonic  solut ions 4 and, more  significantly, 
by the persistence of  electrical communica t ion  when  the 
o ther  types of  hear t  cell junc t ions  (the maculae and  t~sciae 
adherentes)  are ruptured,  bu t  the nexuses are retained 22. 
In thin sections of  tissue blocks immersed  in colloidal lantha-  
n u m  hydroxide  to mark  the extracellular space, the nexus 
appears  as a close appos i t ion  of  the two uni t  membranes  of  
the adjacent  cells, separated by an electron-lucent  gap 30 A in 
width  (the gap junct ion) ,  filled with l a n t h a n u m  except for a 
regular  array of  uns ta ined  subunits ,  7-8.5 nm in diameter ,  
extending f rom one cell m e m b r a n e  to the next 7, 39, 4o, 5~ 
X-ray diffract ion by 'en face'  gap junc t ions  isolated from 
m a m m a l i a n  liver indicates tha t  the subuni ts  (the connexons)  
have the approx imate  shape o f  hol low cylinders, abou t  75 A 

Figure 4. a Freeze-fractured sheep Purkinje fibre showing part of a gap 
junction. A central crater-like depression, which might correspond to the 
opening of an axial hydrophilic channel, is visible on most particles. This 
fibre was in a state of normal cell-to-cell electrical conduction at the 
beginning of fixation by glutaraldehyde. Magnification: x 300,000. 
b Enlarged drawing of 6 particles from the area within the t?ame on 
fig.4a, to illustrate the selection and the procedure for measurement of 
P-face particle diameters. Dimensions of the particle base such as (D), 

perpendicular to the shadowing direction (arrow at right), are considered 
accurate measurements of the diameter if the edges of the particle shadow 
can be precisely delineated, as in particles (c) and (f). Diameters of parti- 
cles with confluent bases such as (d) and (e), or with a common edge such 
as (a) and (b), were not measured, but their center-to-center distances, for 
example (S), could be. Reprinted from D~l~ze and Herv~ 16 with permis- 
sion of the Journal of Membrane Biology. 
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in height, with an outer diameter varying from 50 to 60 A and 
a maximum inner diameter of 20 ~8, 37. The connexons are 
made up of six identical protein molecules 37 with a molecular 
weight of 27,000 daltons in liver and heart cells 26. The conne- 
xons set in the two adjacent membranes are firmly aligned 
end to end in pairs and a central hydrophilic channel has 
been recognized along their axis 37, but continuity across the 
junction could not be demonstrated, either by X-ray diffrac- 
tionS, 37 or by three-dimensional reconstruction of tilted elec- 
tron micrographs of isolated gap junctions 61' 62, X-ray dif- 
fraction indicates that the channel is closed at both cytoplas- 
mic ends by an electron dense structure, probably a protein 36. 
This configuration presumably corresponds to the electri- 
cally uncoupled state, because in these isolated gap junctions 
sucrose is excluded from the central hydrophilic part of the 
channel 38. The membrane connecting elements thus detected 
in thin sections and in isolated gap junctions appear in metal- 
deposited replicas of the freeze-fractured nexus as specialized 
membrane associated particles which remain attached to the 
P-face of the freeze-cleaved membrane, while the E-face is 
punctated with small pits generally interpreted as the im- 
prints of the pulled out particles 4~ The particles have a diam- 
eter of 7-8.5 nm at the base and a rounded to conic top, 
where a central depression, about 2 nm in diameter, which 
might correspond to the opening of the axial hydrophilic 
channel, has often been described (figs 4 and 5). The particles 
build up clusters that are not as a rule regularly ordered 
(though more or less hexagonal arrangements may be occa- 
sionally encountered) unless their average distance apart, 
about l 0 nm, is substantially decreased. When this occurs the 
order increases until, when the particles begin to be con- 
fluent, the cluster becomes hexagonally ordered. Such a 
change has been observed in correlation with uncou- 
pling 42,44. The distance between the P-face particles, and 
their order, are also affected by the preparative process, and 
they have generally been found to be more dispersed in 
quickly frozen g4aP junctions than in their aldehyde fixed 
counterparts 3, ~s, 9 

Gap junction alterations in uncoupled mammalian heart cells" 

Taking for granted that the gap junction is a low resistance 
pathway between electrically coupled cells - and, at least for 
heart tissue, there is some experimental support in favour of 
this hypothesis 22 - the possible transformations of this struc- 
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ture when the cell-to-cell electrical coupling is switched off 
have been examined. In mechanically injured frog hearts 
fixed after healing-over, the small and sparse gap junctions 
seen in the normal parts of the tissue do not disappear in the 
injured regions, nor are they grossly disrupted 2, as they are 
after conduction block by hypertonic solutions 22. In a more 
detailed study of the effect of healing-over on the gap junc- 
tions of rabbit heart, Baldwin 3 has observed a decrease of the 
P-face particles distance with a frequent occurrence of hexa- 
gonally packed particle groups. This type of transformation 
had previously been described in the uncoupled crayfish 
electrical synapse 44 and mammalian liver and gastric epithe- 
lium 42, together with a decrease of the average particle's dia- 
meter and also of the width of the 30 A gap separating the 
two adjacent cell membranes. Analogous structural transi- 
tions have been triggered in isolated calf lens gap junctions 
by raising the Ca 2+, Mg ~+ or H + ion concentrations 43,4s,46. 
The decrease in the mean distance between particles ob- 
served in healed-over rabbit heart cells 3, or the correlated 
diminution of the distance between pits, have been con- 
firmed in cut and healed sheep Purkinje fibres 55 and in the 
same cells fixed after controlled electrical uncoupling by di- 
hydro-ouabain l~ 2-4-dinitrophenol (DNP) 1~ 16, heptano116, 
and return to Tyrode solution (Ca2+-containing) after treat- 
ment with a hypotonic (120 m Osmoles) Ca2+-free solution 16. 
Despite this general agreement on a decreased distance be- 
tween particles after electrical uncoupling, it must be ad- 
mitted that the functional significance of  this observation is 
by no means clear within the framework or our present 
knowledge of gap junction structure. It could be related to 
the channel closure mechanism of connexons bearing an 
electrostatic charge and swinging in the membrane if the 
charge were decreased in the closed conformation. Also, a 
component of the gap junction protein associated with the 
cytoplasmic surface of the lipid bilayer has recently been 
detected on electron density maps of liver gap junctions 38 and 
a similar, albeit larger structure, has been demonstrated in 
liver and heart cells by three preparative techniques for elec- 
tron microscopy (thin sectioning 9, negative staining 35, and 
freeze-fracture combined with deep-etching54). This compo- 
nent, which has been described as flexible and labile 38, may 
be involved in the changes of the particle's distance from 
each other and order described in relation to uncoupling. 
As the particles are the only cell-to-cell connecting elements 
recognized at present, it can be expected that a change in 

Figure 5. Freeze-fractured rat auricle quickly frozen in a state of normal 
cell-to-cell electrical conduction. Magnification: x 100,000. Inset: en- 
larged part ( x 300,000) of the samejtmction showing a central depression 

on top of most particles. Reproduced from D616ze and Herv618 with 
permission of the Journal of Membrane Biology. 
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Figure 6. Comparison of the effects of a rise of either R i o r  R m in Eqn. 1 
on the spread of the electrotonic potential in the rat auricle. Abscissa: 
distance (x) from current source (gm). Ordinate: steady-state displace- 
ment of membrane potential (V, relative units). Curve (a): control condi- 
tions (~,~- 150 #m). Curve (b): after a rise of R i to such a size (2.32 x ) 
that V is doubled at x = 15 ~tm, (2(b) -- 98.5 lam). Curve (c): after the same 
rise of V at x = 15 gm caused by an increase ofR m (164.5 x ; 2(~) - 1924 
~tm). Reproduced from D~l~ze and Herr618 with permission of the Jour- 
nal of Membrane Biology. 

their diameter with the functional state of  the junction could 
contribute some information on possible closure mecha- 
nisms, and perhaps help in deciding between different func- 
tional schemes of  the connexon, at present either a rotating 
and tilting set of  subunits 62, and its revised version ~, or the 
proteic bolt seen in a presumably closing position at the 
cytoplasmic ends of  the channel ~6' 38. The average diameter of~ 
the junctional particles was decreased after electrical un- 
coupling at the crayfish electrical synapse 44 and in mamma-  
lian hepatic and gastric cells 42. There is disagreement, how- 
ever, in the results obtained by different laboratories on the 
particles' diameters correlating with electrical uncoupling in 
the heart Purkinje fibres. In one study 1~ a thickening of  the 
particle was measured, from a diameter of  8.3 nm in control 
conditions to 9.8 after 15 rain of  DNP (1 mM) treatment, 
when the intracellular resistance had risen to more than 80 
times the initial control. But after 1 h in DNP,  the particles' 
diameters had decreased to 7.7 nm. The authors t~ suggest 
that the reduction in particle diameter in the D N P  uncoupled 
crayfish electrical synapse 44 and hepatic and gastric cells 42 
correspond to a structural degradation, and that an increase 
in particle size is more likely to correlate with the uncoupling 
process. In another  investigation 55, the junctional particles of  
Purkinje cells situated at a distance less than 50 ~tm from a 
surface freshly cut either in Tyrode 's  solution (1.8 m M  Ca2+), 
or in an isotonic Ca2+-free solution with a Na + and K + con- 
tent similar to that of  the intracellular fluid, showed a 10 % 
increase in diameter within one minute after cutting in Ty- 
rode's solution, and the particles continued to be signi- 
ficantly larger when the incubation period before fixation 
was prolonged up to 30 min. In a third study ~6, in which the 
measurement criteria for the diameters of  the particles were 
rigorously defined, the average particle-diameter measured 
in Purkinje cells with complete conduction blocks induced by 
three different procedures (either DNP,  1 mM;  heptanol,  3.5 
mM;  or osmotic transition from a Ca2+-free hypotonic to an 
isotonic Ca2+-containing solution) was similarly reduced in 
all samples, the decrease of  the pooled data amounting to 
about  9 %. On preparations fixed after different durations of  
D N P  treatment,  the reduction in diameter appeared with a 
time course which paralleled the measured increase in inter- 
nal resistance, reaching a steady state between 15 and 20 min 
when the cell-to-cell current flow became undetectable j6. The 
particle diameter was never seen to increase, as described by 
others]0, ss, not  even at the beginning of  uncoupling. 
One difficulty in measuring the diameter of  elevated particles 
replicated by condensation of  a directional jet o f  platinum 

and carbon is due to the frequent occurrence of  particles with 
confluent bases or common edges, produced by the accumu- 
lation of  the shadowing material on the side of  the structure 
facing the metal source. The largest errors are of  course 
expected in the measurement  of  these particles. This problem 
was simply avoided in the last-mentioned investigation ~6, 
and in a succeeding one ~s, by performing the diameter mea- 
surement, with a precision particle size analyser (Carl Zeiss 
T G Z  3), on particles with edges entirely free at the base, 
avoiding all those with adjacent or confluent shadows 
(fig.4b). Another  less obvious advantage of  selecting parti- 
cles with separate shadows is that the amount  of  metal de- 
posit becomes independent of  the distance between the parti- 
cles, whereas with the tightly packed particles it decreases; 
thus another  possible cause of  error in the measurement is 
avoided. With these criteria, a large number  of  particles are 
not taken into the statistics, but there is no reason to expect 
that they should be in a different functional state. 
Another  difficulty in the interpretation of  the gap junction 
alterations in relation to the functional state is linked to the 
uncoupling effect of  the aldehyde-containing fixation fluid 
itself; this has been demonstrated during glutaraldehyde 
fixation in the crayfish electrical synapse 47 and in heart Pur- 
kinje fibres ~6. Even at a much lower concentration (2.5 raM) 
than that employed for tissue fixation, glutaraldehyde al- 
ready increases the internal and surface resistances in Pur- 
kinje fibres 2-s. Therefore the gap junction structure has also 
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Figure 7. Membrane potentials recorded at different distances (x) from a 
point of current application on rat auricles in control conditions (Tyrode) 
and 15 rain after addition of an uncoupler of cell-to-cell communication. 
In (a) (DNP) two potential steps can be recognized at 12 gin < x < 18 gm 
and at 87 gm< x < 100 gin, with a much less steep incline between 18 and 
87 gin, which points to the appearance of transverse resistive barriers 
(partial electrical uncoupling). In (b) (heptanol) the potential close to the 
current electrode is high and practically uniform, but falls off between 30 
and 62 ~tm, which indicates that current flow is restricted to one cell 
(complete electrical uncoupling). Reproduced from D~l+ze and Herr618 
with permission of the Journal of Membrane Biology. 
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Figure 8. Variation of the steady-state membrane potential divided by 
current supplied, with distance from current electrode along the fibre's 
great axis in rat auricles with normal cell-to-cell conduction (O) and after 
electrical uncoupling by heptanol (11). The continuous line calculated 
fl'om Eqn. 1 was fitted to the controi measurements (Q) by a Ieast-square 
test which provided the value of 2 (150 ~m). The interrupted lines drawn 
across the average measurements (ll) obtained during the steady state 
effect of heptanol indicate a sharp cut-off of the voltage deflection at a 
distance shorter than one cell length. Reproduced l?om D6l~ze and 
Herv618 with permission of the Journal of Membrane Biology. 

been examined in heart preparations rapidly frozen, instead 
of glutaraldehyde fixed, in different functional states ~7,~, 
and the main results obtained with this technique will now be 
summarized and discussed. Ultrarapid cryofixation was per- 
formed by projection of the tissue onto the polished surface 
of a cold metal block =7, 2~ by means of an apparatus (Cryo- 
block, Reichert-Jung, Paris) designed by Escaig 24, in which a 
copper block is cooled to approximately 6 ~ K by liquid he- 
lium. The thickness of tissue that can be used for a high 
resolution morphological study without cryoprotectants is 
limited to a layer 12 to 15 gm thick 24 by the rapid growth of 
ice crystals further away from the cold surface where the 
cooling rate becomes too slow. The rat auricle was found to 
be convenient for this study, as the first layer of cardiac cells 
underneath the thin endocardium could often be fi'ozen in a 
state allowing a good resolution of the gap junct ion (fig. 5), 
which was not  regularly obtained with the ventricles of the 

same animal. Cell-to-cell conduction block was promoted by 
two different treatments, either DNP  (1 mM in Tyrode solu- 
tion) or heptanol, (3.5 mM in Tyrode). The heptanol effects 
are rapidly and completely reversible on washing the sub- 
stance away, which allowed an investigation of the gap junc- 
tion morphology of electrically recoupled cells. 
The test for electrical uncoupling in this flat network of 
interconnected cells was based on the mathematical descrip- 
tion of Woodbury  and Crill v2 and Noble 41, which assimilates 
the passive electrical properties of thin cardiac tissues to 
those of an unbounded planar  cell. In this two-dimensional 
model, the steady-state membrane voltage V at the distance x 
from an intracellular point where a current I o is supplied is 
given by 

V x = [Io Ri/2 7rd] K o (x/X) (Eqn. 1), 

where R~ is the intracellular resistivity, which includes the 
contribution of the cell junct ions in series with the cytoplas- 
mic resistance, d is the core thickness, K o is a modified Bessel 
function of the second kind 1, and 2 = (Rmd/2Ri) '/' is the 
length constant, with Rm the resistance of one unit  area of 
surface membrane.  A theoretical curve fitted to the mem- 
brane potentials obtained at different distances from the cur- 
rent electrode in several auricles with normal conduction 
(fig. 8, circles) provided an average value of 150 pm for 2. 
The junctional  resistance t'j is in series and lumped with the 
internal resistance r i = 4 R i h/~rd 2 of the average cell length 
h = 100 lain. When r~ increases moderately under the action 
of an uncoupling treatment, Vx will become larger at small 
values of x (Eqn. 1) and fall off more steeply with distance, 
since 2 decreases as Ri v' (curves a and b, fig. 6). The same rise 
of V at a short distance could be caused by a large increase of 
Rm, but this case would be easily distinguished from a rise of 
rj because 2 would become substantially larger (curves b and 
c, fig. 6). In short, V at values ofx smaller than about  50 ~tm is 
a good indicator of R~, and is nearly insensitive to changes in 
R m (fig. 6). 
When uncoupling proceeds further, r) becomes large relative 
to r~ and the previously continuous lntracellular conductor 
will become divided into short unit  cables (one cell in length) 
separated by high transverse resistances located at the inter- 
calated disks. The steady-state voltage decrement with dis- 
tance will become discontinuous, with voltage steps at dis- 
tances of one cell length separating much less steep potential 
inclines (fig. 7a, DNP). 
Uncoupling by D N P  or heptanol usually proceeded until the 
induced voltage became nearly uniform at a short distance 
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Figure 9. Size distributions of three gap junctional dimensions measured 
in rat auricles quickly frozen in a state of normal electrical coupling 
(dotted lines), and after electrical uncoupling (continuous lines). Repro- 

18 duced from Dblbze and Hervb with permission of the Journal of Mem- 
brane Biology. 
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f r o m  the  cu r r en t  e lec t rode,  ins tead  o f  dec reas ing  s teeply as in 
the  c o n d u c t i n g  auricles,  a n d  then  fell o f f  ab rup t ly  to a very  
low value (fig. 7b, hep t ano l )  at  s o m e  d i s t ance  which,  in all 
trials,  was  never  f o u n d  to be larger  t h a n  the  p r e s u m e d  value 
o f  the  cell l eng th  (fig. 8). Since the  relat ive pos i t i on  o f  the  
mic ro -e l ec t rodes  and  o f  the  nea res t  t r ansve r se  cell b o u n d a r y  
c a n n o t  be r ecogn ized  in the  live auricle,  it  is expec ted  tha t  the  
e lec t ro ton ic  vol tage  o f  electr ical ly u n c o u p l e d  cells will be 
seen  to van ish  at  the  average  d i s tance  x = h/2. This  type  o f  
po ten t i a l  c u t - o f f  obv ious ly  indica tes  tha t  cu r r en t  is n o w  con-  
f ined to one  single cell. 
T h e  d i ame te r s  o f  the  P- face  par t ic les  a n d  the i r  cen te r - to -cen-  
ter  d is tances ,  a n d  the  d i s tances  be tween  pits ,  were  m e a s u r e d  
in f reeze - f rac tu red  repl icas  o b t a i n e d  f r o m  auricles  quickly 
f rozen  in the  c o n d u c t i n g  s ta te  a n d  af ter  electrical  u n c o u p l i n g  
by  e i ther  D N P  or  h e p t a n o l  t r e a t m e n t  fo r  15 to  20 min.  All 
th ree  gap  junc t iona l  d i m e n s i o n s  were  very s imilar ly af fec ted  
by  b o t h  u n c o u p l i n g  t r ea tmen t s ,  the  average  P- face  par t ic le  
d i a m e t e r  dec reas ing  by  8 % a n d  the  d i s tances  be tween  par t i -  
cles a n d  be tw e e n  pi ts  by 9 %.  The  h i s t o g r a m s  o f  these  mea -  
s u r e m e n t s  were  shif ted to the  left w i t h o u t  any  m a j o r  change  
in shape  (fig. 9). Electr ical  r ecoup l ing  af ter  h e p t a n o l  t rea t -  
m e n t  p r o m o t e d  a r e tu rn  o f  the  gap  j unc t i ona l  d i m e n s i o n s  
t o w a r d s  n o r m a l  values,  which  was  a b o u t  5 0 %  c o m p l e t e  wi- 
th in  20 min  (uncoup l ing  by  D N P  was  n o t  reversible) .  These  
results ,  o b t a i n e d  on  quickly  f rozen  ra t  auricles  18, ent i re ly  
c o n f i r m  those  o f  a f o r m e r  s tudy  o f  g lu t a r a ldehyde  f ixed 
Purk in je  f ibres 16 electr ical ly u n c o u p l e d  by three  d i f fe ren t  
p rocedu re s ,  w h i c h  h a d  also s h o w e d  tha t  the  d i ame te r  o f  the  
par t ic les  decreases  very similarly,  w h a t e v e r  the  m e a n s  em- 
p loyed  to  induce  uncoup l ing .  This  c h a n g e  was  a lso  pa r t l y  
revers ib le  as s o o n  as electrical  c o n d u c t i o n  h a d  been  re -es tab-  
l ished. I t  can  be c o n c l u d e d  tha t  a decrease  o f  the  j unc t i ona l  
par t ic le  d i a m e te r  by  a b o u t  0.7 nm,  w h i c h  migh t  c o r r e s p o n d  
to a c o n f o r m a t i o n a l  change  in the  c o n n e x o n ,  cor re la tes  wi th  
the  j unc t iona l  channe l  c losure  on  electr ical  uncoup l ing .  
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Cell-to-cell coupling assayed by means of electrical measurements 

by W. C. De Mello 

Department o/Pharmaco/ogy, Medical Sciences Campus, GPO Box 5067, San Juan (Puerto Rico 00936, USA) 

Summary. The  i m p o r t a n c e  o f  electr ical  m e a s u r e m e n t s  in the  eva lua t ion  o f  cel l- to-cell  coup l ing  in hea r t  musc le  was discussed.  
T h e  p resence  o f  gap j unc t i ons  in hea r t  a n d  s m o o t h  muscle ,  and  the  impl ica t ions  o f  this for  electr ical  s y n c h r o n i z a t i o n  and  
hea l ing-over ,  was  emphas i zed .  M o r e o v e r ,  the  m o d u l a t i o n  o f  j u n c t i o n a l  res i s tance  by Ca,  p r o t o n s  a n d  c A M P  was  reviewed.  
Key words. Cell coupl ing ;  hea r t ;  electrical .  

Nur allein der Mensch 
Vermag das Unm6gliche, 
Er unterscheidet, 
W/ihlet und richtet; 
Er kann dem Augenblick 
Dauer verleihen. 

Goethe 

In te rce l lu la r  coup l ing  t h r o u g h  low res i s tance  j unc t i ons  re- 
p re sen t s  a very  o ld  m e c h a n i s m  o f  cell- to-cell  c o m m u n i c a t i o n .  
In  s imple  o rgan i sms  such  as sponges  a n d  m e d u s a e  w i t h o u t  
n e r v o u s  tissue, the  epi thel ia l  cells receive ex te rna l  s t imuli  and  
conve r t  t h e m  into  electr ical  pulses  which  are  c o n d u c t e d  in all 
d i rec t ions  t h r o u g h  low res i s tance  j u n c t i o n s  31. Ev idence  exists 
t ha t  in exci table  t issues the  in terce l lu lar  j u n c t i o n s  are  essen-  
tial for  the  sp read  o f  electr ical  act ivi ty a n d  for  electrical  
sync h r on i z a t i on .  It is m y  i n t e n t i o n  in this m a n u s c r i p t  to 

review h o w  electrical  m e a s u r e m e n t s  have  c o n t r i b u t e d  to the  
c o n c e p t  t ha t  cells are  in c o m m u n i c a t i o n .  In  1954, S j6s t rand  
a n d  A n d e r s s o n  37 d e m o n s t r a t e d  tha t  ca rd iac  musc le  is com-  
p o s e d  o f  indiv idual  cells s u r r o u n d e d  by  clear ly d iscern ib le  
m e m b r a n e s .  As  the  electrical  impul se  p r o p a g a t e s  t h r o u g h  
ca rd iac  musc le  as t h o u g h  it cons is t s  o f  one  large cell the 
ques t ion  is, h o w  can a card iac  m y o c y t e  ini t ia te  electr ical  
act ivi ty in n e i g h b o r i n g  cells? 
A poss ib le  e x p l a n a t i o n  is the  release o f  some  t r ansmi t t e r  


