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Abstract

We observed the ultrastructural and morphological features of membrane systems (triad) involved in
excitation—contraction coupling (E-C) coupling in chemically skinned rat muscle fibres to clarify a question:
whether the localization and orientation of triads in a sarcomere are influenced following the selective elimination
of cytoskeletal proteins in myofibrils. Basically, the distance between triads and Z-lines depends on the sarcomere
length: the distance increase with sarcomere length in the skinned muscle fibres. Three treatments prepared to
eliminate the cytoskeletal proteins specifically. One is incubation in a high concentration of KCI, which dissolved
myosin filaments. The localization and orientation of triads did not change following the complete elimination of
myosin filaments; however, the distance between Z-line and triads become shorter in myosin filaments eliminated
skinned fibres. The other is incubation in a treatment with a trypsin, in the presence of ATP, which results in
separation of I-Z-I brushes from A-band, presumably due to selective digestion of a—connectin (also called titin)
filaments. The localization and orientation of the triads did not change following the elimination of connectin
filaments. There was a highly significant (p<0.01) positive correlation between sarcomere length and the distance
between triads and Z-line in the trypsin—treated skinned muscle fibres. The other treatment was in a high
concentration (pCa O 4.0) of Ca*-rigor solution. The Z-lines are clearly degraded by the incubation in the high
concentration of Ca*-rigor solution for 4 hours. Most of triads were swollen, and vacuolated by the treatment of
the high concentration of Ca*-rigor solution. The membrane vesicles recognizable as parts of triads due to their
dense content are observed in proximity of the Z-lines, elongated profiles, presumably remnants of the transverse
tubules. There is some direct connections between triads and myofibrils in the sarcomere to hold the triads at the

A-I junctional region with transverse orientation.
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t—tubules occurs at specialized junctions named triads

Introduction . . . .
those are internal junctions comprised of two terminal
Excitation—contraction (E-C) coupling is the cisternae (TC) of SR and a t—tubule™®'?.

signaling process in muscle fibers by which membrane The initial formation of triads depends on an
depolarization leads to force development*'**’. The association with myofibrils, and proper triads are
E-C coupling depends on appropriate interaction formed in adult mammalian skeletal muscle fibers as
between the junctional domains of the sarcolemma/ the junctions become associated with the transverse
transverse (t—) tubules and those of the sarcoplasmic orientation region at the A band-I band (A-I)
reticulum (SR). The interaction between SR and junctional region®® . The triads have strong

‘000000000000O0O0O0 (Wooooa), Ph.D. Student in Graduate school, National Institute of Fitness and Sports
in Kanoya, Kagoshima, Japan
“"O0000000000, Chukyo Women’s University Junior College, Aichi, Japan
“""000000, National Institute of Fitness and Sports in Knaoya, Kagoshima, Japan



gooooooboooo 0320, 2004

structural profiles that enable them to withstand a
single mechanical stress: the width of junctional gap
between the t—tubule and the SR-TC, as well as the
orientation of the triads, does not change, even when
a sarcomere length is stretched over 5 mm. We
observed that the distance between the triads and
Z-lines depends on the sarcomere length: the
distance increases with the increases of sarcomere
length, and there is a highly significant positive
correlation®. These results indicate that there may
be some connections between the triads and the
myofibrils®.

Since the t-tubules show little or no specific
association with the myofibrils until the transverse
organization of the triads occurs, it is possible that
their specific localization at the A-I junctional region
may be mediated by the junctional SR”. However, it is
still unclear what components of the myofibrils have a
role of holding the triads at the A-I junctional region
with a transverse orientation. While some of
myofibril-membrane bridges have been reported at

529 no specific components has

the Z-line regions
been observed at the A-I junctional region. The
specific aim of the present study is to determine
whether the triads’ localization and orientation in
sarcomere are changed by the selective elimination of

cytoskeletal proteins in myofibrils.

Materials and Methods

Animal care and sampling

This study was conducted with male Wistar rats
(CLEA Japan, Tokyo, Japan, 10 weeks old) of body
weight of approximately 210-250g. The rats were
housed, two per each cage, in our animal facility
under a 12 hour:12 hour light:dark cycle at a room
temperature of 23+ 200 and humidity of 50+ 50 .
They were maintained on a diet of rodent chow
(CE-2, CLEA Japan) and water ad [lbitum. All
procedures using animal experiments were performed
in accordance with the guidelines presented in the
Guiding Principles for the Care and Use of Animal in
the field of Physiological Sciences, published by the
Physiological Society of Japan.

The extensor digitorum longus (EDL) muscle was

surgically dissected under anesthesia (intraperitoneal
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injection of sodium pentobarbital, 50mg/kg body
weight). Small bundles (less than 50muscle fibers)
were dissected from the EDL muscles in an ice—cold
relaxing solution for mammals (120mM KCI, 0.5 mM
EGTA, 4 mM MgCl,, 10mM piperazine—-N, N’-bis
(2—ethanesulphonic acid)(PIPES), 10mM ATP; pH
7.0), and chemically skinned by adding 60 g g/ml
saponin to the relaxing solution. The rats were
euthanized with an  overdose of sodium
pentobarbitone after the EDL muscles were taken.
The chemically skinned muscle bundles were washed
several times by relaxing solution and used for the

following observations.

Selective elimination of muscle proteins

In order to eliminate the selective muscle
proteins (myosin, connectin (titin), and o —actinin
(Z-lines)), the chemically skinned muscle bundles
were incubated in the following solutions: for myosin,
600 mM KCI, 5.1 mM MgCl,, 4.0 mM EGTA, 10 mM
PIPES, 5.3 mM ATP, pH 7.0 at 2000, for 5 and 10
minutes”; for connectin (titin), 117.8 mM KCI, 5.1
mM MgCl,, 4.0 mM EGTA, 10 mM PIPES, 5.3 mM
ATP, 0.25u g/ml trypsin (Type III, Sigma Chemical
Co., St Louis, USA), pH 7.0 at 200, for 5 and 10
minutes”*”; for o —actinin (Z-lines), 138.9 mM KCI,
1.0 mM MgCl,, 4.0 mM EGTA, 10 mM PIPES, 4.1 mM
CaCly, pH 7.0 at 2000, for 4 and 8 hours”.

Electron microscopic observation

The EDL skinned muscle bundles were fixed in
2.5 to 3.50 glutaraldehyde in 100 mM sodium
cacodylate buffer (pH 7.25) at room temperature for
2 to 3 hours for thin electron microscopic
observation. They were then washed in the same
sodium cacodylate buffer without glutaraldehyde for
60 minutes (20 minutes each, 3 times). The skinned
muscle bundles were post—fixed in 20 OsO, (in
100mM sodium cacodylate buffer) for 2 to 3 hours,
and stained en bloc with saturated aqueous uranyl
acetate for 4 hours at 600 . Tissues were dehydrated
in graded ethanol and acetone, infiltrated with an
Epon-acetone mixture (1:1) overnight and embedded
in Epon. Thin sections (O 50 nm thickness) that were
stained with both uranyl acetate and Sato lead, were

examined under an electron microscope at 80kV
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(JEM—2000EX, JEOL, Tokyo, Japan). We took
pictures of each muscle fibre at 5000x magnification,
and used to measure the distance between the triads
and Z-lines at different sarcomere length. We did not
measure the distance between the triads and Z-lines
when the triads are lying between two misaligned
myofibrils. We measured these distance only when the
triads are lying within myofibrils. In the case of the
triads did not completely parallel with the Z-lines, we
measured the nearest and farthest distances between

the triads and Z-lines and averaged.

Statistical analysis

The quantitative data were evaluated statistically
using the unpaired Student’s t—test or multivariance
analysis of variance (ANOVA) to determine the
significance of differences. PO 0.05 was taken as

significant.

Results

All triads located at the A-I junctional region
with a transverse orientation in adult mammalian
skeletal muscle fibres (arrows, Figs. 1A and B). The
SR was well developed not only at the A-I junctional
region to form triads with t—tubules, but also at
M-line regions. These are morphological features of
the Ca” release units directly concerned with E-C
coupling in matured mammalian skeletal muscle fibers.

Myosin filaments dissociate incubated in a high
concentration of KCI solution, and the most of myosin
filaments were eliminated with 5 minutes treatment

(Fig. 2A), and were completely eliminated with 10

minutes treatment (Fig. 2C). The localization and
orientation of triads did not change in sarcomere by
the elimination of myosin filaments (arrow, Figs. 2A
and C); however, the distance between the triads and
Z-lines seemed to become shorter in the myosin
filaments eliminated muscle fibres (Figs. 2C and D).
We measured the distance between the triads and
Z-lines at the different length of sarcomere in trypsin
treated muscle fibres, and observed a significant
(pd 0.01) positive correlation (Fig. 3, yO 0.059
x~0.133, r0 0.391, n0 83).

Following trypsin treatment in relaxing solution,
the sarcomere is separated into A-band region and
[-Z-1 brushes (Fig. 4A). All triads has still localized at
the A-I junctional region with transverse orientation
after the trypsin treatment, and these morphological
features has not been changes in response to changes
in the sarcomere length. Other ultrastructural
features of the triads, such as width of junctional gap
and feet, in trypsin treated muscle fibres were similar
to the features of triads in the muscle fibres observed
in the normal muscle fibres (Fig. 4B). We also
measured the distance between the triads and Z-lines
at the different length of sarcomere in trypsin treated
muscle fibres, and observed a significant (p[J 0.01)
positive correlation (Fig. 3, yO 0.273x-0.275, rO
0.791, nJ 90). This significant and positive correlation
was very similar to the positive correlation which
observed in control skinned muscle fibres (Fig. 3,
v 0.253x-0.123, v 0.959, p0d 0.01, n0O 95).

Incubation in solutions containing 4.1mM Ca”

for 4 and 8 hours caused structural alterations of the
Z-lines probably due to activate of the CANP. The

Figure 1. Electron micrographs of the longitudinal section of skinned muscle fibres. All triads locate at the A-I junctional region
with transverse orientation (parallel to the Z-lines, arrows in A). Scale bars; 1.0 ymin A, 0.5 y m in B.
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Figure 2. Electron micrographs of the longitudinal section of skinned muscle fibres treated with a high concentration (600 mM)
of KCI for 5 (A and B) or 10 (C and D) minutes. Most of myosin filaments were eliminated by 5 minutes of incubation.
All triads (arrows, A, see also B) were located at A-I junctional region with transverse orientation. Myosin filaments
were completely eliminated for 10 minutes incubation. Despite the cytoskeleton in the skinned muscle fibres being
broken, the localization and orientation did not change (arrow in C, see also D); however, the distance between triads
and Z-lines seemed to be shortened when the myosin filaments were completely eliminated. All scale bars;
1.0 ym.

1.5 ® Control (y=0.253x-0.123, r=0.959, p<0.01)
A KCI1 (y=0.059x-0.133, r=0.391, p<0.01)
O Trypsin (y=0.273x-0.257, r=0.791, p<0.01)

Triad localization [distance from Z-line (Lm)]

Sarcomere Length (Lm)

Figure 3. Relationship between sarcomere length and the distance of triads to Z-lines in skinned muscle fibres. Significant
(p 0.01) positive relationships between sarcomere length and the distance of triads to Z-lines were observed in the
control, KCl treated, and trypsin treated skinned muscle fibres.
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Figure 4. Electron micrographs of the longitudinal section of skinned muscle fibres treated with a trypsin solution (A and B) or
treated with a high concentration (4.1 mM) of Ca” solution for 4 (C and D) or 8 (E) hours. Following trypsin treatment
in relaxing solution, the sarcomere is separated into A-band region and I-Z-I brushes (A). All triads has still localized
at the A-I junctional region with transverse orientation after the trypsin treatment (B). The Z-lines are clearly
degraded at 4 hours (C and D) of incubation and completely eliminated following 8 hours (E) incubation with a high
concentration of Ca” solution. The triads are vacuolated and hard to observe 8 hours after the incubation in the high
concentration of Ca* solution (E). All scale bars; 1.0 4 m.

Z-lines are clearly degraded at 4 hours of incubation
(Fig. 4C and D) and completely eliminated following 8
hours (Fig. 4F) treatment in a high concentration of
Ca2+

however, is seemed to structurally intact. Unfortunately

solution. The remainder of the myofibrils,
the SR is vacuolated and the triads are hard to
observe in muscle fibres incubated in the solution
containing a high concentration of Ca* for 4 hours
(arrow, Fig. 4D). However, the elongated tubules
which may be remnants of the t—tubules, and vesicles

with a dense content, probably remnants of junctional

gs50

SR are new clustered of the level of the Z-line (arrow,
Fig. 4E). Small pieces of broken triads, especially
t—tubules, were also observed at that part which used
to be the Z-line there before in myofibrils, and these
t—tubules

did not always show the transverse

orientation in myofibrils.

Discussion

The triads of matured mammalian skeletal muscle

fibres display a highly regular organization and have a



gooooooboooo 0320, 2004

specific localization at the A-I junctional regions with
a transverse orientation. These morphological features
of triads are completed during myogenesis, before and
after birth®®* **  The SR develop before the
t—tubule appearance, and associates with the Z-lines
and the I-band region in myofibrils®** . The
t—tubules seem to appear suddenly, and immediately
form randomly localized triads with the SR. All triads
move to the A-I junctional region, and rotate
their direction from longitudinal to transverse
orientation™*”. It has been reported that the width of
junctional gap between t—tubule and TC of SR was
more highly conserved than the morphological
architecture of actin and myosin filaments™ ' *’. The
width of junctional gap (9.80% 1.33 nm) is not
influenced by the sarcomere length, even when
sarcomere length is stretched to no overlap”. The
width of junctional gap in the myosin filaments
eliminated skinned muscle fibres was almost
consistent with the values of previous report®. The
interaction of junctional domains of t—tubules and TC
is mechanically strong and does not change under
normal E-C coupling cycles in skeletal muscle fibres.
The distance between triads and Z-lines becomes
shorter following extraction of the myosin filaments;
however, the tendency for movement away from the
Z-lines when the sarcomere is stretched remains.
There is a possibility that a specific protein
responsible for tethering the triads at the A-I
junctional region is interrupted either because it is
normally connected to the myosin filaments, or
because it is extracted by the conditions that
dissociate myosin filaments' %,

Connectin (o —connectin), also called titin, is a
giant elastic protein in skeletal muscle fibres (MW:
approximately 3000kD). A single connectin molecule
runs from Z-line, through the I-band and binds onto

1519 The connectin is

myosin filament up to M—line
not only responsible for maintenance of cytoskeleton
of muscle fibres but also for a resting tension
development'”. Trypsin digestion brakes connectin
filaments close to the A-I junctional regions.
Connectin (titin) filaments which connect myosin

519 oxist as o —

filaments to Z-lines in myofibrils
connectin in striated muscle, and their proteolytic is

B —connectin'’. Separation of myosin and actin

gend

filaments was frequently observed at the A-I
junctional region, these results are indicating that the
connectin filaments in this region eliminated by
incubation in relaxing solution containing trypsin®.
These authors also found that trypsin treatment
resulted in the decrease in density of Z-lines, due to
the release of a—actinin from the Z-lines during the
trypsin digestion of myofibrils®*”. The localization and
orientation of triads were not changed after the
trypsin treatment. It is thought that a specific
interaction between triads and components of
myofibrils, is responsible for the localization of triads
at the A-1 junctional region. We found previously that
the distance between triads and Z-lines is completely
dependent on the sarcomere length, and that the
position of the triads is not uniquely restricted to the
A-T junctional region®. Then, it has been suggested
that there is a significant positive correlation between
the distance between triads to Z-lines and the
sarcomere length in the control skinned muscle fibres.
As the sarcomere lengthens, triads move away from
Z-line, but not as far as the A-I junction. Thus we
expected that there is no specific interaction involves
protein(s). The significant positive correlation
observed in trypsin treated (connectin filaments
eliminated) muscle fibres was almost same as the
correlation in the control muscle fibres. All these
results indicate that connectin filaments do not
concern with the decision of triads localization and
orientation in myofibrils.

Extracellular Ca*, but not intracellular Ca®,
sequestered in SR, is necessary for activation of the
CANP, and it has been shown that the CANP is
activated by both mM and mM orders of extracellular
Ca™ " . The observation that desmin was
immediately cleaved CANP activity, indicated that
the mechanism of Z-line removal could be explained
in terms of CANP effect on a still unknown Z-line
protein (possibly desmin at the periphery of the
Z-line), followed by the release of a—actinin from the
Z-linel). Regardless of the physiological role of the
CANP, it is probable that this factor is responsible for
the rapid Z-line degradation in muscle strips
incubated in Ca®-containing solutionl). Z-lines were
completely removed by incubation in rigor-Ca™

solution for 8 hours, these results indicating that the
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CANP in muscle fibres was activated by this solution.
At the same time, internal membrane systems and
mitochondria were enlarged by incubation in the same
rigor-Ca® solution. Since the SR membrane loss its
ability to accumulate Ca® in postmortem muscle
fibers” '”, it seems probable that the release of bound
Ca” from the SR may activate the SR factor, thereby
initiating the Z-line degradation characteristically
observed in these fibers'. It is still unclear whether
the CANP degrades the specific internal membrane
systems in muscle fibers. We found that, when fiber
bundles incubated in the rigor-Ca* solution, triads
were disrupted and parts of disrupted internal
membranes aggregated in the areas that used to the
Z-lines. Small pieces of disrupted triads, in particular
t—tubules were also observed in these areas before
being observed in myofibrils and these t—tubules did
not always show a transverse orientation in myofibrils.

It is still not clear whether these results were
brought about by the direct action of the CANP in
degrading the triads, and/or by the indirect action of
the CANP in degradating the Z-lines. If the unknown
protein(s), reported previously by Walker et al.*” and
Nunzi and Franzini-Armstrong'®, holds the triads at
the A-I junction region in a transverse orientation, it
would seem that this protein is also degraded by the
activation of the CANP, and that the localization and
orientation of the triads in the sarcomere are
deranged. However, these results do provide indirect
evidence that the localization and orientation of triads
in the sarcomere are related in some way to the

existence of Z-lines.
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