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ABSTRACT

Injured frog heart cells electrically uncouple from their uninjured neighbors within 30
min after injury. This uncoupling process can be shown by the disappearance of an injury
potential measured between such injured and uninjured cells. In the present study, the
time course of the decline of injury potentials, and thus of electrical uncoupling, in bull-
frog atrial trabeculae was determined. Tissue was fixed with glutaraldehyde and osmium
tetroxide at various times after injury to determine the morphological changes which
accompany this uncoupling process. In some cases, ruthenium red was included in the
fixatives. Normal atrial cells are long and narrow, with intercellular junctions located
along the lateral surfaces of the cells. Two types of intercellular junctions have been ob-
served: cardiac adhesion plaques (CAPs), and close junctions. Close junctions occur only
infrequently. Ruthenium red penetrates all around the cells, leaving only small areas within
the CAPs unstained. After injury, the cells are very dense and the myofilaments disar-
ranged. Both types of intercellular junction remain intact, and only slight changes within
CAPs are observed. The results are discussed in relation to current concepts of intercellular

communication.

INTRODUCTION

The exact mechanism of intercellular impulse-
conduction in cardiac muscle is still in question.
It is known that conduction of excitation pro-
ceeds electrotonically through low electrical-
resistance pathways between cardiac cells (Barr
and Berger, 1964; Barr et al., 1965; Tillie, 1966;
Van der Kloot and Dane, 1964; Weidmann,
1952, 1965, 1966; Woodbury, 1962; Woodbury
and Cirill, 1961; Woodbury and Gordon, 1965),
but the nature and location of such pathways is
uncertain. Barr et al. (1965) suggest that tight
junctions are the sites of low electrical resistance
in cardiac muscle. Loewenstein (1966, 1968),
Loewenstein et al. (1967), and Loewenstein and
Penn (1967) propose that specific patterns of
Ca*+ distribution at tight and septate junctions
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are responsible for the low electrical-resistance
between epithelial cells. In the present study, the
problem of electrical communication between
cardiac cells was investigated by comparing the
morphology of electrically coupled cells to that of
electrically uncoupled cells.

Injured frog heart cells become electrically
isolated from their uninjured neighbors usually
within 15-30 min after the injury is inflicted
(Baldwin et al., 1963; Henry et al., 1961). This
uncoupling process can be measured by the
decrease of an injury potential, because injury
potentials depend upon the existence of low-
resistance connections between the injured and
uninjured cardiac cells, and their decline with
time is due to the gradual loss of such connections.
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The experimental plan was to injure one-half of a
bullfrog atrial trabecula, measure the resulting
injury potential, fix the trabecula at some time
during the decline of the injury potential, and
then examine it by electron microscopy. Since no
detectable morphological change occurred in
synchrony with the injury-potential decline, cells
were examined only in the coupled state (when
the injury potential is at its maximum), and in
the uncoupled state (when the injury potential
has decreased to zero).

Bullfrog atrium is a convenient tissue to use for
this study because the wall is composed largely of
trabeculae which run more or less freely for several
millimeters. It is therefore possible to remove a
strip of myocardium (for electrical recordings)
with damage only at the ends, and to insure that
nearly all the injury sustained by the tissue is
that which is purposely inflicted.

MATERIALS AND METHODS

Dissection Procedure

Adult bullfrogs (Rana catesbeiana) were chemically
pithed by injecting 0.1 ml of 2%, xylocaine hydro-
chloride into the brain case. The isolated heart was
placed in Ringer’s solution, and a trabecula was dis-
sected away from the opened atrial wall. One end of
the trabecula was tied with a fine silk thread and the
other left free. The trabeculae used for recording
injury potentials were 4-8 mm long and approxi-
mately 0.1 mm in diameter. Frequently, one or
more trabeculae were injured deliberately iz situ after
the heart wall was cut open, but before the trabeculae
were dissected away from the heart wall. The injury
was produced by squeezing the tissue several times
with a pair of Jeweler’s forceps so that approxi-
mately one-half of the length of the trabecula was
injured in each case.

Injury potentials were recorded from 10 trabeculae
isolated from eight different frog hearts. Three of
these trabeculae were subsequently fixed for morpho-
logical examination. Two of these were fixed after the
injury-potential decay was complete, and the third
immediately after the initial value of the injury po-
tential was recorded. Trabeculae were injured in situ
in eight bullfrog hearts; 15 such trabeculae were fixed
and examined by electron microscopy.

Electrophysiology

The experimental arrangement for measuring
injury potentials is shown schematically in Fig. 1. The
recording chamber was a polyethylene trough which
had been cut in half and glued back together with
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rubber cement, so that a thin rubber diaphragm
stretched between the two halves. The two halves of
the chamber were filled with amphibian Ringer’s
solution, and the dissected trabecula was placed on
one side of the diaphragm. The free end of the silk
thread, which had been tied to the trabecula, was
threaded through a needle which was used to pierce
the diaphragm and to pull about half the trabecula
through the hole. This half was used as the injured
part because a small amount of injury may have oc-
curred in these manipulations. The major injury was
crushing, produced in each case by squeezing the
tissue several times with a pair of forceps. The differ-
ence in potential between the solutions bathing the
injured and uninjured muscle was measured with the
aid of Ringer’s-agar salt bridges, Hg-HgCl half-cells
in saturated KCl and an amplifier and recorder
(Fig. 1). The base line for injury-potential measure-
ments was obtained by placing the two salt bridges in
the same side of the trough.

Electron Microscopy

The fixative was applied to the tissue at one of
three different stages: (a) the fixative was injected
into the sinus opening of the still beating heart before
the heart wall was cut open, the atria were then
opened and the tissue flooded with additional
fixative; (b) the opened atria were flooded with
fixative at various times after some trabeculae had
been injured in sifu, but before any trabeculae had
been cut away from the heart wall; or (¢) the fixative
was added to the polyethylene chamber after record-
ing injury potentials. In all cases, the initial fixative
used was 0.889, glutaraldehyde in 0.067 M cacodylate
buffer at pH 7.2, which is isotonic for amphibians.

A standard procedure was then followed: the iso-
lated trabeculae were fixed for 1 hr in the cacodylate-
buffered glutaraldehyde at 0°C, rinsed with 0.125 M
cacodylate buffer for 15 min, and then postfixed in
cacodylate-buffered OsQj, for 1 hr at 0°C. The tissue
was dehydrated in ethanol and embedded in Epon
(Luft, 1961). Unless otherwise specified, sections
were double-stained with saturated uranyl acetate
and lead citrate (Reynolds, 1963).

Two variations of the above procedure were also
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Figure 1 Diagram of the apparatus for measuring
injury potentials. PT, polyethylene trough; D, rubber
diaphragm; SB, Ringer’s-agar salt bridges; E, calomel
hali-cells in saturated KCl; T, trabecula in Ringer’s
solution, the injured half tied with a silk thread.
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used. Some tissue was stained en bloc with 0.59)
uranyl acetate in collidine buffer at pH 6.1 (Trelstad
et al., 1966). Other tissues were fixed in solutions
containing ruthenium red (Luft, 1965).! For these
experiments, the tissue was fixed for 1 hr in a solution
containing equal volumes of 2.62%, glutaraldehyde,
0.188 M cacodylate buffer, and ruthenium-red stock
solution (1500 ppm in distilled water) at 0°C. It
was then rinsed for 15 min in 0.125 M cacodylate
buffer and postfixed in a solution containing equal
volumes of 5%, OsOy4, 0.188 M cacodylate buffer,
and ruthenium-red stock solution (1500 ppm in dis-
tilled water) for 3 hr at room temperature. After a
brief rinse in the buffer, the tissue was then dehy-
drated as in the standard procedure (Luft, 1965).1

RESULTS

Electrophysiology

Injury potentials recorded from single atrial
trabeculae showed a time course of decay similar
to that reported for frog ventricle (Baldwin et al.,
1963; Engelmann, 1877; Henry et al., 1961;
Rothschuh, 1951). Initial injury-potentials of
4-19 mv usually decayed completely within 14 hr
(Fig. 2). Once the injury potential had reached a
low value, reinjury of the previously injured area
had no effect on the injury potential. However,
the injury potential could be renewed to near its
former value if 2 new injury was made close to the
old injury. The injury potential was positive when
the injured side was grounded.

Electron Microscopy

DEFINITION OF TERMS: Trabeculae fixed
initially by injecting buffered glutaraldehyde into
the sinus opening of the heart are referred to as
normal tissue. Tissue fixed in this way provided a
basis on which to judge control tissue (see below)
as to quality of fixation, damage due to mechani-
cal manipulation, and the effect of leaving the
tissue in Ringer’s solutions for the various times
required by the experimental procedures.

Injured tissue was injured either in sifu or in the
recording chamber, and was fixed at different
times after the injury was inflicted. A control
sample was obtained for every injured sample.

Control tissue was taken either from an adjacent
uninjured trabecula (when the injury was pro-
duced in situ) or from the uninjured end of an

1 J. H. Luft. 1965, Personal study.
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Ficure 2 The time course of injury potentials from
five different trabeculae. Trabeculae I and II were
fixed at the times indicated (arrows) and examined in
the electron microscope.

injured trabecula (when the injury was produced
either in situ or in the recording chamber).
NORMAL AND CONTROL TISSUE: As con-
trol tissue did not differ significantly from normal
tissue, these two will be described together. The
endocardial surface of the atrial wall was com-
posed of many trabeculae which ran in different
directions at different levels, forming a contractile
meshwork. Trabeculae were composed of many
small bundles of several muscle cells whose long
axes were oriented parallel to the long axis of
the trabecula. The bundles were each surrounded
by a basal lamina (Fig. 3), and they formed
branching and anastomosing strands within the
trabecula. The individual cells did not branch.
The fusiform cells were usually 3-12 p in diameter
and contained 1-4 myofibrils in cross-section.
They were too long to be measured easily by
electron microscopy, and their borders could not
be seen by light microscopy. Barr et al. (1965)
isolated atrial muscle cells from Rana pipiens by
using ethylenediaminetetraacetate (EDTA) and
found that they were 175-250 u long.
Intercellular junctions oriented perpendicular
to the myofibrillar direction, which are typical
of the mammalian intercalated disc, were rare in
frog atrial muscle. Most intercellular junctions
were located along the longitudinal surfaces of
the cells, often in association with Z bands. Such
junctions, whether associated with myofibrils or
not, were all similar morphologically and will
be referred to as cardiac adhesion plaques, or
CAPs (Figs. 3-5). Occasionally CAPs inter-
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Figure 8 Normal tissue. Cross-section of a trabecula near its surface, illustrating the cells grouped
together in bundles, each of which is surrounded by a basal lamina (BL). Endothelial cells (E), collagen
fibers (co), nerve fibers (N), and cardiac adhesion plaques (CAP) are also shown. Unless otherwise
indicated, the scale markers represent 1 4. X 7500.
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Frcure 4 Control tissue, fixed 1 hr after injury to an adjacent trabecula. This longitudinal section
illustrates the typical appearance of CAPs. Note the close association of the CAPs with Z bands.
X 40,200.

Ficure 5 Control tissue, fixed 1 hr after injury to an adjacent trabecula. In this case a CAP is shown
which is not associated with any myofibrils. Note the dense bars which can be seen within this CAP (small
arrows). The intercellular dense line can be seen at large arrow. A close junction (¢j) and a diadic coupling
between the sarcoplasmic reticulum and the plasma membrane (D) are present. X 48,300. ‘
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rupted myofibrils in a tangential or oblique
manner. The area of cell surface that was in-
volved in CAPs varied, but it appeared that
CAPs preferentially located in rows along the
length of the cell, rather than randomly around
the cell (see Fig. 11).

The cell membrane appeared as a single dense
line in all material fixed by the standard tech-
nique. When measured from the center of one
cell membrane to the center of the adjacent cell
membrane, the intercellular gap at a CAP was
270 £ 25 A? With uranyl-acetate block staining,
the trilaminar structure of the plasma membrane
could be seen (Fig. 9). In uranyl-acetate block—
stained material the spacing between the centers
of the inner (cytoplasmic) leaflets of the two unit
membranes at the CAP was 300 + 30 A, but be-
tween the centers of the outer leaflets of the
two unit membranes the spacing was 190 + 30
A. This suggests that only the inner leaflets of
the unit membranes were seen after using the
standard technique.

CAPs were characterized by an accumulation
of dense material both intracellularly and extra-
cellularly. The extracellular density was finely
granular in nature and showed no organization
in sections perpendicular to the cell membrane,
except for an occasional faint suggestion of a
dense line in the center of the extracellular space
(Fig. 5). Since this dense line could be seen in
both longitudinal and cross-sectioned material,
it probably represents a plate-like structure. The
intracellular density associated with the CAP
was usually finely granular also. However, a
certain amount of organization, which was en-
hanced by uranyl-acetate block staining, could
sometimes be detected (Figs. 5, 9). It appeared as
dense bars (about 300 A long), which radiated
into the cell perpendicular to the cell membrane.
The reason for the variable, finely granular or
structured, appearance of the CAP with the
standard fixation is unknown. The dense materials
comprising CAPs (intracellular portion) and Z
bands were morphologically similar and often
contiguous (Figs. 4, 11).

In tangential sections the CAP had a mottled
appearance (Fig. 15). As illustrated in Fig. 16,
the central part of this mottled region was extra-
cellular, but at its periphery there appeared to
be an intracellular portion as well. The intra-

2 Values are expressed as =+ the standard deviation.
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cellular mottling may be due to the dense bars
mentioned above, cut in cross-section.

CAPSs which have been pulled apart are rarely
seen.

In addition to CAPs, another type of inter-
cellular junction was infrequently observed.
These close junctions had a slight increase in density
of the adjacent cytoplasm and close apposition of
the two cell membranes (Fig. 5, ¢f). The plasma
membranes of the adjacent cells came very close
together, but a 10-20 A gap was present between
them (Fig. 9). Close junctions were rare in normal
and control tissue, and when present were very
short in extent (less than 0.1 k). However, in four
(out of a total of 51) blocks of tissue, close junctions
were exceptional in two respects: they were seen
relatively frequently (though much less often
than CAPs), and were longer than usual (up to
0.4 p). In addition, all four cases were char-
acterized by swollen mitochondria and/or widely
dilated sacs of endoplasmic reticulum (Fig. 19).
In three of the four cases, the other blocks of
tissue which had been processed together with
the exceptional tissues (in the same fixation bottle)
did not have this aberrant appearance; in the
other case, only one portion of the tissue block
was abnormal.

ELECTRICGALLY UNCOUPLED INJURED TIS-
sUE: Injured tissue which was fixed 14 hr after
injury appeared morphologically similar to that
fixed at later times. This was true regardless of
whether the injury and fixation were carried out
tn situ or whether the injury-potential decline
was measured and the trabecula fixed in the
recording chamber. Since the injured tissues
from the in situ cases would be expected to be
physiologically uncoupled, as were those in the
trabeculae where injury potentials were actually
recorded, all the tissues which were fixed 14 hr
or more after injury will be described together.

The injured cells increased in density and their
myofilaments were in disarray (Fig. 6). Often
their outline was irregular and the intercellular
boundaries formed tortuous paths. The normal
banding pattern was either indistinct or lost
altogether. The normal spacing between the
thick filaments of 525 A as seen in cross-section
decreased to 400 A in the injured cells. Mito-
chondria enlarged and clumped together.

Two changes with the CAP were observed in
some, but not all, cases. A .dense plaque appeared
parallel to and approximately 60 A away from
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Ficure 6 Electrically uncoupled injured tissue, fixed 50 min after injury (see curve 1, Fig. 2). The
cell in the center of the field is typical of cells in the injured part of the trabecula. The particular field
shown was taken from the boundary region between the injured and uninjured tissue. Typical of such
boundary regions, cells with marked morphological alterations, such as the cell in the center of the field,
were found adjacent to cells with little or no morphological alterations, such as the cell at the bottom
of the field. A CAP and close junction (¢j) can be seen. X 87,100.

the inside of the cell membrane (Fig. 7), and the
dense line in the center of the extracellular space
became more apparent (Fig. 7). There appeared
to be no difference in the structure of the CAP
whether it was located between two injured cells
or between an injured cell and an uninjured cell,
except that the course of the cell surface, and thus
of the CAP, was often more tortuous between two
injured cells.

There were no significant differences in the
intercellular gap width at the CAP between the

injured material and control tissue. After the
standard technique, the intercellular gap (meas-
ured from the center of one cell membrane to the
center of the adjacent cell membrane) was 270 =+
35 A (control, 270 + 25 A). After uranyl-acetate
block staining, it was 310 £ 40 A and 190 = 10 A
when measured between the inner (cytoplasmic)
and outer leaflets of the unit membrane, respec-
tively (control, 300 = 30 A and 190 =+ 30 A).
The percentage of total cell-surface area involved
in CAPs was not known for either control or
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Figure 7 Electrically uncoupled injured tissue, fixed 80 min after injury. Two CAPs are shown at
high magnification. Note the dense line in the center of the intercellular space (small arrow) and the
dense plaque just inside the cell membrane (large arrow). X 100,500.

Ficure 8 Electrically uncoupled injured tissue, fixed 1 hr after injury. CAPs and a close junction (cj)
are illustrated. These CAPs are similar to those seen in control tissues. X 58,600.

injured tissue and therefore a quantitative com-
parison could not be made. However, no obvious
change in area was noted, and only a very few
CAPs were observed which had been pulled
apart.

Close junctions could be seen also in the elec-
trically uncoupled tissue (Figs. 6, 8, 10, 14).
Because close junctions were small and infrequent,
a quantitative comparison was not attempted;
however, close junctions did occur between the
injured cells, and they seemed to occur at least as
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frequently in the uncoupled tissues as in the con-
trols.

ELECTRICALLY COUPLED INJURED TISSUE:
Tissue which was fixed within 1 min after injury,
while at least some cells were still coupled elec-
trically with a large injury-potential, was in-
distinguishable from that fixed at later times. The
very dense cells had irregular outlines, the myo-
filaments were disarranged, and the mitochondria
were swollen and clumped together. In addition,
the intercellular junctions were essentially un-
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Figure 9 Normal tissue after uranyl-acetate block stain, showing a CAP and a close junction (small
arrow). The trilaminar structure of the plasma membranes and cross bridges on thick filaments are prom-

inent. Note the dense bars (large arrows) within the CAP. The inset is a higher magnification of the
marked rectangle. X 81,900; inset, X 200,500.

Figure 10 Electrically uncoupled injured tissue, fixed 45 min after injury. Uranyl-acetate block stain.
CAPs and a close junction (small arrow) are seen. Note the dense plaque just inside the cell membrane
(large arrow). The inset is a higher magnification of the marked rectangle. X 84,500; inset, X 272,000.



Figurr 11 Control tissue, fixed immediately after injury to the other end of the trabecula. Ruthenium
red exposure, unstained section. The dense ruthenium-red outlines the cells, passing through the inter-
cellular region of the CAPs and filling the vacuoles at the cell surface. Note how CAPs 1-4 are arranged
in a row along the length of the cell. The ruthenium red does not cross the cell membrane. X 12,700.

Fieure 12  Electrically coupled injured tissue, fixed immediately after injury. Ruthenium red exposure,
unstained section. The cell membranes are as impermeable to ruthenium red in this tissue, as in the
controls. Note the clumped mitochondria (M) and the intact CAPs. X 14,300.
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changed from the normal and control states, as
was the case with the electrically uncoupled tissue.
The intercellular gap width at the CAP was
290 + 45 A after the standard technique, and
290 = 25 A and 180 + 25 A when measured
between the centers of the inner and outer leaflets
of the two unit-membranes, respectively, after the
tissue was stained en bloc with uranyl acetate.

EXPERIMENTS WITH RUTHENIUM RED,
NORMAL, AND CONTROL TISSUE: Un-
stained sections showed very dense ruthenium
red outlining individual cells near the surface of
the tissue block (Fig. 11). Ruthenium red did not
diffuse more than about 15 u into the block,
except along large connective tissue septa. It
stained the external surface of the cell membrane
up to and including the outer leaflet of the unit
membrane (Luft, 1964; and Fig. 13) and did not
pass into the cell unless the membrane was dam-
aged (Luft, 1966). The extracellular part of the
CAP was stained heavily with the ruthenium red,
as was much of the rest of the intercellular space
(Figs. 11, 13). In a tangential section (Fig. 16),
one can see that ruthenium red did not completely
fill the extracellular space of the CAP, but left
globular areas unstained, giving the area a mot-
tled appearance. Close junctions showed ruthe-
nium red in the small gap between the two op-
posed cell membranes (Fig. 13). There was no
junctional area between cells which could be
shown to exclude ruthenium red, except the glob-
ular areas in the extracellular space between
CAPs. Since no recognizable close junctions were
seen in a tangential section, it is not known whether
ruthenium red completely filled the gap between
the opposed cell membranes or left unstained
areas as in the CAP.

EXPERIMENTS WITH RUTHENIUM RED,
ELECTRICALLY  UNCOUPLED  INJURED  TIs-
sue: Tissue fixed 45 min after injury also ex-
cluded ruthenium red from intracellular struc-
tures. Both CAPs and close junctions were similar
to those of control tissues (Fig. 14), and CAPs cut
tangentially show the same mottled appearance
characteristic of those in the controls (Fig. 17).

EXPERIMENTS WITH RUTHENIUM RED,
ELEGTRICALLY COUPLED INJURED TISSUE:
The cells which were fixed within 1 min after in-
jury resembled those fixed at later times. As shown
by the unstained section in Fig. 12, the cell mem-
branes were impermeable to the ruthenium red
even at this time. CAPs and close junctions were

similar to those seen in control and electrically un-
coupled tissues.

DISCUSSION
Electrophysiology

A simplified equivalent circuit for an injury cur-
rent is shown in Fig. 18. E is the difference in
potential between the injured cells and the unin-
jured cells (if the injury causes complete depolar-
ization, then E is the true transmembrane resting
potential); r, is the resistance of the current path
in the tissue; 7, is the resistance of the current path
in the external medium; and ¥V is the measured

re

injury potential, where V = E (Stampfli,

Te + 7,

1954). A decrease in the injury potential (V) with
time must be due to an increase in ry or a decrease
in E or re. Henry et al. (1961) found in frog ven-
tricular muscle that E does not decrease during
the time that the injury potential is decreasing
(Table I). The rubber diaphragm in the record-
ing chamber insures that r. is high for high sensi-
tivity and does not change in any one experiment,
except possibly within 1 min after the injury dur-
ing the shrinkage and conformation changes of
the cells. The injury potential decline with time,
therefore, must be due to a gradual increase in ry.
The various resistances which make up ry would
include the resistance across the membranes of the
injured cells (Ry1), the resistance of the sarco-
plasm of the injured cells (Rg1), the resistance of
the “low resistance junctions” between the injured
cells and the uninjured cells (R 51y), the resistance
of the sarcoplasm of the uninjured cells (Rgy),
and the resistance of the plasma membranes of
the uninjured cells (Ryy). Ryuy and Rgy would
not be likely to change; Rgr may increase due to
contracture of the myofilaments in the injured
cells (see below), but this contraction takes place
immediately after injury and is therefore unlikely
to be the cause of the gradual increase in ry over
a 15-30 min period; Ry would be expected to
decrease as a result of the injury, and, even if it
recovers to its full preinjury value, this would not
be enough of a resistance increase to account for
the complete disappearance of the injury poten-
tial. This leaves a gradual increase in Rj1v as the
most probable cause of the increase in ry, and
hence the conclusion is drawn that the decrease
of an injury potential with time in heart muscle is
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Ficure 13 Control tissue, fixed immediately after injury to the other end of the trabecula, ruthenium
red exposure. A CAP (large arrow) and a close junction (small arrow) are present. Inset is a higher mag-
nification of the marked rectangle illustrating ruthenium red in the gap at the close junction and the
trilaminar structure of the cell membranes. X 61,400; ¢nset, X 221,000.

Ficure 14 Electrically uncoupled injured tissue, fixed 45 min after injury, ruthenium red exposure.
Several CAPs (large arrows) and a close junction (small arrow) are visible. Inset is a higher magnification
of the marked rectangle. X 71,300; inset, X 266,000.
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Fiaure 15 Control tissue, fixed 30 min after injury to an adjacent trabecula, standard fixation. This
tangential section of a CAP illustrates its mottled appearance. X 87,200.

Figure 16 Control tissue, fixed 45 min after injury to the other end of the trabecula, ruthenium red
exposure. The tangential section of a CAP shows ruthenium red—negative areas within the extracellular
space at the CAP. X 88,800.

Figure 17 Electrically uncoupled injured tissue, fixed 45 min after injury, ruthentum red exposure.
Tangential section of a CAP shows ruthenium red-negative areas within it. X $8,000.

467



due to the gradual electrical uncoupling of the
injured cells from the surrounding uninjured cells.

Deleze (1965, 1967) found that the cut end of a
strip of mammalian cardiac muscle behaves as if a
high-resistance barrier is present within a few
minutes after the injury is inflicted, and that Ca*+
is required for this ““healing over” to occur. He
suggests, without morphological evidence, that the
healing over is accomplished by new membrane
formation (recovery of the injured cells). It could,
however, be due equally well to electrical uncou-
pling of the injured cells, as demonstrated in the
present study.

The immediate depolarization of the injured
cells is probably due to mechanical damage to the
membrane at the time of injury. Continued de-
polarization, on the other hand, may be due to
permanent loss of the membrane’s selective ionic

=0

re
NMAY } i
rt E

Ficurr 18 Equivalent circuit of the path of an injury
current (from Stampfli, 1954). See text for explanation
of symbols.

permeability or to loss of the metabolic machinery
required for maintaining the Na-K pump, even if
the membrane heals itself. The abnormal appear-
ance of the mitochondria after injury is consistent
with the idea that their normal biochemical func-
tions have been disrupted (Bovis et al., 1966;
Hackenbrock and Brandt, 1965; Luft and Hechter,
1957; Weinbach et al., 1967). However, there is
no way to determine, from the results obtained in
this study the effects of injury on membrane or
mitochondrial functions, except to note that the
plasma membranes are impermeable to the large
ruthenium-red ions, even short times after injury.

Electron Microscopy

INTERCELLULAR  JUNCTIONS, CARDIAC
ADHESION PLAQUES: In mammalian cardiac
muscle, two morphologically distinct intercellular
junctions can be observed, (a) desmosomes and
() myofibrillar insertion plaques (Muir, 1965,
1967) or interfibrillar portions of the intercalated
disc (Sjdstrand et al. 1958). The cardiac adhesion
plaque (CAP) appears to be analogous to both
types of junction. CAPs oriented parallel to the
fiber direction are referred to as desmosomes by
Barr et al. (1965, frog atrium); Fawcett and Selby
(1958, turtle atrium); Grimley and Edwards
(1960, toad ventricle); Karrer and Cox (1960,
mouse pulmonary vein); and Staley and Benson
(1968, frog ventricle). Those CAPs perpendicular
to the fiber direction are called intercalated discs
by Fawcett and Selby (1958, turtle atrium); Grim-
ley and Edwards (1960, toad ventricle); Karrer

Tasre 1

The Change of Measured Injury Potentials and Intracellular Potentials with Time after
Injury in Frog Ventricular Muscle*

Minutes
Time after injury 0 5 10 20 50
mo mov my my mo
Injury potential 10 5 4 1 —
Intracellular potential, un- —80 —70 —70 —80 —80
injured cells
Intracellular potential, — —12 —12 —17 —10
injured cells
E — 58 58 63 70

*From Henry et al., 1961,
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and Cox (1960, mouse pulmonary vein), and
Staley and Benson (1968, frog ventricle). Since
these junctions appear to differ primarily in their
orientation with respect to the fiber direction, a
single, common term can refer to all such junc-
tions, at least in the above-mentioned tissues. This
type of junction is morphologically distinct from
the typical epithelial desmosomes as described by
Farquhar and Palade (1965). In addition, these
junctions are found in other places besides the
myofilament insertions, and they bear little re-
semblance to the complex structures in mam-
malian heart muscle which were originally termed
intercalated discs by the light microscopists. It was
felt, therefore, that the term cardiac adhesion
plaque (CAP) would be a useful designation for
the type of junction seen in this tissue, in order to
avoid the prejudicial connotations inherent in the
other above-mentioned terms.

The failure of ruthenium red to fill uniformly
the intercellular gap at a CAP deserves comment.
This suggests that there may be areas within the
junction which are inaccessible to extracellular
ions, or at least to cations as large and as heavily
charged as ruthenium red. The CAPs of frog
ventricular muscle have the same mottled appear-
ance when stained with ruthenium red when
viewed in a tangential section (Baldwin, unpub-
lished results).

Kelly (1966), after describing ruthenium red-
stained desmosomes in newt epidermis, suggests
that there may be pillars of material extending
across the intercellular space which are continu-
ous with the middle (lucent) layer of the unit
membranes of the two adjacent cells. If this is
true, similar ruthenium red—negative areas might
also be found in desmosomes as well as in CAPs.
However, Kelly’s technique is such that he was
demonstrating ruthenium red-positive material
(very light staining with ruthenium red); the re-
sults reported here only distinguish ruthenium
red-negative areas (rather heavy staining, with
ruthenium red-positive material filling the extra-
cellular fluid space). Consequently, an exact cor-
relation between the two studies cannot be made.

CLOSE JUNCTIONsS: Until recently, all inter-
cellular junctions which were characterized by
close apposition of the membranes of the two ad-
joining cells were referred to as tight junctions or
zonulae occludentes (Farquhar and Palade, 1963,
1964). Revel and Karnovsky (1967) have shown,
using a very fine lanthanum oxide sol as an extra-

cellular tracer, that those junctions which previ-
ously were described as tight junctions should be
separated into two groups; the true tight junctions
or zonulae occludentes; and the close or gap junc-
tions. The former type is impermeable to lan-
thanum (Revel and Karnovsky, 1967; Brightman
and Reese, 1969), ruthenium red (Martinez-Pa-
lomo, 1968)* and horseradish peroxidase (Bright-
man and Reese, 1967, 1969) and can be considered
to be a true membrane fusion (Farquhar and
Palade, 1963, 1965). The latter type of junction is
permeable to the lanthanum sol (Revel and Kar-
novsky, 1967), ruthenium red (Martinez-Palomo,
1968),2 and horseradish peroxidase (Brightman
and Reese, 1967, 1968, 1969). Using these extra-
cellular tracers or a uranyl-acetate block stain, a
gap of approximately 20 A can be demonstrated
between the outer leaflets of the two opposed cell
membranes (Revel and Karnovsky, 1967; Bright-
man and Reese, 1967, 1969).

The present results show that the close mem-
brane appositions of frog atrium are close, or gap,
junctions. If such close junctions were cut in a
tangential section, areas within the extracellular
space of the junction might not be penetrated by
the ruthenium red. However, close junctions are
so small, so infrequent, and so randomly distrib-
uted that there is no way to recognize with con-
fidence a close junction except when it is cut per-
pendicularly.

In contrast to these results, Barr et al. (1965)
have reported tight junctions (nexuses) in frog
atrium after permanganate fixation. Brightman
and Reese (1967, 1969) present evidence that
permanganate fixation transforms gap (close)
junctions into the tight variety in central nervous
tissue. It is possible that a similar transformation
occurs in cardiac tissue as well, which would ex-
plain the discrepancy between the results of Barr
et al. and those of the present study.

Although large areas of close membrane appo-
sition can be found in mammalian ventricular
muscle (Barr et al., 1965; Karrer, 1960; Muir,
1965, 1967; Sjostrand et al., 1958; Sjostrand and
Andersson-Cedergren, 1960; Sommer and John-
son, 1968; Fawcett, 1965), it appears that this is
not true of all types of cardiac muscle. A paucity
of such junctions has been reported for frog ven-
tricular muscle (Staley and Benson, 1968; Som-

3 A. Martinez-Palomo. 1968. Personal communica-
tion.
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mer, 1968), for chicken ventricular muscle
(Sommer, 1968; Scott, 1969),* and for Purkinje
fibers of a variety of mammals (Sommer and
Johnson, 1968). In addition, James and Sherf
(1968) have been unable to find close membrane
contacts between P (Pacemaker?) cells in dog and
human hearts. It has been claimed that a lack of
close membrane appositions in frog atrium is a
result of shrinkage during tissue preparation (Barr
et al., 1965; Dewey and Barr, 1964), but in the re-
sults reported here there is no evidence of such
shrinkage in the control tissue. Furthermore, close
junctions still remain intact, even when the cells
shrink in contracture after injury (see below), and
Cobb and Bennett (1969) have reported that nex-
uses between smooth muscle cells of taenia coli,
vas deferens, and gizzard were unaffected by
shrinking the cells in hypertonic solutions. More-
over, variations in amounts of close membrane ap-
positions can be seen in different tissues of the
same heart. For example, in chicken heart, there
are many such areas between Purkinje cells, but
very few between ventricular cells (Sommer, 1968;
Scott, 1969).4 It therefore seems unlikely that dif-
ferences in amounts of close membrane appositions
can be ascribed solely to differences in fixation or
processing.

The few observations of relatively large areas of
close junction in association with abnormal mito-
chondria and/or sarcoplasmic reticulum (Fig. 19)
may be interpreted as additional evidence that
such large areas of close junction are not normally
present in frog atrium. It is quite possible that the
same conditions of tissue preparation or fixation
which result in abnormal mitochondria and sarco-
plasmic reticulum also result in abnormal inter-
cellular relationships. It is improbable that condi-
tions of fixation which are poor for preserving
mitochondria and sarcoplasmic reticulum are very
good for preserving intercellular relationships.
Brightman and Reece (1969) have recently re-
ported on finding ““labile appositions of cell mem-
branes” in central nervous tissue which they be-
lieve to be fixation artifacts. These labile apposi-
tions are particularly prevalent in tissue which
shows signs of inadequate preservation (i.e., dilated
cisternae of endoplasmic reticulum), and therefore
may be similar to the relatively large areas of close
junction seen in frog atrium.

CHANGES WITH INJURY: The morphologi-

4T. Scott. 1969. Personal communication.
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cal changes which take place at the intercellular
junctions after injury are minor. Although CAPs
which have been pulled apart are observed some-
what more frequently in experimental than in
control tissue, still their presence is exceptional.
Within the CAP itself only two differences are ob-
served after injury: a dense plaque appears close
inside the cell membrane, and the linear density
which is located in the center of the intercellular
space becomes more apparent. The appearance of
the dense plaque and linear density may be due
to an orientating mechanical effect of the pull of
the strongly contracted myofilaments. Another
possibility is that they are normally present, but
masked by other dense materials which relocate
after injury. The first possibility, that of mechani-
cal alterations, is unlikely to account for the inter-
cellular linear density because the spacing between
the cells at the CAPs does not change appreciably
after injury.

The occurrence of close junctions in the injured
tissue would indicate that these junctions are not
disrupted after injury, or at least that most remain
intact. Unlike the case with CAPs, it would be
difficult to tell where a close junction had been
located after it had been pulled apart, since the
cytoplasmic modifications at this type of junction
are minimal. Comparing the frequency of occur-
rence of these junctions in control and experimen-
tal tissue, the conclusion is reached that they do
in fact remain intact, but their infrequent occur-
rence makes a good quantitative comparison dif-
ficult.

The most striking changes after injury are an
increase in cytoplasmic density and a disarrange-
ment of the myofilaments. This latter change is
probably due to contracture, since a slow, sus-
tained contraction of an i situ injured area can be
observed. This contraction is complete within 1
min of inflicting the injury. When a banding pat-
tern can be detected in an injured cell (Fig. 12),
the repeat distance is very short, 0.5-0.6 pu, as
compared to the normal length of the A band,
1.5 u. The increase in density of the cytoplasm
may be due in part to water loss and shrinkage, as
suggested by the scalloped appearance of the in-
jured cell surfaces and by the decrease in spacing
between the myofilaments.

The techniques used in this project make it im-
possible to know if a given pair of cells seen in the
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Ficure 19 Normal tissue. This section illustrates the abnormal appearance of mitochondria (M) in
conjunction with a relatively large close junction (gf). A diadic coupling of the sarcoplasmic reticulum
with the plasma membrane (D) and CAPs are also shown. X 37,900.

electron microscope are electrically coupled or not.
It seems reasonable, however, to assume that in-
jured cells seen in the electrically uncoupled tis-
sues are in fact electrically uncoupled from their
surrounding cells as most cells in such tissues must
be electrically isolated. At the very least, these
cells must be typical of such uncoupled cells since
they were typical of the injured cells which were
uniformly and consistently observed in uncoupled
tissues. It is thought that even the infrequent close
junctions are likely to be present between electri-
cally uncoupled cells. There was no obvious de-
crease in their frequency in the electrically uncou-
pled tissues as surely would be the case if close
junctions came apart when cells became electri-
cally isolated.

In the electrically coupled injured tissues it is
less tenable that the injured cells observed were in
fact electrically coupled. One knows only that

enough injured cells are electrically coupled to
uninjured cells to give rise to the injury current.
However, it seems likely that cells such as those
shown in Fig. 12 are typical of electrically cou-
pled injured cells since they were typical of the
whole mass of cells in the electrically coupled
tissues.

Electrical Coupling between Cells

Electrotonic interactions can be found between
a wide variety of cells (Barr et al, 1965, 1968;
Barr and Berger, 1964; Loewenstein, 1966; Loew-
enstein and Kanno, 1964; Loewenstein et al,,
1965; Loewenstein and Penn, 1967; Penn, 1966;
Tillie, 1966; Potter et al., 1966; Woodbury and
Crill, 1961; Woodbury and Gordon, 1965; Bennett
et al., 1963; Pappas and Bennett, 1966; Revel and
Sheridan, 1968; Rosenbluth, 1965; Sheridan,
1966). The mechanism of electrical coupling be-
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tween cells is unknown, but presumably there ex-
ists some sort of intercellular junction with low
clectrical-resistance properties. It is reasonable,
but unproven, to assume that the physiological
Jjunction is coincident with an anatomical junction.
Two types of intercellular junctions have been
proposed to be electrical couplings because of their
frequent occurrence between electrically coupled
cells: (a) septate junctions of invertebrates (Wood,
1959), which are present between salivary gland
cells of insects, have been suggested as the sites of
electrical coupling in this tissue (Loewenstein and
Kanno, 1964); () ‘‘tight” junctions are often
found between electrically coupled vertebrate
cells, and this type of junction has been proposed
as being involved in electrical communication by
Bennett et al. (1963), Robertson (1961, 1963),
Dewey and Barr (1962, 1964), Weidmann (1965,
1966), Farquhar and Palade (1964, 1965), Loew-
enstein et al. (1965), Penn (1966), Potter et al.
(1966), Revel and Karnovsky (1967), and Revel
and Sheridan (1968). However, in many cases it
is not known whether these tight junctions are
true tight junctions or are gap or close junctions
since the gap junction was first described after
many of these references were published. For the
purpose of convenience and clarity in this discussion, all
such junctions will be referred to as tight junctions since
this term has been so commonly used in the literature.

Tight and septate junctions are not the only
type of intercellular junction found between elec-
trically coupled cells, but they do occur more regu-
larly than desmosomes, intermediate junctions,
CAPs, etc. However, there are electrically coupled
tissues in which tight junctions either have not
been observed or, if present, are few and small.
Such is the case with some types of cardiac muscle,
as has been discussed above. Choi (1963) was un-
able to find any intercellular junctions between
smooth muscle cells in toad bladder after osmium
tetroxide and permanganate fixatives, and Barr et
al. (1968) found tight junctions between intestinal
smooth muscle cells only after the cells were incu-
bated in Krebs-Henseleit solution for several hours
prior to fixation. Thus it would appear that, even
if tight junctions are sites of electrical transmission
between cells, they may not be the only sites of
low resistance. Similar conclusions were reached
by Rosenbluth (1965), and Martin and Veale
(1967).

A further characteristic of tight and septate
junctions is that they are not sufficient in them-
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selves to assure low electrical-resistance between
cells. On one hand, Barr et al. (1965) uncoupled
frog atrial cells in hypertonic sucrose and found
that the nexal areas (close junctions ?) separated
under this treatment, and Pappas (1968)% found
that the tight junctions which were present be-
tween nerve cells in the septate axon of crayfish are
separated when the cells are electrically uncou-
pled. On the other hand, Bullivant and Loewen-
stein (1968) found that there was no morphologi-
cally detectable change in the septate junctions
when salivary gland cells are uncoupled. And in
the present study, close junctions remained intact
even when the cells were electrically uncoupled.
Thus it seems that, although physical separation of
membranes at tight junctions will cause uncou-
pling, separation need not occur to get the same
effect, and septate junctions can be uncoupled
when they appear morphologically intact.

Loewenstein and coworkers (Loewenstein, 1966,
1968; Loewenstein et al., 1967; Loewenstein and
Penn, 1967) account for the properties of the low-
resistance pathways between cells by proposing
that plasma membranes have low electrical-re-
sistance when exposed to low Ca** solutions on
both sides of the membrane. They assume that
electrical coupling depends upon the structural in-
tegrity of the plasma membrane in excluding Ca*+
from the internal surfaces of the junctional mem-
branes, and on the structural integrity of the junc-
tional area in excluding Ca*™* from the external
surfaces of the cell membranes at the junction.
Uncoupling of the cells, then, is due to Ca*+ gain-
ing access to the junctional membranes and in
some way making them impermeable to ions. Un-
coupling with injury (as in this study) would
therefore result from Ca** gaining access to the
inside of the cell through the damaged membrane
and sealing off the junctional membrane from the
inside of the cell (Loewenstein et al., 1967; Loew-
enstein and Penn, 1967).

The pattern of distribution of ruthenium red
around cells is of interest in light of the hypothesis
that low Ca™* concentration is responsible for
low-resistance membranes at cell junctions. Ru-
thenium red has a molecular weight of 858.5 and
a charge of +6 (Luft, 1965).1 It is therefore rea-
sonable to assume that Ca™t can diffuse into any
intercellular space in which ruthenium red is
found, although it is not necessarily true that an

5G. D. Pappas. 1968. Personal communication.
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absence of ruthenium red means an absence of
Ca**. Since the theory proposed by Loewenstein’s
group calls for intercellular junctions which ex-
clude Ca™™ from the external surfaces of the cell
membrane at these junctions, any such junctions
would be expected to exclude ruthenium red also.
In the results of this study, the only possible areas
which fit this requirement are the small (300 A in
diameter) areas seen within tangentially cut CAPs,
and perhaps small areas within the close junctions.
Although it is not necessarily true that areas which
are ruthenium red—megative also exclude Ca't™,
this is a possibility. If this is true, then these small
areas may be sites of low membrane-resistance and
thus of electrical coupling between cells. Although
each of these ruthenium red-negative areas is
small, there are many within each CAP (approxi-
mately one-fourth the total area of the CAP is
ruthenium red-negative), so that their total area
on a particular cell might be quite large. There is
no change in these ruthenium red—negative areas
after injury. However, if the junction is sealed off
from the inside of the cell membrane as proposed
by Loewenstein et al. (1967) and Loewenstein and
Penn (1967), then one would not necessarily ex-
pect to see a change here.

The evidence that Ca*™ is involved in the mech-
anism of electrical coupling of cells is well estab-
lished (Loewenstein, 1966, 1968; Loewenstein et
al., 1967; Deleze, 1967; and de Mello et al,
1969), but it is difficult to know just how its effects
are mediated. Even though Ca*t is known to
effect membrane permeability to ions (Weidmann,
1955; Caputo and Gimenez, 1967; and Curtis,
1963), it is also known to effect intercellular ad-
hesion (de Mello, 1969; Muir, 1967; and Sedar
and Forte, 1964) as well as take part in a variety
of metabolic reactions. Thus Ca** may not be
directly affecting cell membranes as proposed by
Loewenstein, but instead affecting intercellular
communication in some indirect way.
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