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Localization of Calcium-Accumulating
Structures in Striated Muscle Fibers

Abstract. When frog muscle fibers from which the sarcolemma had been dis-
sected away were perfused with a calcium solution and then treated with oxalate,
electron-opaque material, probably calcium oxalate, accumulated in the terminal
sacs of the sarcoplasmic reticulum. These regions of calcium accumulation were
identified with the intracellular calcium sink that controls the relaxation phase of
the contraction-relaxation cycle; their proximity to tubules implicated in intra-
cellular stimulus conduction suggests that they might also be regions from which

calcium is released to trigger contraction.

Probably the most generally accepted
explanation of the contraction-relaxa-
tion cycle in muscle cells is that (i)
depolarization of the surface membrane
leads to the release of calcium ions
from a source within the cell; (ii) this
calcium catalyzes interaction of the

myofilaments, giving rise to contractile
force; (iii) calcium is then removed
by an intracellular sink, ending myo-
filament interaction (7). Although the
way in which calcium is made avail-
able to the myofilaments and then re-
moved from them is not entirely clear,

structures formed by a highly differ-
entiated system of internal membranes
(Figs. la and 24) have been implicated
in these processes. It has, in fact, been
possible to fragment these membranes
and form a heterogeneous collection of
vesicles and tubules that is capable of
accumulating calcium (2). Our study
was designed to localize specific regions
of calcium accumulation within the
cell without disrupting the internal
membrane system. The general idea
was to immobilize calcium in situ by
forming oxalate deposits which could
be detected by electron microscopy
(see 3).

Small bundles of fibers were dis-
sected out of the semitendinosus muscle
of the frog, Rana pipiens, and covered
with paraffin oil. ‘A segment of a single
fiber was separated from the bundle
and the sarcolemma dissected away, as
first described by Natori (4). This tech-
nique, which did not appear to affect
the internal structure of the fiber (Fig.
1a), made it possible to apply various
solutions directly to cell components
without the intervention of the surface
membrane.

Fig. 1. (a) Longitudinal section of a frog muscle fiber showing the internal structure after removal of the sarcolemma. The A, I,
and Z bands of the myofibrils are marked for reference. At the level of every Z line, the interfibrillar spaces are occupied by the
characteristic group of three elements known as the triad (three arrows) (13). The central element of the triad is part of a
transverse (or T) system of tubules; the lateral elements of the triad are formed by the terminal sacs of the sarcoplasmic re-
ticulum. Along the A band are longitudinally oriented elements of the sarcoplasmic reticulum (asterisks) which connect terminal
sacs at opposite ends of the sarcomere and fuse together to form a flattened cisterna in the middle of the sarcomere (o). Fixed

in glutaraldehyde and osmium, stained with lead citrate. (X 24,000) (b) Longitudinal section of “skinned” fiber that has been
perfused with calcium and then treated with oxalate. The section has not been stained, but there is sufficient contrast to dis-
tinguish the main structural features, particularly if one compares this with (a) where the same symbols identify similar structures.
Electron-opaque material has accumulated in three areas of the sarcoplasmic reticulum, all at the level of the I band, in regions
corresponding to the terminal sacs. The general features of deposition are evident: deposits are, at times, only in one corner of
the larger terminal sacs (note the largest of the three deposits); some terminal sacs are empty (note lateral elements of triad in
lower right corner); deposits are absent from longitudinally oriented elements of the sarcoplasmic reticulum, even though these
elements are continuous with terminal sacs, and from the T system. (X 24,000)
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Three types of experiments were
conducted before the preparations were
fixed for electron microscopy: (i) the
surface of the “skinned” fiber was per-
fused with about 1 mul of oxalate
solution (10 mM sodium oxalate plus
140 mM KCl) over a length of about
200 p; (i) a similar region of the
fiber surface was perfused with about
1 mul of calcium solution (10 mM
CaCl: plus 80 mM sodium citrate) and

then with an equal volume of the oxa- -

late solution; and (iii) the fiber was
perfused with calcium, as in (ii), but
no oxalate was added prior to fixation.
The application of calcium resulted in
local contraction followed by relaxa-
tion (5).

Fixation for electron microscopy was
the same for all samples of tissue;
about 5 minutes after the preparation
had been exposed to the perfusion
solutions, it was fixed with 6.5 percent
glutaraldehyde in 0.2M cacodylate buf-
fer at pH 7.2, washed in buffer, and
fixed again in 2 percent osmium (6);
each of these solutions also contained
10 mM oxalate. The fixed preparation
was then rinsed with 10 mM oxalate,
dehydrated in a series of alcohols and
then in acetone, and embedded in
Araldite. The embedded material was
sectioned with a Porter-Blum micro-
tome and examined in an RCA EMU
3G electron microscope. In preliminary
experiments, sections were stained with
lead citrate (6); this step was omitted
in the present study because the stain-
ing solutions often dissolved away the
electron-dense deposits. Although un-
stained preparations (Fig. 15) had less
contrast than stained ones (Fig. 1a),
the fiber constituents could be clearly
identified. One can recognize the myo-
fibrils with their bands (A, I, and Z)
as well as structures formed by the
internal membranes: the sarcoplasmic
reticulum, elements of which envelop
each sarcomere, and the transverse (T)
system, tubules which extend inward
from the surface membrane at the Z
line and are thought to conduct the
electrical stimulus for contraction to
the inner parts of the fiber (7).

In fibers to which oxalate was ap-
plied, certain areas of the sarcoplasmic
reticullum showed accumulations of
electron-opaque material (Figs. 15 and
2b). These dense spots were clearly
within the sarcoplasmic reticulum and
were almost always situated in the
terminal sacs adjacent to the I band.
No deposits were observed outside the
membranes of the sarcoplasmic reticu-
lum either in the myofilament region
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or within the mitochondria or the
tubules of the T system. Similar spots
were also seen in the terminal sacs
when the plane of sectioning was per-
pendicular to the fiber axis, indicating
that the deposits are roughly spherical
in shape. Since the deposits were gen-
erally less than 0.1 , in diameter, each
one filled only a small portion of a

Fig. 2. (a) Detail of triad in a “skinned”
fiber. Terminal sacs of the sarcoplasmic re-
ticulum face opposite sides of the T sys-
tem tubule. The terminal sacs have a
dense granular content that differentiates
them from the rest of the sarcoplasmic
reticulum and the T system (11, 14). In
this type of preparation, the terminal sacs
often have protuberances that extend as
far as the level of the A-I junction
(asterisk). The zone of close proximity
between the sarcoplasmic reticulum and
T system in the triad presents a charac-
teristic  junctional structure (10-12);
arrow marks an area where this structure
is visible. (X 56,250) (b) Detail of
a sac with enclosed deposit. Deposit fills
the lower end of the terminal sac, near
the middle of the I band; the membrane
of the sarcoplasmic reticulum is easily
seen. (X 67,500)

terminal sac. Therefore the appear-
ance, in a given section, of empty sacs
close to those containing a deposit can
be accounted for, at least in part, by
the fact that the deposits are discon-
tinuous and that only a small volume
of each sac is included in the thickness
of a sectton (500 to 1000 A).

The dense spots were restricted to
the region of the fiber that had been
perfused with oxalate before fixation.
In sections of preparations exposed
only to oxalate, the average spot den-
sity was generally less than 1 per 250
p’. However, perfusion with calcium
before addition of oxalate led to a
considerable increase in the number of
spots. On the other hand, no spots
were found in sections from calcium-
perfused regions when oxalate was not
added prior to fixation. These re-
sults strongly suggest that the spots
are due to deposits of calcium oxalate
(8).

Since the sarcoplasmic reticulum ap-
peared to accumulate calcium in the
present experiments, it seems reason-
able to identify this structure with the
intracellular calcium sink that controls
the relaxation phase of the activity
cycle (9). Interpretation of the addi-
tional observation that the dense spots
within the sarcoplasmic reticulum were
almost always in the terminal sacs is
complicated by the possibility of cal-
cium translocation during precipitation
with oxalate. The most direct explana-
tion for this localization, however, is
that the terminal sacs are differentiated
regions within the sarcoplasmic re-
ticulum in which calcium had been
concentrated before oxalate was added.

The proximity of the terminal sacs
to the transverse tubules, as well as the
specialized connections between these
two structures (Fig. 2a) (10-12), has
raised the question of whether, for
normal activation of the myofilaments,
depolarization of the surface mem-
brane leads to release of calcium from
the terminal sacs (/2). The finding
that calcium precipitates selectively in
the terminal sacs suggests that these
structures have an exceptional affinity
for calcium and is probably the first
evidence that specific regions of the
sarcoplasmic reticulum close to the
transverse tubules can function as intra-
cellular sources of calcium.

LeRoy L. COSTANTIN
CLARA FRANZINI-ARMSTRONG
RICHARD J. PODOLSKY
National Institute of Arthritis
and Metabolic Diseases,
Bethesda, Maryland 20014
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Interference between “Sex-Ratio” Agents of Drosophila

willistoni and Drosophila nebulosa

Abstract. Interference beiween two ‘‘sex-ratio” agents—that is, treponema-
like spirochetes—of different origin, one from Drosophila willistoni and the other
from D. nebulosa, was demonstrated by experiments in vivo and in vitro. When
the two sex-ratio agents were combined in females of the Oregon-R strain of
D. melanogaster, expression of the sex-ratio condition was temporarily inter-
rupted. Several lines of evidence indicate that a substance produced by the sex-
ratio agent of D. nebulosa may kill or incapacitate the sex-ratio agent of D.

willistoni.

A maternally transmitted condition
known as ‘“sex-ratio” (SR) has been
demonstrated in a number of species of
Drosophila (1). The condition is charac-
terized by an extreme departure from
the normal 1 : 1 sex ratio to give all or
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Fig. 1. Frequencies of female progeny per
female per brood from eggs laid in succes-
sive 3-day periods by females injected with
hemolymph of SR.B-3 or Neb.SR and by
noninjected females of the OR.SR.B-3
strain.
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nearly all female offspring, the conse-
quence of differential mortality of
males, usually at an early stage in their
development (2). The characteristics of
the SR condition and the nature of the
causative agents were reviewed recently
in detail (3).

The SR agents of D. nebulosa and
D. willistoni are small treponema-like
spirochetes, 10 4 or less in length and
0.1 ;, wide, occurring in high concentra-
tion in the hemolymph of adult SR fe-
males (4). Differences between the SR
agents of the two species have been
demonstrated by their behavior when
transferred into an inbred Oregon-R
strain of D. melanogaster: the SR agent
of D. nebulosa is easily transferred and
the SR condition produced is very stable
and persistent; that of D. willistoni is
also readily transferrable but the SR
condition produced is somewhat less
stable (5).

We have studied the phenomenon of

interference which occurs between SR
spirochetes of D. willistoni and D. nebu-
losa when mixed in vivo and in vitro.

To test the effects of mixed infections
of the two SR spirochetes in vivo,
hemolymph of the SR strains PV-45 of
D. nebulosa or of the SR.B-3 strain of
D. willistoni was introduced into young,
newly emerged adult females. The fe-
males were members of the second gen-
eration of artificially established SR
strains of D. melanogaster derived from
transfer of SR.B-3 or SR.PV-45 spiro-
chetes into an inbred Oregon-R strain.
These artificially established strains will
be referred to as OR.SR.B-3 and
OR.Neb.SR, respectively.

Since the SR condition in the D.
melanogaster strains is not uniformly
expressed in the first progeny, females
used as hosts in these studies of mixed
infections were always taken from
broods produced by their mothers on
days 9 to 12 or later. Methods of injec-
tion and examination of progenies from
inoculated females are described else-
where (6).

Results of the experiments in vivo,
which are summarized in Table 1,
showed that mixed infections of SR
agents of different origin, SR.B-3 and
Neb.SR, in the same SR host female, re-
sult in the production of male progeny,
presumably as a result of some kind of
interference between the two SR agents.

The proportions of female offspring
in successive broods in these experi-
ments and in the original D. melano-
gaster SR strains are shown in Figs. 1
and 2. The proportion of females in
progenies of OR.SR.B-3 females in-
jected with Neb.SR hemolymph was
reduced from 93 percent in the first
brood to 45 percent in the third brood
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Fig. 2. Frequencies of female progeny per
female per brood from eggs laid in succes-
sive 3-day periods by females injected with
hemolymph of SR.B-3 or Neb.SR and by
noninjected females of the OR.Neb.SR
strain.
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