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ABSTRACT

In order to ascertain the role of calcium in maintaining the structure of the junctional
complex between oxyntic cells, control gastric mucosae of the frog Rana pipiens were com-
pared with those exposed to | to 4 mm ethylenediaminetetraacetic acid (EDTA). Changes
in transmucosal potential difference and mucosal conductance were monitored. In one
case a piece of EDTA-treated mucosa was washed and placed in a Ca**-containing solu-
tion. Material from all three categories was prepared for electron microscopy (glutaralde-
hyde and OsQOy fixation with Epon 812 embedding). Electron micrographs showed that
after Ca’™ depletion the intercellular electron-opaque material of the desmosome dis-
appears and the walls of this component separate. Similar changes were observed in the
zonula adhaerens. Consistent changes were difficult to detect in the zonula occludens although
in some instances disorganization or separation within the tight junction was seen. These
effects on the components of the junctional complex were reversible on readministration of
Ca*™*. The results indicate that Ca*™ is important in maintaining the integrity of the junc-
tional complex. A model correlating the fine structural changes with physiological data is
presented.

INTRODUCTION

The importance of calcium on the permeability
and secretory phenomena of cells has been well
recognized (1-5). Recently, Forte and Nauss (6)
have shown that the removal of calcium by a
chelating agent caused large increases in the
movement of substances across the mucosa which
are normally restricted to the extracellular com-
partment (e.g., sodium and sucrose). Concomi-
tantly there was a fall in the transmucosal potential
difference (PD) and a dramatic rise in the mucosal
conductance, the latter approaching the same
value as that of the bathing solutions. The same

authors have proposed that the removal of calcium
altered intercellular permeability and that the
terminal bar and desmosome regions between acid-
secreting cells would be likely places for a “calcium
bridge.”

Several authors have suggested a possible role
in epithelial permeability for the components of
the junctional complex between cells (7-13). This
report is an attempt to establish a fine structural
correlation with the observed physiological
changes in permeability of the calcium-depleted
gastric mucosa.
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MATERIALS AND METHODS

The stomachs of two frogs (Rana pipiens) were re-
moved and placed in physiological salt solution of the
following composition: 89.3 mM NaCl; 3.4 mm KCI;
17.6 mm NaHCO;; 0.2 per cent (w/v) glucose; and
gassed with 5 per cent CO; and 95 per cent O,. The
concentration of CaCl, in one experiment (4) was 0.5
mum, while in the other experiment (B) 2.0 mm CaCls
was used. In both experiments, the gastric mucosa
was removed from the underlying tunics and a
portion of the tissue was immediately fixed and
prepared for electron microscopy (see below). The
remaining portion of the mucosa was mounted be-
tween two Plexiglass chambers and bathed with the
respective physiological salt solution, and measure-
ments of the PD and mucosal conductance were
made (for details of apparatus and techniques, see
Forte and Davies, 14).

These measurements were carried out for an initial
control period and after the addition of ethyl-
enediaminetetraacetic acid (EDTA; previously ad-
justed to pH 7.3 with NaOH) to both the nutrient
(serosal) and the secretory (mucosal) bathing solu-
tions. The initial control measurements were made
until the PD and conductance had reached a fairly
constant level (about 45 minutes). At this point, the
procedure differed for the two experiments:

EXPERIMENT A: 1.0 mmM EDTA was added to
both bathing solutions and the measurements of
PD and conductance were continued for 65 minutes
when the mucosa was quickly removed from the
chambers and fixed and prepared for electron micros-
copy.

EXPERIMENT B: 4.0 mm EDTA was added to
both bathing solutions and the experiment was con-
tinued for 35 minutes, at which time a portion of the
mucosa was fixed and prepared for electron micros-
copy (see Fig. 1). The remaining portion was
washed once in physiological salt solution (2.0 mm
CaCly) and allowed to incubate in the presence of
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Freure 1 Experiment (B) showing effects of EDTA
on the potential difference (me2) and mucosal con-
ductance (mmhos/em?). The conductance is calculated
as the current necessary to produce a 10-mv change
pamps/cm?
Amv

across the mucosa = mmhos/cm? ).

calcium for 1.5 hour, after which it was also fixed
and prepared for electron microscopy.

For electron microscopy, tissue specimens were
placed for 1 hour, at 4°C, in 5 per cent glutaralde-
hyde buffered with 0.12 M NasHPO,NaH PO, at
pH 7.4.! The tissue was then washed for 30 minutes
at 4°C using three changes of the phosphate buffer.
The washed specimens were then postfixed at 4°C
in 1 per cent OsOy buffered at pH 7.4 with 0.12 m
phosphate buffer. Rapid dehydration (10-minute
intervals), starting with 50 per cent ethanol and con-

1 Frog erythrocytes exposed to 5 per cent glu-
taraldehyde for as long as 1.5 hour showed no sig-
nificant change in size (length and width) when
compared to cells in the physiological saline (P >
0.03).

Fieure 2 Portions of three adjacent normal oxyntic cells facing the lumen (L) of a gastric
gland are illustrated. The apical surface of the cells facing the lumen is differentiated into a
number of microvilli or finger-like extensions of cytoplasm. The limits of the junctional
complex between neighboring cells are indicated between pairs of arrows. An intercellular
space (is) containing filamentous cytoplasmic projections of adjacent cells extends in a
basal direction below the desmosome (d) of the junctional complex. Numerous mitochondria
(m) are disposed randomly in the cytoplasm. A number of pale elliptical profiles found
in the apical cytoplasm represent the zymogen granules (z) found in the amphibian oxyntic
cell (20). The dense granules found freely scattered in the cytoplasm are identified as
particulate glycogen (G). Granules of smaller diameter and exhibiting less electron-
scattering represent the ribonucleoprotein component; characteristically it is not found
in large amounts in this cell-type. The remaining portion of cytoplasm is occupied in large
part by the tubular elements of the smooth surfaced endoplasmic reticulum; these
elements are seen in longitudinal, oblique, and transverse planes of section. Part of a
nucleus (N) is visible also. X21,000. )
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Ficure 3 The junctional complex between normal oxyntic cells is shown. The desmosome (macula
adhaerens) extends from arrow I to arrow 2. The desmosome is composed of two parallel leaflets (unit
membranes) separated by a distance of ~200 A; these leaflets exhibit an asymmetry, the outer membrane
of the leaflet being less dense than the inner membrane. The intercellular space here contains material
of a greater electron-scattering capacity than the larger intercellular space located on the basal side. A
dense laminar plaque (p) is seen in the cytoplasm subadjacent and running parallel to each leaflet of the
desmosome. The zonula adhaerens (intermediate junction) is located between arrow 2 and arrow 3. The leaf-
lets of this component, exhibiting an asymmetry similar to that of the desmosome, are arranged parallz]
to one another and separated by a distance of ~170 A. The intercellular material seen here is of lesser
density than that contained in the desmosome of the junctional complex. The zonula occludens (tight junc-
tion) runs between arrows 3 and 4 adjacent to the lumen (L) of the gastric gland. It consists of five layers
(three dark layers separated by two light layers) and contains a single central member which is less dense

thap but similar in diameter to either outer member. X 115,000,

tinuing through absolute ethanol (I15-minute in-
tervals) and propylene oxide (two changes in 1 hour),
was performed at 4°C. Subsequent infiltration of the
tissue with catalyst-containing resin was done at
room temperature (~24°C), and the tissue embedded
via the Epon embedding method of Luft using a 7:3
proportion of mixture A to mixture B with a “slow
cure” (15). Sections 600 to 900 A thick (16) were cut
from plastic blocks with the LKB Ultrotome and
mounted on carbon-coated 150- to 200-mesh copper
grids (17). These preparations were stained with
lead for 10 minutes according to Millonig (18).

Electron microscopy was done with an RCA
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EMU 3D containing a 1 mil platinum objective
aperture and a 10 mil condenser aperture. The
microscope was operated at ~100 kv and was
equipped with an external bias control to regulate
the amount of beam current.? Micrographs were
obtained at original magnifications of 5,000 to
30,000 diameters and enlarged or reduced pho-
tographically as required.

2 By reducing the beam current it was possible to
control the amount of “beam damage” to the sec-
tions.
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OBSERVATIONS

The methods employed for the preparation of the
tissue for electron microscopy in these experiments
provided a fine structural pattern for the oxyntic
cells which was similar to that previously obtained
with other methods (19-25). However, the fixa-
tion used in the present work was more favorable
for the demonstration of an extensive, closely
packed system of smooth surfaced tubules in the
cytoplasm of the oxyntic cells (Figs. 2 and 5).

o‘l' -‘-

Ficure 4 Portions of the junctional complex of three
normal adjacent oxyntic cells are demonstrated. The
desmosome stretches between arrows I and 2, the
zonula adhaerens between arrows 2 and 3, and the
gonula occludens between arrows 3 and 4. Here the
tight junction of this complex merges with the zonula
occludens of the junctional complex of adjacent cells;
the central member of this five-layered structure
appears to be continuous through the union. Note in
the region marked by the unnumbered arrow that the
membranes of the zonula occludens have separated,
providing an intercellular space bounded by two unit
membranes. This type of separation was found in-
frequently in our preparations. X115,000,

A. W. Separ aND J. G. Forte EDTA and Junctional Complex

These elements are identified as the smooth sur-
faced endoplasmic reticulum of the cell.

JuncrioNaL COMPLEX BETWEEN NORMAL
OxynTIic CELLS

Recently Farquhar and Palade (13) have pub-
lished an extensive review of the structure of the
junctional complex of various epithelia, including
the gastric mucosa. These authors have proposed
a terminology for the elements of the complex
which will be used in this paper. Our results on
oxyntic cells agree with their general findings.
However, our dimensions for the intercellular
spaces of the desmosome and zonula adhaerens are
~15 per cent lower than the corresponding
values reported by these authors.

DESMOSOME (MACULA ADHAERENS): The
desmosome is associated with the junctional com-
plex in the apical zone between adjacent cells,
but it is also found in intermediate and more
basal zones between cells (Figs. 2 to 4). This ele-
ment consists of two parallel leaflets (unit mem-
branes as defined by Robertson, 26) separated
by a distance of ~200 A and contains electron-
scattering material in the intercellular space.
These leaflets show an asymmetry, the inner mem-
brane of the leaflet being more dense than the
outer membrane. In the cytoplasm, subadjacent
to each leaflet, a dense laminar plaque, running
parallel to the membranes, is seen. Cytoplasmic
fibrils are usually associated with these dense
lamellae. The intercellular space is encountered
below the level associated with the desmosome of
the junctional complex.

ZONULA ADHAERENS (INTERMEDIATE
juncTion): This intermediate element of the
complex consists of two leaflets disposed in a
parallel fashion and separated by a distance of
~ 170 A; the intercellular substance found here
exhibits less electron-scattering than that found in
the desmosome (Figs. 2 to 4). There is an asym-
metry of the membranes of the zonula adhaerens, the
inner membrane being more dense than outer
membrane. Farquhar and Palade (13) have as-
sumed that this element forms a continuous belt
surrounding each cell.

ZONULA OGCLUDENS (TIGHT JUNCTION):
This is the most apical component of the complex.
It appears to be formed by the apposed membranes
of adjacent cells. The two outer members of the
unit membranes fuse into a single central mem-
brane of approximately the same width as either
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outer member (Fig. 3). The density of this central
component is less than that of either inner member
of the zonula eccludens. These inner members are
continuous with the corresponding inner com-
ponent of the apical plasmalemma. (In the case
of the apical cell membrane of oxyntic cells, the
unit membrane consists of an inner membrane
exhibiting greater density than the outer mem-
brane.) Occasionally (Fig. 4), the membranes of
the tight junction separate for a short distance,
resulting in an opening bounded by two unit
membranes (13).

Pravysiorocican Errecrs or EDTA

The changes in both the PD and conductance
after the addition of EDTA were consistent with
the findings previously obtained (6); the results of
an experiment are graphically illustrated in Fig. 1.
The chelating agent induced a marked increase
in the mucosal conductance (the value of the con-
ductance at the time the tissue was fixed for
electron microscopy approached that of the
Ringer’s solution) and a decrease in the trans-
mucosal PD.

JunctionaL CompLEX IN EDTA-TREATED CELLS

DESMOSOME (MACULA ADHAERENS): Sev-
enty-seven per cent of the desmosomes measured
after exposure to EDTA showed a marked sepa-
ration of apposed leaflets (Figs. 5, 8, 10, and 12).
In the remaining 23 per cent, a partial separation
of the walls was observed in many of the desmo-
somes (Figs. 6 and 7). The unit membrane and
associated cytoplasmic plaque of the desmosome
wall are often obvious; however, in many in-
stances the wall of the desmosome appears as a
uniformly dense, amorphous structure lacking

differentiation of these elements (Fig. 7). Al-
though it is possible that these results could be
due to the plane of section, the frequency of the
occurrence of the amorphous, dense appearance
of the desmosome wall suggests a possible modifica-
tion in structure. The intercellular dense material
normally associated with the desmosome is no
longer obvious in EDTA-treated preparations. It
should be pointed out here that these alterations
in the fine structure are seen in all desmosomes,
in addition to the desmosome associated with the
junctional complex (Fig. 5).

ZONULA  ADHAERENS (INTERMEDIATE
JuNcTioN): Similar to the changes in the des-
mosome induced by EDTA, there is a widening of
the intercellular space in the zonula adhaerens as a
result of the separation of the apposed leaflets
(Figs. 5, 6, and 9). Sacculations or invaginations of
the wall into the adjacent cytoplasm(s) frequently
accompany these changes (Figs. 7 and 8). When
the leaflets are separated, the intercellular dense
material is no longer evident in the intermediate
junction. The asymmetry of the membranes
does not appear to be altered by the chelating
agent.

ZONULA OCCLUDENS (TIGHT JUNCTION):
Structural changes in the zonula occludens were not
so obvious and clearly seen as those observed in the
other components of the complex (desmosome,
zonula adhaerens). The dimensions and asymmetry
of the EDTA-treated membranes of the tight
junction are identical with those of the controls.
The changes that are observed consist of local
modifications within the component. For example,
there appears to be an increased frequency of the
openings or separations of the membranes (Figs.
10 to 12). In exceptional cases a disorganized fine

Ficure 5 Portions of five adjacent oxyntic cells facing the lumen (L) of a gastric gland
from an EDTA-treated mucosa are seen. The short and club-shaped apical microvilli
(mv) observed here replace the corresponding filamentous and elongate microvilli of
control preparations (see Fig. 2). At this relatively low magnification, separation of the
desmosome walls (d) of both the desmosomes associated with the junctional complex
and the more basally located desmosomes is obvious; the intercellular dense material
found within the desmosome has disappeared. The walls of the desmosome at x are out
of register. Arrows indicate places where the walls of the zonula adhaerens have separated;
the intercellular dense material has disappeared here also. No changes in structure are
noted in the zonula occludens (20) at this magnification, but higher magnification micro-
graphs (see Figs. 6, 11 to 13) sometimes exhibit separation of membranes in this zone.
Obvious changes in structure were not observed in the smooth surfaced endoplasmic
reticulum (ER), mitochondria (m), zymogen granules (z), and particulate glycogen (G).
(Compare with Fig. 2). The intercellular canaliculi (ic) appear as typical as those in

control preparations. X 21,000,
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structure is seen within this zone, e.g. short
lengths of unit membranes randomly oriented
(Fig. 13). However, it should be pointed out that
such images could result from tangential section-
ing of membranes.

OTHER GOMPONENTS OF THE CELL: No
obvious changes were observed in the following
components of oxyntic cells: mitochondria,
smooth or rough surfaced endoplasmic reticulum,
nuclei, freely scattered RNP particles, particulate
glycogen, intramitochondrial granules, zymogen
granules, or the asymmetry of cell membranes
(including basal, lateral, and apical). However,
the appearance of the microvilli on the apical
surface of the cells bordering the lumen of the
gastric gland were modified by EDTA. The
elongate and filamentous microvilli seen char-
acteristically in the control preparations (Fig. 2)
are replaced by shortened, club-shaped exten-
sions of cytoplasm (Fig. 5).

Tre Fine StrRUcTURE oF OxynTic CELLS
ExprosEp To CALCIUM AFTER PRIOR
TrEATMENT WiTH EDTA

Electron micrographs of the junctional complex
of oxyntic cells from experiment B, allowed to

incubate in Catt-Ringer’s solution after EDTA
treatment, showed a fine structure for this area
(Figs. 14 and 15) which was similar to that de-
scribed for the normal cells. The recovery from
the effect of the chelating agent was especially
striking in the desmosome and the zonula adhaerens.
The intercellular distance and the dense material
contained therein were as characteristic as those
found in untreated preparations.

It was noted that microvilli or apical projections
of cytoplasm became more elongate and filamen-
tous than in the normal cells. In addition, the
apical cytoplasm exhibited numerous
vacuoles (as large as 3000 A) (Fig. 14).

large

DISCUSSION

The results presented in this report concerning the
fine structure of the junctional complex confirm,
in general, the findings of other authors (27-31, 11,
32) who have described this structure in various
epithelial cell-types. Specifically, these results,
using oxyntic cells of the frog, extend the observa-
tions of Farquhar and Palade (13) to amphibian
cells. However, the asymmetry noted by these
authors for the plasmalemma of the oxyntic cells

Ficure 6 The junctional complex between oxyntic cells from an EDTA-treated gastric
mucosa is depicted. A separation of the membranes is observed, at the unnumbered arrow,
within the zonula occludens which extends from arrow 3 to arrow 4. Under these circum-
stances an intercellular opening is obvious, bounded on either side by a unit membrane.
The zonula adhaerens is located between arrows 2 and 3, and the desmosome of the com-
plex between arrows f and 2. The intermediate junction exhibits a separation of its walls
and a relatively wide intercellular space. An alteration in structure is not conspicuous in
the desmosome, although portions of the apposing walls of the structure have separated
some distance. Apparently this particular desmosome was not completely affected by the

chelating agent. X99,500.

Ficure 7 The junctional complex between neighboring oxyntic cells from an EDTA-
treated gastric mucosa is represented. Although no obvious change in structure of the
zonula occludens is seen (between arrows 3 and }), changes in structure of the desmosome
(arrows 1 to 2) and 20nula adhaerens (arrows 2 to 3) are apparent. It appears as though
the leaflets and associated dense cytoplasmic plaques of the desmosome have lost their
individuality. This could be due to the section plane, but the high frequency of occurrence
seems to preclude the possibility (see also Fig. 5); the apposing walls of this desmosome
are partially separated. The walls of the intermediate junction have separated and the
intercellular space between them lacks appreciable density. X 58,500.

Frcure 8 The junctional complex between adjacent oxyntic cells from an EDTA-
treated gastric mucosa illustrates marked separation of the apposing walls of both the
desmosome (arrows I to 2) and the zonula adhaerens (arrows 2 to 3). The tight junction
extends from arrow 3 to arrow 4. During a part of its course the section plane is parallel
to the wall of this component. Here a number of tiny vesicles are seen (unnumbered arrow).
This could represent a modification in membrane structure due to the chelating agent or
perhaps a local manifestation of poor fixation of membrane. X 75,500,
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of the rat was reversed in our results. As is well
known, variations in symmetry of the plasma-
lemma of other cell types have been reported by a
number of investigators (for further discussion and
pertinent literature see reference 13).

The effects of EDTA on the structure of the
desmosome and zonula adhaerens were more obvious
than those noted on the zonula occludens. The
marked separation of these former regions may be
related to the disappearance of the dense inter-
cellular material usually found here. It is possible
that this intercellular material is still present al-
though lacking electron-scattering properties.
This could be (1) the result of a dilution of the
electron-scattering substance in the enlarged inter-
cellular space or (2) an indication that calcium
itself is necessary for the electron-scattering prop-
erties of the substance.

The structure of the zonula occludens does not
include an intercellular substance. In fact, the
outer members of the apical plasmalemma appear
to fuse here to form a single, central component.
This arrangement presumably involves a stronger
binding of adjacent cells. However, in EDTA-
treated preparations there is an increased fre-
quency of separations or openings of the mem-
branes in this area. If these openings were con-
tinuous with the secretory surface, they could pro-
vide channels for the passage of materials between
cells. Evidence for the existence of such channels

would be difficult to obtain because of the large
number of serial sections required to demonstrate
the continuity.

It would be useful for the cytophysiologist to
know which of the components of the junctional
complex is limiting for the passage of various sub-
stances between cells. Farquhar and Palade (13)
have found that mass tracers (hemoglobin in
kidney cells and zymogen in pancreatic cells) did
not penetrate beyond the zomula occludens. With
this observation they concluded that the zonula
occludens was the barrier restricting flow. However,
the mass tracers used in their experiments were
present only on the apical side (closest to the
occluding zone) and thus the evidence does not
exclude other members of the complex as the
major diffusion barrier. Both the zonula adhaerens
and the zonula occludens are presumed to be con-
tinuous beltlike structures, encompassing cells
(13). As such they would constitute a morpho-
logical barrier for diffusion. Although our results
show that the changes induced by EDTA in the
zonula adhaerens were more striking than those
occurring in the zonula occludens, it is not possible
to distinguish which of the two elements is most
limiting to diffusion. On the other hand, the
desmosome of the junctional complex, as well as
other desmosomes found more basally, are not
continuous structures surrounding the cells; they
have been described as discontinuous button-like

Figure 9 The apical parts of three adjacent oxyntic cells from an EDTA-treated gastric
mucosa are shown. The zonula occludens (20) of the cells has fused into a wishbone-shaped
figure, and otherwise appears normal in fine structure; the less dense central member of
the junction appears continuous from one branch to another. The zonula adhaerens (za),
on the other hand, shows a striking change in fine structure, in that its walls have separated
some distance and it contains less dense intercellular material (compare with Fig. 3).
The desmosome component of the junctional complex is not seen in this figure since the
section plane is close to the luminal surface of the gastric gland. X'78,000.

Ficure 10 A portion of the junctional complex between adjacent oxyntic cells from an
EDTA-treated gastric mucosa is seen. The tight junction extends between arrows 3 and
4 and contains a prominent opening (unnumbered arrow). The walls of the 2onula adhaerens
and the desmosome (d) of the complex have separated some distance; both these ele-
ments have no visible intercellular dense material. X100,000.

Ficure 11 The zonula occludens of the junctional complex between two oxyntic cells
is seen running between arrow 3 and arrow }. The mucosa had been exposed to EDTA
and showed a marked increase in mucosal conductance prior to fixation of the tissue.
Unnumbered arrows designate openings within the tight junction. The openings are
bounded by unit membranes. If these openings were continuous with the secretory sur-
face of the cell, they could provide a pathway for diffusion of substances. X121,000.
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Figure 12 Another example of an opening (un-
numbered arrow) within the tight junction of the
junctional complex between oxyntic cells of the EDTA-
treated gastric mucosa; the zonule occludens extends
between arrows 3 and } although the exact position of
arrow 3 is difficult to determine because of the section
plane. The walls of the macula adhaerens (d) have
separated some distance. The chelating agent appears
to produce more obvious changes in fine structure of
the desmosome of the junctional complex than of the
gonula occludens. X '75,500.

structures (13, 32). Therefore, the desmosomes

would not constitute an effective barrier to diffu-

sion, in that materials could pass around them.
The desmosomes undoubtedly are points of
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attachment between the lateral apposed walls of
cells. Without these zones of contact, the cells pre-
sumably become more plastic, as evidenced by
both separated desmosomes and desmosomes out
of register (Fig. 5). It is interesting to note that
Dornfield and Owczarzak (33) have found evi-
dence for the loss of cell membrane rigidity in
EDTA-treated tissue culture cells.

Electron micrographs showed normal structure
and dimensions for the components of the junc-
tional complex in the experiments where calcium
incubation followed EDTA treatment. This
demonstrates that the effects of the chelating
agent are reversible and that calcium ions are
necessary for the preservation of the fine structures
of the junctional complex.

The nature of the calcium complex which
maintains structural and physiological integrity
in the epithelium of the gastric glands is at present
unknown. However, calcium specificity is indi-
cated, in that magnesium, strontium, or barium
cannot restore the calcium-depleted mucosa (6).
Katchalsky (34) has pointed out that binding of
divalent ions to macromolecules, such as proteins,
may be either an electrostatic loose binding or a
strong and specific binding. He suggested that the
majority of anionic sites on a protein molecule
would favor the former binding with calcium, but
a few stereospecific regions (e.g. 2 carboxyls flanked
by 2 hydroxyls) permit binding far stronger than
the ordinary electrostatic type. It should be
pointed out that the calcium “bridge” complex
need not be zia carboxyl groups alone, but other
groups, such as phosphoryl, sulfhydryl, and sulf-
onate, may be involved.

Several authors have suggested that the region
of the junctional complex in epithelial tissue
serves as the intercellular barrier across which
chemical and electrical gradients are maintained
(8,9, 11, 12). In the present experiments we noted
dramatic changes in the resistance and PD in-
duced by EDTA. These alterations were consistent
with earlier observations (6) which also included
measurements of the passage of sucrose and
sodium across the mucosa. From all of these data,
it is reasonable to conclude that EDTA produces
a marked increase in the diffusion of materials
between cells. The fine structural changes in the
junctional complex are consistent with these
physiological data.

A schematic model to correlate the physiological
and morphological findings is presented in Fig. 16.
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Both the normal junctional complex and one
affected by EDTA are represented. Normally cal-
cium maintains the integrity of the complex and
allows minimal movement of charged substances
between cells. Here the intercellular resistance
(R:) is greater than the resistance of the cell (R,)
and thus the PD between N and S across the
mucosa (30 to 40 mv) would approach the value
of the potential resulting from ion transport (¢).
The removal of calcium alters the fine structure of
the junctional complex and results in the increased
passage of charged and uncharged substances
between cells. In this situation, R; is much less
than R,, and the PD (between N’ and §’) ap-
proaches zero millivolts.

Our studies provide fine structural evidence for
the necessary presence of calcium ions in main-
taining both the junctional complex and lateral
cell-to-cell attachments (desmosomes) of oxyntic
cells. The importance of calcium in keeping cells

Ficure 18 This micrograph demonstrates a
disorganized fine structure within the tight
junction between oxyntic cells of the EDTA-
treated gastric mucosa. Note short lengths of
unit membranes (arrows) which have a random
orientation in this component of the junctional
complex. X 121,000.

together has been established for many cell-types
(35-38, 12). For example, Heilbrunn (39) cites a
reference of Ringer and Sainsbury (40) who com-
mented on “the remarkable power which a mi-
nute dose of lime salt, e.g. of lime phosphate, pos-
sesses in maintaining the integrity of the tissues.”
Since the junctional complex and desmosomes
function as intercellular attachment devices in
many cell types, it is reasonable to conclude the
general importance of calcium ions in maintaining
these structures.

The substance of this work was presented at the
Third Annual Meeting of the American Society for
Cell Biology, New York, New York, November 6
to 8, 1963 (41).

This investigation was supported by PHS research
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from The United States Public Health Service.

Received for publication, August 23, 1963.

(Article continued on following page)

A. W. Separ anp J. G. Forre EDTA and Junctional Complez

185



186

Ficure 14 This micrograph shows the junctional complex between oxyntic cells of a gastric mucosa
incubated in Ca-**-Ringer’s solution after EDTA exposure. The components of the complex including
the desmosome (arrows I to 2), the zonula adkaerens (arrows 2 to 3), and the zonula occludens (arrows
3 to 4) exhibit a fine structure which is similar to that found between normal cells (compare with Fig.
3); the intercellular dense material within the desmosome is also similar to that within the intermediate
junction. The cytoplasm of the cells contains a number of large vacuoles which were not observed in control
or EDTA-treated preparations. Groups of large dense granules (G) are presumed to be particulate gly-
cogen. X'78,000.

Ficure 15 An example of a junctional complex between oxyntic cells of the gastric mucosa which was
first incubated in an EDTA-containing Ringer’s solution and then placed in a Ca**-Ringer’s solution. The
leaflets of the desmosome (arrows I to 2) are shown to better advantage than in Fig. 14; the adjacent
cytoplasmic dense plaques can be seen clearly on either side of these leaflets, separated by a less dense
space. The length of the zonula adhaerens is short (arrows 2 to 3). The tight junction runs a serpentine
course between arrows 3 and 4; the central member of this five-layered structure can be seen well in the
region of the unnumbered arrow. The fine structure of the elements of the complex resembles that of
normal cells (the fine dense particles seen in the micrograph are presumably due to “beam damage”).
X78,000.
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Ficure 16 Schematic diagram showing the influence
of calcium on physiological and cytological parameters
of oxyntic cells. With calcium present, R; (intercellular
resistance) is greater than R, (cellular resistance),
and the PD across the mucosa (between N and S)
approximates the value of e (potential resulting from
cellular transport). EDTA removes calcium and alters
the fine structure of the junctional complex between

cells. Tncreased movement of materials between cells

occurs and R; becomes much less than R., resulting in
a decreased PD.
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