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The membrane that separates the intracel-
lular from the extracellular compartment of
mammalian myocardial cells has two com-
ponents, the lipid bilayer and an external
protein—polysaccharide coat approximately
50-nm thick (1). This external coat has been
referred to as the basal lamina, external lam-
ina, basement membrane, or glycocalyx and
corresponds to the basement membrane of
epithelial cells. Howse et al. (2) propose that
the external lamina, as well as the lipid bi-
layer, acts as a selective permeability barrier
between intracellular and extracellular com-
partments. Their histochemical studies have
shown that the external lamina is rich in
acidic residues which impart a high density
of negatively charged sites. The electrostatic
field produced by the polyanionic glycosa-
minoglycans hinders diffusion of anions into
the cell while strongly binding cations, most
notably Ca®* (3). Loss of membrane-bound
Ca®* by simple diffusion into a Ca®*'-free
medium results in a decrease in the selective
permeability characteristics of the membrane
(4). Winegrad (5) has found that the divalent
cation chelating agents ethylenediaminetet-
raacetic acid (EDTA) and [ethylene-
bis(oxyethylene-nitrile)]tetraacetic acid
(EGTA) further unselectively increase mem-
brane permeability to small ions to such an
extent that they functionally “skin” the my-
ocardial cells. Winegrad (5) has suggested
that EDTA and EGTA produce this effect by
chelation of membrane-bound calcium. Ac-
cordingly, the number of free cation binding
sites should be larger in EDTA-treated mus-
cles than in preparations bathed in Ca®*-free
media. The purpose of this study was to test
this hypothesis.

A preliminary communication of a part of
this work has already appeared (6).

Materials and methods. Male guinea pigs,
weighing between 200 and 400 g were used
in all experiments. The guinea pigs were
stunned by a blow to the head, and their
hearts were rapidly excised. The right ventri-

cle from each heart was divided into two
parts of approximately equal size, one-half
serving as a control and the other as the test
preparation. Both muscle halves were initially
bathed in a modified Krebs solution of the
following composition: 128 mM NaCl, 5.6
mM KCl, 1.2 mM MgCly, 2.5 mM CaCl,,
10.0 mM Tris buffer, and 10 mM dextrose at
pH 7.4. The control muscle remained in this
solution, maintained at 30° and oxygenated
with 100% O, for the duration of the exper-
iment.

The test muscle, trimmed to a width of
approximately 3 mm and length of 7 mm,
was clamped at one end into a hollow alu-
minum tube and secured to a steel post in a
1.5-ml Plexiglas bathing chamber. The other
end of the muscle was similarly clamped to
an isometric strain gauge mounted on a mi-
cromanipulator. The force of the isometric
contractions of the muscle strips was dis-
played on a strip chart recorder. These rec-
ords were graphically analyzed for resting
tension and maximum developed tension.

The test muscle strip was superfused with
physiological solution at a rate of 3 ml/min
by a gravity flow-through system. The tem-
perature of the bathing solution was contin-
uously monitored by a thermocouple and
telethermometer. A thermoelectric module
and feedback circuitry controlled the temper-
ature of the inflowing solution and main-
tained the temperature of the solution bathing
the muscle at 30°.

An initial resting tension sufficient to ob-
tain maximal developed tension was applied
to the muscle strip. The muscle was stimu-
lated at 60 cpm through two platinum elec-
trodes (one in contact with the muscle and
the other juxtaposed) by an electrically iso-
lated stimulator. Both active and resting ten-
sions were allowed to reach steady-state val-
ues before pacing was stopped. The muscle
was then superfused with a membrane-dis-
rupting solution of the following composition:
3 mM EDTA, 10 mM dextrose, 10 mM Tris
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buffer, and 140 mM KCI, pH 7.0. After 15
min of exposure to this solution, three differ-
ent contracture solutions were introduced to
the muscle strip to determine the complete-
ness of membrane disruption. These solutions
contained 3 mM EGTA, 10 mM dextrose, 10
mM Tris buffer, 140 mM KCIl, and | mM
MgCl; at pH 7.0. An apparent stability con-
stant for Ca-EGTA of 10*® M~ at pH 7.0
(7) was used to determine the appropriate
amount of CaCl; to be added to 3 mM EGTA
to produce Ca®* ion concentrations of 1 X
1077, 1 x 107% and 1 x 107 M. Resting
tension was followed for three consecutive
10-min periods during which the muscle was
exposed to each of the contracture solutions.

Following the third contracture solution, a
relaxation solution of the same composition
but containing no CaCl, superfused the prep-
aration for 10 min. The test muscle and its
control were then quickly frozen in liquid
nitrogen. Serial sections of the muscles 20-um
thick were cut in a cryostat at —20° and
mounted on microscope slides. The slides
were immersed overnight in a Ca®*-free
0.05% Alcian blue 8GX medium containing
0.1 M MgCl,, 0.2 M sodium acetate, and 0.2
M acetic acid. Alcian blue has from two to
four cationic groups per molecule which con-
fer high electrostatic attraction of the dye for
the polyanions of the external lamina and
nuclear material (8-10). Copper is present in
a 1:1 molar ratio in the Alcian blue molecule.
Therefore, the amount of Alcian blue bound
to the muscles was determined by measuring
the copper content with atomic absorption
spectrophotometry (11). Nuclear staining was
assumed to be uniform throughout each ven-
tricle. Therefore, any effect of EDTA on
Alcian blue binding to the entire myocardial
cell was attributed to a change in the amount
of dye bound to the external lamina which is
in turn an index of the cation binding capac-
ity of this structure.

Results. To substantiate that the EDTA-
disrupting media increased the permeability
of the myocardial membrane, we measured
the effect of various extracellular Ca** ion
concentrations on the resting tension of all
disrupted muscle strips. Resting tension in-
creased 10-fold as the external calcium con-
centration was raised from 1 X 107" to 1 X
107 M. These results are similar to those
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reported by Winegrad (5). Because changes
in the Ca** concentration over this range
have no effect on the resting tension of un-
treated muscle preparations (5), these results
suggest that EDTA significantly reduced the
membrane permeability barrier of our test
muscles, particularly to Ca®*.

Light microscopy demonstrated that Al-
cian blue stained both the nuclei and external
lamina of the cardiac cells. Atomic absorption
spectrophotometry revealed that EDTA dis-
ruption significantly reduced the amount of
dye bound to the muscle by an average of 21
+ 3% as indicated by the amount of copper
found in the muscles (see Table I). This result
indicates that EDTA reduced the cation bind-
ing capacity of the external lamina.

Discussion. An increase in the number of
cation binding sites on the external lamina in
EDTA-treated muscles would be consistent
with the hypothesis that EDTA skins my-
ocardial cells by chelating membrane-bound
Ca®*. That the number of cation binding sites
was reduced by EDTA does not disprove this
hypothesis. However, it suggests that the che-
lation of Ca** by EDTA does more to the
membrane than merely decrease the amount
of Ca®" bound to the external lamina. The
decreased number of cation binding sites can
be explained in at least three ways: (i) The
number of cation binding sites available for
binding the dye has been reduced due to
competition between EDTA and the dye for
the sites; (ii) the number of cation binding
sites has been reduced by destruction of the
external lamina; (iii) chelation of divalent
cations by EDTA has caused conformational
changes in the external lamina such that a
smaller number of the cation binding sites are
available for binding the dye.

It is unlikely that EDTA is capable of
competing with Alcian blue for the negatively

TABLE I. EFrects oF EDTA oN COPPER CONTENT OF
MuUSCLES STAINED WITH ALCIAN BLUE 8GX“

Myocardial Alcian blue con-
Treatment weight (mg) centration®
Control 0.323 + 0.020 1.688 + 0.065
EDTA 0.277 + 0.054 1.329 + 0.056*

“ Values are means + SE of six paired experiments.

® Micrograms of Cu per cc per mg tissue.

* Significantly smaller than control, 7 < 0.01 by a
Student’s ¢ test.
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charged binding sites because EDTA itself is
a multidentate ligand and carries a strong
negative charge at pH 7.0 (12). Eastwood ef
al. (13) have correlated an irreversible loss of
ion-selective permeability of the sarcolemma
of chemically skinned human and rabbit skel-
etal muscles with severe disruption of the
sarcolemma; large gaps in the membrane
were observed in electronmicrographs. In
contrast, Winegrad (5) and McClellan and
Winegrad (14) have demonstrated that chem-
ically skinned myocardial preparations dis-
play no gross disruption of the sarcolemma.
Therefore, it is unlikely that EDTA treatment
reduces the number of cation binding sites by
destroying the external lamina. On the other
hand, studies on various solutions of glyco-
saminoglycans have demonstrated that they
undergo changes in conformation in response
to small changes in the ionic composition of
their microenvironment (15-17). Electron-
micrographs of chemically skinned rat my-
ofibers show effects of skinning on the exter-
nal lamina; it becomes less electron dense and
more fibrous in appearance (14). Our results
suggest that those changes in appearance of
the external lamina reflect conformational
changes induced by a decrease in the Ca**
concentration of the microenvironment of the
external lamina below a critical level. These
changes, which are not always completely
reversible (5), decrease the number of cation
binding sites available for the Alcian blue
dye and increase the permeability of the
membrane unselectively to small ions. Our
results are supportive of the concept that
membrane-bound Ca** provides a stabilizing
influence on membrane permeability by af-
fecting the conformation of molecules that
constitute the membrane.

Summary. EDTA decreases the binding of
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Alcian blue to the external lamina of the
myocardium and increases membrane
permeability to small ions unselectively. The
combination of these events support the no-
tion that chelation of calcium by EDTA
causes conformational changes in the exter-
nal lamina to which the changes in membrane
permeability may be attributed.
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