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Summary. The gap junction morphology was quantified in 
freeze-fracture replicas prepared from rat auricles that had been 
either quickly frozen at 6 K or chemically fixed by glutaralde- 
hyde, in a state of normal cell-to-cell conduction or in a state of 
electrical uncoupling. The general appearance of the gap junc- 
tions was similar after both preparative procedures. A quantita- 
tive analysis of three gap junctional dimensions provided the 
following measurements in the quickly frozen conducting auri- 
cles (mean -+ SD): (a) P-face particles' diameter 8.27 -+ 0.74 nm (n 
= 5709), (b) P-face particles' center-to-center distance 10.78 -+ 
2.12 nm (n = 4800), and (c) E-face pits' distance 9.99 + 2.19 nm 
(n 1600). Corresponding values obtained from chemically fixed 
tissues were decreased by about 3% for the particle's diameter 
and about 5% for the particles' and pits' distances. Electrical 
uncoupling by the action of either 1 mM 2-4-dinitrophenol (DNP), 
or 3.5 mM n-Heptan-l-ol (heptanol), induced a decrease of the 
particle's diameter, which amounted to -0.69 -+ 0.01 nm (mean 
-+ SE) in the quickly frozen preparations and 0.71 +- 0.01 nm in 
the chemically fixed ones. The particles' distance was decreased 
by -0.96 -+ 0.04 nm in the quickly frozen samples and by -0.90 
+- 0.03 nm in the chemically fixed ones and the E-face pits' 
distance was similarly reduced. All differences were statistically 
significant (P < 0.001 for all dimensions). Electrical recoupling 
after the heptanol effect promoted a return of these gap junc- 
tional dimensions towards normal values, which was about 50% 
complete within 20 min. It is concluded that very similar mor- 
phological alterations of the gap junctional structure are induced 
in the mammalian heart by different treatments promoting elec- 
trical uncoupling and that these conformational changes appear 
independently of the preparative procedure. The suggestion that 
the observed decrease of the particles' diameter is genuinely 
related to the closing mechanism of the unit cell-to-cell channel 
set in their centers is thus confirmed. 
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were first described at the crayfish electrical syn- 
apses (Peracchia & Dulhunty, 1976) and analogous 
structural transitions have also been reported in the 
gap junctions of mammalian liver and gastric epithe- 
lium (Peracchia, 1977) and of heart Purkinje fibers 
(Ddl6ze & Herv6, 1983). Since the junctional parti- 
cles (the connexons) build up the only structural 
elements bridging the gap between the membranes 
of adjacent cells, it is natural to suggest that their 
shrinkage on electrical uncoupling reflects a confor- 
mational change related to the regulation of the cell- 
to-cell channel permeability. However, two reasons 
for caution with this interpretation should be men- 
tioned. First, in two studies of heart Purkinje fibers, 
the particle diameter was reported to increase after 
uncoupling treatments (Dahl & Isenberg, 1980; Shi- 
bata & Page, 1981), although particle distance was 
decreased as in the original observations of Perac- 
chia and Dulhunty (1976) and of Peracchia (1977). 
Secondly, it is questionable that communicating cell 
junctions can be fixed in the conducting state, since 
the cell-to-cell conductance decreases quickly dur- 
ing glutaraldehyde fixation, both in the crayfish 
electrical synapse (Politoff & Pappas, 1972) and in 
heart Purkinje fibers (D616ze & Herv6, 1983). These 
uncertainties prompted us to analyze the structure 
of the conducting gap junctions and its modifica- 
tions after electrical uncoupling in quickly frozen 
mammalian heart preparations and to compare the 
results to those obtained from chemically fixed tis- 
sues. This research has been reported in a prelimi- 
nary form (D616ze & Herv6, 1984). 

Introduction 

The communicating junctions of electrically con- 
nected cells can be switched to a nonconducting 
state (for a review, s e e  Loewenstein, 1981). De- 
creases in the size and distance of the gap junctional 
particles correlating with this electrical uncoupling 

Materials and Methods 

PREPARATIONS 

We had to find a suitable heart preparation, as with the cold 
metal block quick-freezing technique we intended to apply, the 
thickness of tissue that can be preserved in a satisfactory state 
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Fig. 1. Effects of changing independently two parameters of the 
Bessel function (Eq. 1) describing the spread of electrotonic po- 
tentials in the rat auricle. Abscissa:  distance (x) from the current 
source (/xm). Ordinate: steady-state displacement of membrane 
potential (V) during constant current pulses (relative units). 
Curve (a): control conditions (h~,, = 150/zm). Curve (b): after a 
rise of Ri to such a size (2.32• that V is doubled at x - 15/~m 
0t(b) = 98.5/xm). Curve (c): after the same rise of V at x = 15 b~m 
caused by an increase of R,, (164.5x; X~cl = 1924/xm). Note that V 
at short distances is nearly insensitive to changes in Rr~ but is a 
good indicator of Ri, and that although a change of & or of R,~ 
can have the same effect on V at short distances, they are easily 
distinguished by the potential values at larger distances 

(Bernardini et al., 1982, 1984) and in heart Purkinje fibers (D6leze 
& Herv6, 1983). The effects of heptanol are completely revers- 
ible within 10 to 20 min of washing the substance, which is not 
the case with DNP treatment. This reversibility of the uncou- 
pling by heptanol prompted us also to examine the gap junction 
morphology after electrical recoupling. 

STATES OF ELECTRICAL COUPLING 

In the auricle, single rows of electrically coupled cells, of diame- 
ter d = 15/xm and of length h = 100/xm, build up fibers with 
cable properties which are furthermore arranged into a grid net- 
work by numerous lateral connections. Woodbury and Crill 
(1961) have investigated the conduction of a subthreshold change 
of membrane voltage induced by applying current pulses at an 
intracellular point. They showed that the passive electrical prop- 
erties of this structure are analogous to those of a thin un- 
bounded planar cell, in which the steady-state spatial decrement 
of voltage is described by a Bessel function. A more complete 
theoretical treatment can be found in Noble (1962), and the anal- 
ogous cases of the ventricular walls of the mice heart (Tanaka & 
Sasaki, 1966) and of monolayer cultures of rat heart cells 
(Jongsma & van Rjin, 1972) have also been experimentally and 
mathematically considered. 

In a conducting auricle, the decrement of the steady-state 
voltage V at the distance x from the point of application of a 
current of intensity Io fits the equation 

for a detailed morphological study without cryoprotectants is 
limited to a layer about 12 to 15/zm thick (Escaig, 1982) by the 
rapid growth of ice crystals at greater distances from the cold 
surface where the cooling rate becomes too slow. It was found 
that the first layer of cardiac cells underneath the thin endocar- 
dium of right auricles from rat hearts could often be frozen, with 
the apparatus mentioned below, in a state of preservation allow- 
ing a good resolution of the gap junctional structure, which was 
not regularly accomplished with other parts of the same heart 
such as the papillary muscles. All measurements were therefore 
performed on rat auricles. The animals (mongrels or Long 
Evans) were stunned by a blow on the head, the hearts rapidly 
removed, the auricles dissected and cut into approximately fiat 
sheets, measuring from about 25 to 50 mm 2, which were kept at 
room temperature in an oxygenated Tyrode solution containing 
(in mM): 5 glucose, 137 NaCI, 1.8 CaCl2, 1 MgCI> 12 NaHCO3, 
0.4 NaH2PO4 and 5.4 KC1. The solutions were saturated with a 
5% CO2 in 02 mixture giving a pH of 7.2. All experiments were 
performed at 22~ 

UNCOUPLING PROCEDURES 

Cell-to-cell conduction block was induced either by the uncou- 
pler of oxidative phosphorylation 2-4-dinitrophenol (DNP) at a 1 
mM concentration in Tyrode solution, or by the heptyl alcohol n- 
Heptan-l-ol (heptanol), 3.5 mM in Tyrode. DNP has been 
shown to depress junctional conductance in the salivary gland 
cells of Chironomus (Politoff et al., 1969) and has a similar action 
on the electrical transmission in heart Purkinje fibers (De Mello, 
1979; Dahl & Isenberg, 1980; DNl~ze & Herv6, 1983). The block- 
ing action of heptanol on the electrical synapse of the crayfish 
giant axon was discovered by Johnston et al. (1980), and a similar 
action on cell-to-cell conduction has been observed in the rat 
gastric epithelium, the rat pancreas, the Xenopus  embryo 

V, = loR/2rrdKo(~/x) (1) 

where Re is the resistivity of the intracellular material including 
the contribution of the cell junctions to the total internal resis- 
tance, Ko is a modified Bessel function of the second kind (Abra- 
mowitz & Stegun, 1964) and X = (Rmd/2Ri) l/z is the length con- 
stant, with Rm the resistance of one unit area of the surface 
membrane in f~ cm 2. 

Woodbury and Crill (1961) also pointed out that current 
spread in the auricle varies with direction, the space constant 
they measured parallel to the great axis of the fiber (130 /xm) 
being twice that perpendicular to the fiber direction, with isopo- 
tential contours approximating ellipses. All measurements in our 
experiments were therefore taken in the fiber direction only. The 
position of the intracellular microelectrodes used for current in- 
jection and voltage measurements was controlled at a magnifica- 
tion of 400x, using Nomarski's optics which provide a satisfac- 
tory image of the fiber surface and outline but do not allow to 
recognize the position of the intercalated disks. Average values 
of Vx obtained on several auricles are indicated in Fig. 4 (circles) 
together with a theoretical curve constructed from Eq. (l) and 
fitted to the points by a trial-and-error least-squares test which 
yielded a value of 150 /zm for X. Woodbury and Crill (1961) 
already concluded from this type of voltage spread that the cells 
are electrically coupled. 

Instead of the laborious procedure illustrated by Fig. 4 (cir- 
cles), the presence of a propagated action potential, either spon- 
taneous in a majority of cases or in answer to electrical stimula- 
tion in a few others, was employed as an obvious simple test of 
normal cell-to-cell electrical coupling. The propagated mechani- 
cal activity that follows the action potential was also routinely 
observed up to the instant of fast freezing as a convenient control 
of maintained electrical coupling. 

The action of the uncoupling agents was estimated by ob- 
serving the characteristic changes that occurred in the shape of 
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the spatial voltage decrement when the cell-to-cell conductance 
was progressively decreased and finally became blocked. It is 
obvious from the topography of the auricle that the junctional 
resistances rj are in series with rl = 4R~h/rrd 2, the internal resis- 
tance of the unit length of component cable. Discontinuities in 
the cytosolic conductor caused by the cell-to-cell resistance do 
not, however, manifest as a stepwise decrement of membrane 
voltage with distance in the normal conducting state because the 
voltage steps in these conditions are smaller than the standard 
error of the mean voltage measurements and the spatial potential 
spread is therefore experimentally identical with that given by 
Eq. (1). This situation is often referred to as rj being lumped with 
r~. If after a moderate rise rj still appears lumped with ri, it is 
readily seen from Eq. (1) that Vx becomes larger at small values 
of x, and falls off more steeply with distance since k decreases as 
RI/2. Figure 1 (curve b) illustrates the theoretical effect of a 2.32 x 
increase of Ri, which raises V at x = 15/zm by a factor 2, on the 
potential distribution. The same rise of V at x = 15/~m could also 
be caused by a large increase of R~ (164.5x), but then the fall of 
potential with distance would look quite different since X would 
rise to about 13x its initial value (Fig. 1, curve c). 

When electrical uncoupling proceeds, rj becomes more im- 
portant relative to rl and the main internal resistance will actually 
be located at the cell-to-cell membranes, making voltage steps 
appear at the cell boundaries (see Socolar & Loewenstein, 1979, 
Appendix A, for the mathematical solution of an analogous 
case). An example of a spatially discontinuous potential distribu- 
tion obtained on auricle cells treated by DNP is shown in Fig. 2a. 

If uncoupling proceeds to a degree where very little or no 
current flows through the junctions, the cytoplasms of the indi- 
vidual cells become isolated from each other and the unbounded 
whole is broken down to its component units. The voltage across 
the reduced membrane area of one single cell now available for 
current flow, measurable at short distances from the current 
source, will be larger than in the controls and it will fall off 
abruptly across the nearest cell boundaries, as shown in the typi- 
cal example of Fig. 2b. Since the intercalated disks, which con- 
tain the gap junctions, cannot be observed on the living heart 
fibers, the cut-off of the voltage deflection at a distance x < h is 
ascertained by the procedure illustrated in Fig. 4, squares and 
interrupted curve. 

The action of the uncoupling agents was essayed until it was 
established that 1 mM DNP or 3.5 mM heptanol would regularly 
promote uncoupling. When the action of either substance was 
fully developed after 10 to 15 min, the cells were as a rule iso- 
lated as in Fig. 2b. No attempt to distinguish this case from the 
less frequent type of uncoupling illustrated by Fig. 2a was made 
in the morphological study. 

Conventional 2 M KCl-filled microelectrodes of 20 to 30 Mft 
resistance were employed with high-impedance, capacity-com- 
pensated input stages, one of them (M-707, W . P . L  New Haven, 
Conn.) having current-passing capability. The bridge balance cir- 
cuitry, which should in principle allow for current passing and 
voltage recording through the same microelectrode, was, how- 
ever, not employed to avoid uncontrollable errors caused by 
large random fluctuations of the microelectrode resistance. In- 
stead, the voltage deflection was always measured with a sepa- 
rate electrode even at short distances. 

FIXATION BY FAST-FREEZING 

Four sets of auricles were fixed by fast-freezing: (1) auricles with 
normal conduction, (2) auricles treated by DNP for 15 to 20 rain, 
(3) auricles treated by heptanol for 15 to 20 min, and (4) auricles 
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Fig. 2. Membrane potential records obtained at several dis- 
tances from an intracellular point where current is applied. Rat 
auricles in control conditions (Tyrode) and 15 min after addition 
of an uncoupler of cell-to-cell communication: (a) DNP, (b) hep- 
tanol. The intensity of current pulses was 2.5 x 10 -8 A in (a) and 
1 x 10 - 8 A i n ( b )  

recoupled after the heptanol effect. Ultrarapid cryofixation was 
performed by projection of tissue samples onto the polished sur- 
face of a cold metal block (van Harreveld & Crowell, 1964; 
Heuser et al., 1976; Schwabe & Terracio, 1980) by means of an 
apparatus (Cryoblock, Reichert-Jung, Paris) designed by Escaig 
(1982). A copper block maintained under a vacuum is cooled to 
approximately 6 K by an internal circulation of liquid helium. 
When the low temperature is attained, gaseous helium is admit- 
ted into the vacuum chamber until the reaching of atmospheric 
pressure releases a spring that opens a shutter and triggers tissue 
projection onto the block. This procedure prevents icing and 
contamination of the copper surface by contact with the atmo- 
sphere prior to tissue freezing. The frozen specimens are then 
stored in liquid nitrogen until freeze-fracturing can be performed. 

CHEMICAL FIXATION 

Three other series of preparations: (1) auricles with normal con- 
duction, (2) auricles treated by DNP for 15 to 20 min, and (3) 
auricles recoupled after the heptanol effect, were chemically 
fixed by 1.25% glutaraldehyde in Tyrode's solution (pH 7.2) at 
22~ for 2 hr and cryo-protected before freeze-fracturing by suc- 
cessive immersions in solutions of rising glycerol concentrations 
(10, 20 and 30% in water). The same procedure had been previ- 
ously followed in the preparation of sheep Purkinje fibers (D6- 
16ze & Herv~, 1983). 



14 J. D616ze and J.C. Herv6: Gap Junction Alterations in Uncoupled Heart Cells 

h e p t a n o l  ( 3 . 5  m M) 

I I . 1 0  8A I o - -  

2 5 0  m s e c  

V 1 ~ - -  

I 20  mV V2 

t : 0  t : l  m i n  t : 3  r a i n  t : 5  min 

Fig. 3. Early heptanol effects on a rat auricle. From top to bot- 

tom: calibration of current pulses, membrane voltage deflection 
at 20 and at 125/zm from the point of current application. The 
heptanol containing Tyrode's solution is admitted at time t = 0 

FREEZE-FRACTURING 

The quickly frozen specimens were transferred from the liquid 
N2 to the cold freeze-fracture chamber under a cover of frozen 
freon 22 to prevent rewarming and icing. Freeze-fracturing was 
carried out at - 120~ under a vacuum of at least 10 6 Yorr in a 
Balzers BAF 300 apparatus. Preparation of the replicas followed 
the same standardized procedure mentioned previously (D616ze 
& Herv6, 1983). To minimize the possible effect of differences in 
the amount of shadowing material on the particle size, three 
specimens from preparations chemically fixed in different func- 
tional states were platinized simultaneously. This procedure 
could not, however, be used with the much larger freeze-fracture 
faces obtained from the quickly frozen tissues. Instead, several 
samples that had been frozen in different functional states were 
platinized in a random order in the same run. With these precau- 
tions, slight variations in the amount of shadowing material 
should not become systematically related to the functional state 
of the preparation. 

ELECTRON MICROSCOPY AND IMAGE ANALYSIS 

122 fracture faces obtained from 61 auricles were examined un- 
der a Jeol 100C electron microscope and yielded 460 micrographs 
of gap junctions. The electron microscope magnification was 
checked with a carbon grid (no. 1002, E.F. Fullam) in every run 
of observations. All micrographs were oriented to get the direc- 
tion of platinum shadowing from bottom to top. The designation 
of fracture faces is conventional. 

Three morphological dimensions of the gap junctions were 
measured manually on positive prints at an enlargement of 
300,000x: (1) P-face particle diameters by means of a TGZ 3 
(Carl Zeiss) particle size analyzer, which allows for optical su- 
perposition of the particles' images with a light beam. The dia- 
phragm setting at coincidence provides an accurate measure- 
ment; (11) P-face particles' center-to-center distances and (Ill) 
E-face pits' distances measured by means of an IBAS I (Kon- 
tron) image analysis system. The dimension at the base of the 
particles perpendicularly to the shadowing direction was taken 
as the particle diameter. According to the generally accepted 
interpretation of the freeze-fracture replicas of gap junctions 
(McNutt & Weinstein, 1970), the particle level where this mea- 
surement is taken should correspond to approximately mid-dis- 
tance from the hemi-connexon ends. Only well-delineated parti- 
cles were selected for measurement and those showing common 
edges or optically superimposed bases were rejected. As dis- 
cussed previously (D61~ze & Herv6, 1983), these strict criteria 
minimize the errors due to the impossibility of recognizing the 

limits of confluent particles and also reduce the effect of varia- 
tions in the platinum thickness dependent on particle tightness, 
since most measurements are thus performed outside the densely 
packed areas. 

Junctional areas large enough to provide about 400 particle 
diameter measurements according to the above-mentioned crite- 
ria were selected for quantitative analysis. The center-to-center 
distances were measured between particles chosen at random on 
the same junctions and all their nearest neighbors, including the 
tightly packed and confluent ones. 

Results 

EFFECTS OF DNP ON THE CELL-TO-CELL 

JUNCTIONAL COMMUNICATION 

The first effect of 1 mM DNP is a decrease of the 
length constant (X) caused by a rise of the intracellu- 
lar resistivity (Ri), detected by the electrotonic volt- 
age becoming larger at short distances from the 
point of current application and falling off more rap- 
idly with distance (see Fig. 1, curves a and b). Dis- 
continuities in the spatial decrement of voltage at 
intervals corresponding to one cell length, such as 
those shown in Fig. 2a, become detectable after 
about 7 min. This appearance of voltage steps in a 
network with cable properties reflects the division 
of the previously continuous intracellular conductor 
into segments by the development of high trans- 
verse resistances, located at the intercalated disks, 
when a substantial number of connecting elements 
in the communicating cell junctions have been 
switched to the nonconducting state. Confirmation 
of this interpretation is provided by the correspon- 
dence between the spacing of the voltage disconti- 
nuities and the value of the cell length. In the in- 
stance of Fig. 2a, two voltage steps at 12/xm < x < 
18 txm and at 87 txm < x < 100 tzm are separated by 
a much less steep incline between 18 and 87 /xm. 
The expanded cell model of Woodbury and Crill 
(1961) with continuous voltage distribution has ob- 
viously become inadequate and a two-dimensional 
network of short cables connected by resistances, 
similar to that considered by Brink and Barr (1977) 
for the earthworm giant axon, would provide a 
more appropriate description of the passive electri- 
cal properties. The voltage decrement in a short 
cable is less steep than in the unbounded cable 
(Weidmann, 1952), and afortiori even less so than 
in the unbounded planar cell, which accounts for 
the nearly even potential level observed between 
two abrupt steps (Fig. 2a). 

Uncoupling by DNP usually proceeds further 
until, at times larger than 10 to 15 min, the induced 
membrane voltage is mainly confined to the cell 
wherein current is applied, as shown by the series 
of measurements reported in Fig. 4a (squares and 
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interrupted line). In this case the average voltage 
change at short distances is about twice that re- 
corded with the same current when the cells were 
electrically coupled (circles and continuous line). 
This rather moderate rise indicates that DNP has 
the additional effect of decreasing the resistance of 
the nonjunctional membrane. The spatial voltage 
decrement is abruptly interrupted at a farther dis- 
tance which in all trials was found to be shorter than 
cell length. The meaning of this observation be- 
comes clear if it is recalled that the relative posi- 
tions of the microelectrode and of the nearest cell 
boundary cannot be stated on the living preparation 
and therefore the electrotonic voltage will be seen 
to vanish at the average distance x = h/2 when the 
junctional resistance becomes very high. Once es- 
tablished, uncoupling by DNP is not reversible by 
washing the auricles with Tyrode's solution. 

EFFECTS OF HEPTANOL ON THE CELL-TO-CELL 

JUNCTIONAL COMMUNICATION 

Shortly after the addition of heptanol, the mem- 
brane voltage induced by intracellular pulses of con- 
stant current (Fig. 3, records at 1 and 3 rain) is more 
increased, relative to its control value, at the longer 
distance (V2 at 125/xm) than at the shorter one (V~ 
at 20/.Lm) from the point of current injection. Ac- 
cording to the graphical analysis (Fig. 1) of the ef- 
fects of varying R; or R,~ in Eq. (I), these early 
changes indicate an increase of ~ caused by a rather 
large rise of Rm, possibly but not certainly associ- 
ated with a rise of Ri. Later on, however, (Fig. 3 at 5 
min) V1 increases further while V2 is getting smaller. 
This particular association of membrane potentials 
varying in opposite directions can only be ac- 
counted for by a decrease of ?, caused by a rise of 
R~. It is readily seen from Eq. (1) and Fig. 1 that a 
decrease of ~ due to Rm becoming smaller would 
tend to reduce V at the shorter distance also. 

A steady-state effect of heptanol illustrated by 
the sample records of Fig. 2b is reached within 10 to 
15 rain. By then the induced voltage is further in- 
creased and nearly uniform at short distances, in 
this example between 7 and 30/~m, and it falls down 
to a very low value between 30 and 62 /zm. This 
discontinuous voltage distribution conforms to that 
expected for a cardiac cell that has become virtually 
disconnected from its neighbors. 

The average membrane potentials obtained at 
different distances during the steady-state action of 
heptanol on several preparations are indicated in 
Fig. 4b (squares and interrupted line), for compari- 
son with the spatial decrement of voltage in auricles 
with normal cell-to-cell conduction (circles and con- 
tinuous line). That all attempts failed to detect a 
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Fig. 4. Spatial decrement of membrane potential along the fi- 
ber's great axis in rat auricles with normal cell-to-cell conduction 
(@) and after electrical uncoupling (11) by: (a) 1 mM DNP, (b) 3.5 
mM heptanol. Each point indicates the mean of several measure- 
ments obtained on 11 auricles made quiescent by 5 • 10 -4 M 
carbamyl-fl-methylcfioline. Current pulses of constant intensity 
(Io) were employed throughout the same experiment, but Io var- 
ied between 1 and 5 • 10 _8 A in different preparations. For 
comparison of the data, the voltages reported on the abscissa 
have been multiplied by 5 • 10 -8 A/lo. The continuous line in (a) 
and (b) indicates the Bessel function (Eq. 1) fitted to the control 
voltage measurements (@) by a trial-and-error least-squares test 
which provided a value of 150/zm for h. The intenupted lines 
drawn across the average measurements (11) obtained during the 
steady-state effects of either substance indicate a sharp cut-off of 
the voltage deflection at a distance shorter than one celt length. 
The distance at which the induced membrane potential fell to 
zero was randomly distributed since the cell boundaries could 
not be recognized during the experiment 

voltage deflection beyond a distance of about 65 
tzm, somewhat shorter than the average cell length, 
despite the large membrane potential change mea- 
sured close to the current electrode, is considered a 
significant test of electrical uncoupling. 

The resting potential was usually very low dur- 
ing heptanol action. When auricles that had been 
depolarized and electrically uncoupled by heptanol 
were returned to the Tyrode's solution, resting 
membrane potential, excitability and spontaneous 
activity with propagated action potentials were re- 
stored within 10 rain, together with a normal cell-to- 
cell electrical coupling. 

MORPHOLOGICAL CORRELATES OF ELECTRICAL 

UNCOUPLING MEASURED ON GAP JUNCTIONS 

FROM QUICKLY FROZEN AURICLES 

Gap junctions are less frequently found in the rela- 
tively small cells of the rat auricle than in the larger 
ones of the sheep Purkinje fibers. Typical examples 
of fracture faces from auricles quickly frozen in the 
conducting state are shown in Figs. 5 and 6a. The 
gap junctions present their characteristic aspect of 
P-faces with irregular aggregates of attached parti- 
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DNP than after heptanol action (Table), which 
might be related to the irreversible character of 
DNP, but not of heptanol, uncoupling. 

Fig. 5. P-face freeze-fracture replica of a gap junction from a rat 
auricle quickly frozen in a state of normal cell-to-cell electri- 
cal conduction. Magnification 100,000x. Inset: enlarged part 
(300,000x) of the same junction showing a central depression, 
which might correspond to the opening of an axial hydrophilic 
channel, on top of most particles 

MORPHOLOGICAL CORRELATES OF ELECTRICAL 
UNCOUPLING MEASURED ON GAP JUNCTIONS 

FROM CHEMICALLY FIXED AURICLES 

The results of the quantitative image analysis per- 
formed on auricles that had been glutaraldehyde 
fixed in the conducting state (Fig. 6b), or after un- 
coupling by either DNP (Fig. 6d) or heptanol, are 
presented in Fig. 7b and in the Table. The general 
result is qualitatively very similar to that obtained 
on quickly frozen preparations and can be described 
as a statistically significant decrease of all the mea- 
sured dimensions (Table). The positive asymmetry 
of the frequency distributions of the particles' and 
pits' distances (Fig. 7b) also tends to be slightly 
accentuated as in the quickly frozen preparations. 

cles, and occasional E-faces punctuated with small 
pits. In some areas a central crater can be seen on 
the top of most particles (Fig. 5, inset). 

A quantitative analysis of gap junction images 
from auricles quickly frozen in the conducting state 
(Figs. 5 & 6a), or in a state of cell-to-cell conduction 
block induced by the action of either heptanol (Fig. 
6c) or DNP, shows a statistically significant reduc- 
tion of the average values of the P-face particles' 
diameter and center-to-center spacing and of the E- 
face pits' distance (Fig. 7a and Table). The distribu- 
tion of the particles' diameters (left histogram in 
Fig. 7a) is nearly symmetrical around a mean (-+ so) 
of 8.27 -+ 0.74 nm in the conducting state, which 
decreases to 7.58 --- 0.65 nm after conduction block. 
The distribution of the particles' distances shows 
some asymmetry with a positive skewness (middle 
histogram in Fig. 7a) which becomes more pro- 
nounced when the mean distance decreases, from 
10.78 -+ 2.12 nm in the coupled cells to 9.82 -+ 1.70 
nm after electrical uncoupling. The translation of 
the distribution towards smaller distances seems to 
be restricted at about 5 nm, as shown by the stable 
values of the frequencies in the two smaller classes. 
This limitation indicates that the particles cannot 
get closer to each other than this distance minimum 
and also provides a simple explanation for the 
asymmetry of the distribution: clearly, there is 
more constraint on the shorter distances than on the 
larger ones. Similar comments can be made on the 
E-face pits' distances (right histogram in Fig. 7a). 

The measured gap junctional dimensions ap- 
pear somewhat more reduced after uncoupling by 

EFFECTS OF ELECTRICAL RECOUPLING ON GAP 
JUNCTIONAL DIMENSIONS 

A quantitative analysis was performed on gap junc- 
tion pictures obtained from quickly frozen (Fig. 6e) 
or chemically fixed (Fig. 6f) auricles that had been 
first submitted to the uncoupling action of heptanol 
for 20 rain and then washed free of heptanol with 
Tyrode solution for 20 to 120 min before freezing or 
chemical fixation. Recovery of electrical coupling 
as shown by a propagated electrical and mechanical 
activity took place within I0 to 15 rain. The values 
assumed by the three gap junctional dimensions in 
the electrically recoupled cells are reported in the 
Table. All the means increase again towards those 
observed in control conditions and about half of the 
dimensional changes caused by uncoupling are re- 
versed within a relatively short time (from about 20 
to 120 min) after electrical recoupling. No morpho- 
logical difference could be detected between the gap 
junctions of auricles that had been quickly frozen or 
chemically fixed earlier (within 30 min) or later 
(from I to 2 hr) after electrical recoupling. 

QUANTITATIVE COMPARISON OF GAP JUNCTIONS 
QUICKLY FROZEN OR CHEMICALLY FIXED IN 
THREE FUNCTIONAL STATES 

In every functional state of the cell-to-cell electrical 
communication (cells coupled, uncoupled or recou- 
pled), the mean gap junctional P-face particles' di- 
ameter and distance and the mean pits' distance are 
slightly smaller (3 to 5%) in the chemically fixed 



Fig. 6. Sample freeze-fracture replicas of gap junctions from quickly frozen (left pictures) or glutaraldehyde-fixed (right pictures) rat 
auricles: (a,b) electrically coupled, (c) electrically uncoupled by heptanol, (d) electrically uncoupled by DNP, (e,f) electrically 
recoupled after the washing of heptanol. Magnification 100,000• 
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Fig. 7. Size distributions of three 
gap junctional dimensions in 
electrically coupled rat auricles 
(dotted lines) and after electrical 
uncoupling (continuous lines): 
(a) quickly frozen; (b) 
glutaraldehyde-fixed preparations. 
See Table for the statistical 
parameters 

Table. Dimensions measured in quickly frozen and chemically fixed gap junctions from conducting and nonconducting auricles a 

State of electrical Preparative P-face particles' P-face particles' E-face pits' 
coupling mode diameters spacings spacings 

n b mean • sD c n mean • SD n mean • SD 

coupled 

heptanol-uncoupled 
DNP-uncoupled 
pooled data heptanol 
and DNP-uncoupled 
DNP-uncoupled 
recoupled after heptanol 
recoupled after heptanol 

quick-freezing 5709 8.27 _+ 0.74 4800 10.78 • 2.12 1600 9.99 -+ 2.19 
chemical fixation 4450 8.09 -+ 0.61 4000 10.20 • 1.70 4800 9.48 • 1.66 
quick-freezing 3689 7.71 _+ 0.73 3600 9.93 • 1.70 1600 9.06 • 1.92 
quick-freezing 5673 7.49 _+ 0.57 5600 9.75 +- 1.70 2800 8.78 -+ 1.88 

quick-freezing 9362 7.58 • 0.65 9200 9.82 -+ 1.70 4400 8.88 • 1.90 
chemical fixation 5203 7.38 _+ 0.48 5600 9.30 -+ 1.47 6000 8.65 • 1.43 
quick-freezing 6835 8.02 -+ 0.60 8400 10.25 • 1.70 4400 9.44 • 1.90 
chemical fixation 5600 7.62 • 0.53 5600 9.73 • 1.71 4800 8.99 -+ 1.47 

a Comparisons of the means obtained from similarly prepared auricles in different states of electrical coupling show that all differences 
are statistically significant (P < 0.001). The means of the samples quickly frozen or chemically fixed in the same state of electrical 
coupling also differ significantly (P < 0.001). 
b n Number of measurements. 
c SD Standard deviation. 

than  in the  qu ick ly  f r o z e n  aur ic les  (Table).  F igure  8 
ind ica tes  the change  in size c o r r e s p o n d i n g  to e lec-  
t r ical  uncoup l i ng  and r ecoup l ing  for  each  m e a s u r e d  
d i m e n s i o n  in the  qu ick ly  f r o z e n  ( in te r rupted  lines) 
and in the  c h e m i c a l l y  f ixed samples .  The  measu re -  
men t s  ob t a ined  in the two  ser ies  differ  only  by an 
a p p r o x i m a t e l y  c o n s t a n t  ve r t i ca l  t rans la t ion ,  as ex- 
p e c t e d  fo r  a small  sy s t ema t i c  size d i f fe rence .  Fur-  

t h e r m o r e ,  the  va r i a t ions  o f  the m e a n  m e a s u r e m e n t s  
o b s e r v e d  af te r  uncoup l ing  and r ecoup l ing  are  ve ry  
s imilar  in bo th  ser ies  and t h e r e f o r e  they  do not  ap- 
pea r  to d e p e n d  on the p r e p a r a t i v e  p r o c e d u r e .  

It  m a y  be finally in te res t ing  to no te  that  e v e n  in 
the  gap j u n c t i o n s  in w h i c h  the c u m u l a t e d  effects  o f  
c h e m i c a l  f ixat ion and o f  uncoup l ing  r educes  the 
pa r t i c l e s '  and  p i t s '  d i s t ances  to the  m i n i m u m  ob- 
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served in our experiments (Fig. 8b and c, state II, 
lower curves), the gap junctional particles' arrange- 
ment never looks crystallized nor hexagonal, nei- 
ther do the usually more regularly arranged E-face 
pits. But in electrically recoupled cells, small hex- 
agonally ordered aggregates of a few densely 
packed particles separated by smooth membrane al- 
leys are frequently observed (Fig. 6f).  

Discussion 

QUICK-FREEZING VERSUS CHEMICAL FIXATION 

ON GAP JUNCTION STRUCTURE 

Except for a small but consistent and statistically 
significant reduction of all the investigated dimen- 
sions (Fig. 8 and Table), chemical fixation does not 
modify the image of gap junctions as observed on 
freeze-fracture faces from quickly frozen heart tis- 
sues, and the slight decrease of the particles' dis- 
tance is not sufficient to rearrange them in a more 
orderly appearance (Fig. 6). Both preparative pro- 
cedures can therefore be considered to provide very 
similar pictures of heart gap junctions in whatever 
functional state. 

By means of simpler but less rapid quick-freez- 
ing techniques employing liquid nitrogen or propane 
as coolants, Green and Severs (1984) have obtained 
freeze-fracture pictures of gap junctions which, in 
tissues frozen on the anesthetized animal, markedly 
differ from ours by the particle arrangement in mul- 
tiple hexagonal arrays. Whatever the functional 
state of the junctions, P-face particles are never reg- 
ularly ordered over large areas in our samples, and 
the connexons are as a rule randomly distributed as 
had been previously observed on gap junctions from 
quickly frozen mammalian heart (Baldwin, 1979) 
and epithelial tissues (Raviola et al., 1980). 

SOME COMMENTS ON THE UNCOUPLING EFFECT 

OF GLUTARALDEHYDE 

The quantitative data drawn in Figs. 7 and 8 show 
that glutaraldehyde does not systematically fix all 
gap junctions in a morphologically distinct uncou- 
pled configuration, as might have been suspected 
from the large decrease in cell-to-cell conductance 
observed during the early action of this chemical on 
electrically coupled cell systems (Politoff & Pappas, 
1972; D616ze & Herv6, 1983), since the change of 
the gap junctional dimensions with the functional 
state is still present in the junctions uncoupled prior 
to fixation by glutaraldehyde, on top of a systematic 
constricting effect of the fixative itself (Fig. 8), and 
since this change is quantitatively very similar to 
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Fig. 8. Quantitative alterations of three gap junctional dimen- 
sions correlated with electrical uncoupling and recoupling, as 
observed on quickly frozen (open symbols and dotted lines) and 
glutaraldehyde-fixed (filled symbols and continuous lines) auri- 
cles. The functional states of the communicating junctions are 
indicated on the abscissa: (/) electrically coupled, (I/) electrically 
uncoupled, (IIl) electrically recoupled. The mean dimensions 
reported on the ordinate are: (a) particle diameter, (b) particles' 
distance, (c) pits' distance. See Table for statistical parameters 

that observed in the unfixed quickly frozen sam- 
pies. This result indicates that glutaraldehyde pro- 
motes electrical uncoupling by a mechanism differ- 
ent from that induced by either DNP or heptanol. It 
is known that electrical uncoupling by DNP corre- 
lates with a rise of [Ca2+]e (Rose & Loewenstein, 
1976; Dahl & Isenberg, 1980). As a rise of [Ca2+]i 
has also been observed in squid axons under the 
action of several aliphatic alcohols (Vassort et al., 
1986), it seems possible to suggest that an increase 
of the cytosolic Ca 2+ ion concentration triggers 
electrical uncoupling in DNP or heptanol-contain- 
ing solutions, as it does in numerous other uncou- 
pling experiments (Loewenstein, 1981). 

On the other hand, the uncoupling effect of glu- 
taraldehyde, a rapid and efficient protein cross- 
linker (Hopwood, 1972), might reflect a nonspecific 
plugging by polymerization of peptides or proteins 
inside the cell-to-cell channel or close to its mouth 
and have no bearing to a physiological cell-to-cell 
channel closure mechanism. The facts that electri- 
cal uncoupling during glutaraldehyde fixation is 
never complete (Ddl6ze & Herv6, 1983) and has no 
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morphological correlate would agree with this argu- 
ment. 

A P - F A C E  PARTICLE CONTRACTION CORRELATES 

WITH ELECTRICAL UNCOUPLING AND IS 

PARTIALLY REVERSED AFTER RECOUPLING 

The morphological dimension which seems most di- 
rectly related to the communicating function of the 
gap junction (the nexus, Dewey & Barr, 1962) is the 
reduction of the P-face particle's diameter, first ob- 
served by Peracchia and Dulhunty (1976) in the 
crayfish electrical synapse, since the pairs of oppo- 
site particles bridging the intercellular gap have 
been resolved into cylindrical hexameric protein 
structures enclosing a central hydrophilic channel 
(the connexon, Caspar et al., 1977; Makowski et al., 
1977). It is therefore possible to suggest that their 
smaller diameter in the uncoupled cells might reflect 
the conformational transition that operates the shut- 
off mechanism of the channel. In a model developed 
by Unwin and Zampighi (1980) and Unwin and En- 
nis (1983, 1984), the structural change they ob- 
served on low angle X-ray diffraction images after 
Ca 2+ addition to the preparation medium of isolated 
rat liver gap junctions is accounted for by a rotation 
and straightening up of the tilted connexon subunits 
with the largest tangential and radial displacements 
occurring at the cytoplasmic end, where the central 
hydrophilic channel could constrict by up to 18 ,~ 
(Unwin & Ennis, 1984). The decrease in connexon 
diameter of about 7 ,~ that we observe after con- 
trolled electrical uncoupling of living heart cells is 
certainly compatible with this model, since our 
measurements of the particle base close to the frac- 
ture plane, which lies in the central region of the 
membrane (McNutt & Weinstein, 1970), should ap- 
proximately correspond to mid-distance from the 
hemi-connexon ends, wherein the model displace- 
ment would be half its maximum. This same argu- 
ment would also account for the particle constric- 
tion of about 7 ,~ being smaller than the channel 
bore of 16 to 20 A inferred from studies of the 
cell-to-cell permeabilities of different molecules 
(Schwarzmann et al., 1981). 

A decrease in P-face particle diameter on un- 
coupling related to the operation of the channel 
shutoff mechanism is expected to be reversible 
when the cell-to-cell conductance is reestablished. 
We do show that morphological reversibility after 
recoupling is present though partial (about 50% of 
the difference between coupled and uncoupled gap 
junctions). It should be recalled here that it is not 
necessary that all cell-to-cell channels be in the 
opened state to detect a practically normal cell-to- 

cell electrical coupling (D61~ze & Loewenstein, 
1976; Socolar, 1977). 

Although the changes in particle size measured 
after electrical uncoupling and recoupling are statis- 
tically significant, the values given should be con- 
sidered as tentative estimates, because the replica- 
tion technique by metal deposition on 
freeze-fractured tissues introduces distortions of 
the structure. Also, photographic enlargement 
somewhat blurs the transitions between lights and 
shadows, and measurement of particle diameters on 
prints contributes some further loss of accuracy. 
The last-mentioned sources of errors could be mini- 
mized in future work by a computer analysis of the 
densitometered negatives. 

Is THERE A CORRELATION OF PARTICLE DISTANCE 

AND FUNCTIONAL STATE ? 

Although several investigators (Peracchia & 
Dulhunty, 1976; Peracchia, 1977; Baldwin, 1979; 
Raviola et al., 1980; Hanna et al., 1984; Miller & 
Goodenough, 1985) have looked for correlations be- 
tween the distance and order of P-face particles and 
the functional state of the junctions, the functional 
significance of a tighter and more ordered connexon 
arrangement is by no means clear at present. We 
suggest that the primary conformational change oc- 
curring in the connexon when the cell-to-cell chan- 
nel shuts off correlates with a measurable decrease 
of the junctional particle diameter. Other morpho- 
logical changes, such as particle distance and ar- 
rangement, may be secondary to this initial event. 
Indeed, whatever intracellular signals control the 
channel patency, they are likely to act first on the 
active elements, the connexons, and not on the 
functionally more inert smooth membranes around 
them. 

We wish to thank Dr. Michel Grosbras of the Physics Depart- 
ment for the loan of the particle size analyzer. 
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