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Summary

The anterior byssal retractor muscle (ABRM) of the applied during the early isometric force development, the
bivalve Mytilus edulisshows a prolonged tonic contraction, ABRM fibres were lengthened rapidly (‘give’) under loads
called the catch state. To investigate the catch mechanism, of 1.5—-2q. These findings might possibly be explained by
details of which still remain obscure, we studied the two independent systems acting in parallel with each
mechanical responses of ABRM fibres to quick increases other; one is the actomyosin system producing active
in load applied during maximum active isometric force  shortening and active force generation, while the other is
(Po) generation and during the catch state. The the load-bearing system responsible for the extremely
mechanical response consisted of three components: (1) marked load-bearing ability as well as the maintenance of
initial extension of the series elastic component (SEC), (2) the catch state.
early isotonic fibre lengthening with decreasing velocity,
and (3) late steady isotonic fibre lengthening. The ABRM
fibres could bear extremely large loads up to 10—Pp for Key words:Mytilus edulis smooth muscle, catch state, load-bearing
more than 30-60s, while being lengthened extremely ability, series elastic component, isotonic lengthening, parallel
slowly. If, on the other hand, quick increases in load were hypothesis.

Introduction

The anterior byssal retractor muscle (ABRM) of a bivalvefilaments (Johnson et al., 1959; Heumann and Zebe, 1968). The
mollusc Mytilus edulis contracts actively in response to parallel hypothesis is based on electron microscopic evidence
acetylcholine (ACh), and on removal of ACh after thethat a marked aggregation of the thick filaments takes place
maximum isometric force has been reached, goes into during the catch state (Heumann and Zebe, 1968; Gilloteaux
prolonged tonic contraction that is maintained with very littleand Baguet, 1977; Hauk and Achazi, 1987). It has been pointed
energy expenditure (Nauss and Davies, 1966; Baguet amdit, however, that the thick flament aggregation may be an
Gillis, 1968). The prolonged contraction is called the catclartifact resulting from glutaraldehyde fixation (Miller, 1968).
state, in which the ABRM fibres neither shorten actively noin fact, Bennett and Elliott (1989), who used techniques of
redevelop force after a quick release (Jewell, 1959). The catcjuick-freezing and freeze-substitution, observed no thick
state is accompanied by a decrease in the intracellular fiée Cdilament aggregation in the ABRM fibres during the catch state.
concentration below the level required for activation of theBy contrast, using the same techniques of quick-freezing and
contractile system (Baguet, 1973; Atsumi and Sugi, 1976; Ishfreeze-substitution, Takahashi et al. (2003) found that linkages
et al., 1989). The ABRM fibres in the catch state can be madeterconnecting the thick filaments are associated with the
to relax using 5-hydroxytryptamine (5-HT) (Twarog, 1954). catch state. Thus, the mechanism underlying the catch state still

There are two different hypotheses to account for the catalemains obscure.
mechanism. One is the linkage hypothesis, in which the catch Since the physiological function of the catch state is to resist
state is associated with a marked decrease in dissociation ratdernally applied forces, its physiological characteristics may
of actin—-myosin linkages between the thick and thin filamentbest be understood by studying the load-bearing ability of the
(Lowy and Millman, 1963). The other is the parallel ABRM. The present experiments were undertaken to examine
hypothesis, which assumes, in addition to the actin—myosimechanical responses of the ABRM fibres to quick increases
linkages responsible for active force development, formatiom load applied at various states. It will be shown that the load-
of linkages interconnecting the paramyosin-containing thickbearing ability of the ABRM fibres is several times larger than



1676 M. Mukou and others

that of skeletal muscle fibres, indicating the presence of tHever of the displacement transducer was initially fixed in
load-bearing system other than the actomyosin system. position by stops 1 and 2. The preparation was made to contract
actively with a supramaximal concentration of acetylcholine
_ (ACh, 103molI-1), and at various times after the onset of
Materials and methods force development, the load on the preparation was quickly
Preparation increased by withdrawing stop 2 electromagnetically, so that
Specimen oMytilus edulisL. were collected at the Misaki the preparation was lengthened under a load imposed by the
Marine Biological Station, Japan, and kept in artificialloading spring. The lengthening of the preparation under a
seawater. The ABRM was isolated with a piece of shellarge load was limited t&10% of Lo by another stop 3, to
attached to one end and the byssal organ left at the other, sanbid damage to the preparation due to a large lengthening,
carefully teased to obtain a fibre bundle of 0.6k diameter. and also to avoid the resting force development during
The ABRM fibres were completely relaxed in the presence déngthening. The maximum isometric foree ranged from 6
10%mol -1 5-HT. They were placed in an experimentalto 25g.
chamber filled with artificial seawater (ASW) containing The preparation was first subjected to a quick increase
513mmoll~1 NaCl, 10mmolI-1 KCI, 10mmoll-1 CaCk and in load during generation of the maximum ACh-induced
50mmoll-1 MgCl> (pH adjusted to 7.2 by NaHGOor isometric force Po. After recording the resulting fibre
10 mmolI-1 Tris maleate), and mounted horizontally betweerlengthening, the preparation was restored to its original length
the displacement and the force transducers at ~0.9 times taed ACh was removed to put the preparation into the catch
slack length_o (1.8-2.3cm), i.e. the length at which the resting state, which was established 3w81 after the ACh removal
force was just barely perceptible, to avoid development ofSugi et al., 1999). The preparation was then subjected to
resting force during lengthening of the preparation. The largguick increases in load at various force levels The
variation inLois due to the variation in animal size. The byssakexperiments were also performed, in which quick increases in
end of the fibres was hooked to the arm of the displacemelttad were applied to the preparation in the catch state without
transducer, while the shell end was connected to the extensipreceding quick increases in loadRat with similar results.
of the force transducer (Fifj). Solutions in the chamber were In some experiments, quick increases in load were applied

exchangedia a water vacuum suction tube. during the early phase of ACh-induced isometric force
development. In some experiments, the length and force
Transducers changes of the preparation were recorded using an

The displacement transducer was a differential transformerscilloscope. The length and force changes were complete in
(ME Commercial Co., Tokyo, Japan; modulation frequency5 ms.
5.5kHz) with an aluminium lever pivoted on bearings. The The length and force changes were recorded on an ink-
distal part of the lever dipped into the experimental solutionwriting oscillograph. After each experiment, the preparation
and the preparation was connected at a poicrh 3distant  was relaxed by 5-HT (X®@moll-1), and kept for 5—1énin
from the pivot. The compliance of the lever at the pointbefore it was again stimulated by ACh. All experiments were
of attachment of the preparation was @BgL The force done at 18-23°C
transducer was a strain gauge (U-gauge, Shinko, Tokyo, Japan)
with the compliance of im g-! and the natural frequency of High-speed cinematography of the segmental length changes

oscillation of ~15MHz. of the preparation
To examine whether the mechanical response of the
General procedure preparation is associated with uniform length changes along

The experimental arrangement is illustrated in EigThe the entire length of the preparation, a number of carbon
particles were firmly attached to the preparation and the
Spring lengths of 5-6 segments between the particles were

measured on videotapes taken at fdfess! with a
Micro- high-speed video system (FASTCAMrabbit 1, Photoron,
manipulator Tokyo, Japan; Kobayashi et al.,, 1998) during the

Pivot Displacement experiments.
3 transducer
StopZ\Q /Stopl
_Stop 5 Fig. 1. Diagram of experimental arrangement. The byssal end of the
Suction tubd Lever - Force preparation was hooked to the lower lever of the displacement
— fomy transducer  tansducer with a stainless steal wire connector, while the shell end
I, was held with the extension of the force transducer. The lever was
\ initially fixed in position by stops 1 and 2, and after the full
J development of ACh-induced isometric force, stop 2 was removed to
\ \ \ load the preparation with the spring, hooked between the upper lever

Connector Preparation Shell and the micromanipulator.



Results

Characteristics of mechanical response of the AE
fibres to quick increases in load

Fig. 2 shows typical records of length (upper tra
and force (lower traces) changes of the ABRM fi
following quick increases in load, applied at the |
of ACh-induced active isometric for&p (Fig. 2A) anc
at the force levePy during the catch state (FigB). In
both cases, the mechanical responses to quick inc
in load fromPg or Px to P consisted of the followir
three phases, as illustrated in the inset; (1) the i
elastic extension of the preparation coincident witl
applied force change, (2) the early isotonic lengthe
with decreasing velocity, and (3) the late ste
isotonic lengthening in which the preparation
lengthened slowly.

The initial elastic extension of the prepara
(ASEC) is thought to be due to extension of the <
elastic component (Tameyasu and Sugi, 1976; Su
Tsuchiya, 1979), while the subsequent two phas
isotonic lengthening reflect characteristics of I
bearing structures in the ABRM fibres. We meas
the amplitude of the early isotonic lengthenikg by
extrapolating the late steady lengthening back t
moment of quick load changes (F&.inset). As th
catch force falls gradually with time, the force leRg
at which a quick increase in load was applied dt
the catch state, ranged from 0.2 toF.6

Marked load-bearing ability of the ABRM fibres i
both the active and the catch state
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Fig. 2. Mechanical responses of the ABRM fibres to quick increases in load.
The load on the preparation increased fiegrio P (~2.3Pg) in A, and from

Px (~0.5Pp) to P (~4.5Px) during the catch state in B. In this and the
subsequent figures, the upper and lower traces show length and force
changes, respectively. Bottom broken lines represent zero force level.
Records A and B were obtained from the same preparation. Inset illustrates
the three phases (1-3) of the mechanical response as well as the method to
determine the amplitude of the early isotonic lengtheihg SEC, series
elastic component.

The load-bearing ability of the ABRM fibres was found tothough the catch forceBx were much smaller thaRg. The
be extremely large, both during generation of the maximurpreparation could bear a load up to 1323@orresponding to
ACh-induced active force and during the catch state. As showtD-1%0, or approximately 100-13@ cnt? (Fig.3B); the
in Fig.3A, the preparation generating the maximum activanarked load-bearing ability was still observed even when the

forcePocould bear a load up to 10-R&for more than 30—68

catch force was reduced to Bg2

without being lengthened rapidly. The marked load-bearing If, on the other hand, the load applied to the ABRM fibres
ability contrasts with that of tetanized vertebrate skeletaéxceeded 10—-Fy (or 15-3®x), they were lengthened rapidly
muscle fibres, which are unable to bear a load above Bg8-2by 10% ofLo within 1 s after the load application, so that the
and are lengthened rapidly (‘give’; Katz, 1939; Sugi andever, to which the preparation was hooked, came in contact
Tsuchiya, 1981). The marked load-bearing ability of thewith stop 3, which was fixed in position (see Hij. As the
ABRM fibres was well maintained during the catch stateesult, the load was supported by stop 3 but not by the

A B

Lo=2.3 cm
P
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Fig. 3. Marked load-bearing ability of
the ABRM fibres during the maximum

] active force generation (A) and during
the catch state (B). The load was
P increased fromPp to P (~8Pp) in A,
l 10s and fromPx (~0.5P¢) to P (~16P) in
= B. Records A and B were obtained

t from the same preparation.
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Fig.4. ‘Give’ in the ABRM fibres following quick increases in load \‘2

0,

applied during the maximum active force generation (A) and during the=
early phase of ACh-induced force development (B). The amount oPload 3 1
was ~1%¢ in A and ~1.% (~4Px) in B. Records A and B were obtained

from different preparations. 0 | | 1 |

0 5 10 15 20
P/Pg or PIPy

preparation, and the subsequent force changes in tl

preparation showed the time course of stress relaxation, i. 15r ¢
decay of the force in the preparation after completion o
lengthening (Fig4A). The rapid ABRM fibre lengthening
under a large load is thought to correspond to ‘give’ in the
vertebrate skeletal muscle fibres. After showing ‘give’, the
preparation could still develop full isometric forB when
again stimulated with ACh, indicating that the ‘give’ was
associated with rapid slippage of linkages in the contractil 0 1 ] 1 I
system but not with any irreversible damage to the preparatio 0 5 10 15 20

P/Pg or PIPy

V (% of L min}

Limited load-bearing ability of the ABRM fibres during the
development of isometric force Fig. 5. Dependence of the extension of the series elastic component
When the load on the ABRM fibres was increased quickhlASEC (A), the amplitude of the early isotonic lengthenig(B),

during the early phase of ACh-induced force developmerand the velocity of the late isotonic shortenWW§C) on the amount
of load P. Filled and open circles represent data points during the

(force level Px<0.5P0), they were easily made to lengthen _ : ; )
. S maximum active force generation and during the catch state,
rapidly under small loads, as indicated by the appearance . . . ;
. . o .~ respectively. All data points are obtained from the same preparation.
stress relaxation of the force in the preparation immediatel

after completion of fibre lengthening (F#B). The ‘give’ of
the preparation during the early phase of force developmefiinctions of loadP. All the data points were obtained on one

took place with loads above 1.32¢2or 3—4, which were and the same preparation, and similar results were obtained
comparable to those causing ‘give’ in skeletal muscle fiboreBom 12 other preparations examined. In 5§, the amount
(Katz, 1939; Sugi and Tsuchiya, 1981). This indicates that thef extension of the SEQEEC, expressed as percentagkeodf
linkages producing the early active force development can lie plotted against the magnitude of lod® €xpressed as a
made to slip rapidly with loads much smaller than thosdraction or multiple ofPg or Px). Despite a large variation in
causing the rapid slippage of the linkages responsible fdahe value ofPy, all data points obtained during the catch state
production of the maximum active force or the catch forcefell on the samASECversus Fcurve, The value AASEC for
When the force developed above Fb5the load-bearing a given amount oP was smaller during the catch state (open
ability increased abruptly with increasing force towaRds circles) than during the maximum active force generation
though the time course was not studied in detail. (filled circles), indicating that the SEC is stiffer during the
catch state than during the maximum active force generation.
Dependence of the parameters of the mechanical response on|n Fig.5B, the amplitude of the early isotonic lengthening
the magnitude of quick increases in load AL is plotted againsP. As the late steady fibre lengthening
The parameters of the mechanical response of the ABRMnder large loads was terminated by stop 3 in 28-&ter the
fibres to quick increases in load are shown in Figas load change, the velocity of steady isotonic lengthening (and
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Byssal Shell nearly equal to the load causing ‘give’ in vertebrate skeletal
end | 2@ end muscle fibres (Katz, 1939; Sugi and Tsuchiya, 1981), the early
e force development could be due to the actomyosin system, i.e.
actin-myosin linkages between actin on the thin filament and

1se—e

1L

myosin on the paramyosin-containing thick filament (Squire,
1981). On the other hand, the extremely marked load-bearing
| y ' : : : ability of the ABRM fibres observed both during the maximum
10s o——o ® ® ® 4

active force generation and during the catch state 8Fig

: : : : : : several times larger than that of vertebrate skeletal muscle
50 S ¢—0——————6——6—0 fibres, and is unlikely to be due to the actomyosin system.
Therefore, the present results can most readily be accounted
(Lo=2.4cm) at 1s, 10s and 5@ after a quick increase in load from for in terms of two .independent systlems acting in par.allel With
Poto 6.5, applied during the maximum isometric force generation.€aCh other; one is the actomyosin system associated with

The preparation was divided into five consecutive segment@din_myOSin I!nkages, while the Other.is theﬂforce-bearing
designated a, b, ¢, d and e. system producing the marked load-bearing ability.

During the ACh-induced active contraction of the ABRM
fibres, the maximum shortening velocitynaxis largest during
therefore the value @L) could be determined accurately only the isometric force development, and is reduced to about one-
under loads <1Pp. The data points in the catch state alsathird (from ~0.2%0 s1to ~0.08.0 s1) when the force reaches
fell around the same curve. As with t¥SEC versus P Po (Tameyasu and Sugi, 1976). This may be due to a slowing
relationship, the value of th&L for a given amount P was  of cycling of actin-myosin linkages during the course of
smaller during the catch state than during the maximum activentraction, or alternatively, to a special force-bearing system,
force generation, indicating that the ABRM fibres are lessvhich is gradually built up during the course of active force
extensible during the catch state (open circles) than during tlikevelopment. When the active force is maximum, the force-
maximum active force generation (filled circles). &G. bearing structure may be fully built up to produce a load-
shows the relationship between the velovityf the late steady bearing ability far greater than that expected from
isotonic lengthening ané&. The value ofV increased with actin—-myosin linkages; the reduction\tfax at Po may result
increasing?, and the curve of versus Rappeared to be similar either from an increased internal resistance against shortening
both during the maximum active force generation (filleddue to the force-bearing structure and/or from a decrease in the
circles) and during the catch state (open circles). number of actin-myosin linkages. When the catch state is
established, the force may only be maintained by linkages of
Segmental length changes of the ABRM fibres following quicthe load-bearing system.
increases in load
Measurement of the segmental length changes of the Physiological role of the load-bearing system
preparation following a quick increase in load indicated that The build-up of the load-bearing structure during the active
the isotonic lengthening always took place uniformly along itforce development, as revealed in the present work, can be
entire length, as shown in Fig. Even when the preparation understood well by considering how a typical catch muscle, for
exhibited ‘give’, i.e. rapid fibre lengthening under a large loadexample the adductor muscle of a bivalve, works in its natural
(see Fig4), all fibre segments were uniformly lengthenedenvironment. When the animals are attacked by natural
(accuracy of measurement <5%), indicating that ‘give’ wagnemies, they rapidly close their shells by active shortening of
associated with uniform fibre lengthening but not with anythe adductor muscle, and as soon as the shell is closed the
localized lengthening of the weakest fibre segment. Similaadductor muscle resists against external forces acting to open
results were obtained with three other preparations examinethe shell. To be able to do this, the force-bearing structure
should be built up during the period of active muscle
. , shortening produced by actin—myosin sliding. After the shell
Discussion is closed, the adductor muscle may gradually go into the catch
Evidence for the presence of the load-bearing system otherstate, in which the marked load-bearing ability is well
than the actomyosin system in the ABRM fibres maintained only by the load-bearing structure, with an
The most remarkable finding in the present study is that thextremely small rate of energy consumption. This idea is
ABRM fibres exhibit extremely marked load-bearing ability supported by the reports that actomyosin ATPase activity is
both during the maximum isometric force generation ancbsent in the ABRM during the catch state (Guth et al., 1984;
during the catch state (Fig). If, however, quick changes in Galler et al., 1999).
load were applied during the early phase of active force
development, the ABRM fibres readily exhibited ‘give’ under Relation with previous studies
small loads (FigdB). Since the load causing ‘give’ of the The isotonic lengthening of ABRM fibres was studied by
ABRM fibres during the early phase of force development iSugi and Tsuchiya (1979), but they only focused attention on

Fig.6. Segmental length change of an ABRM fiber bundle
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early isotonic fibre lengthening with decreasing velocity, angystems during the maximum active force generation, while
overlooked the late isotonic lengthening. During the earlyhey contain only linkages of the latter during the catch state.
isotonic shortening, i.e. during phase 2 (R2g.the velocity of The same argument would apply for tihd versus P
lengthening decreases markedly, and in the subsequent lagdationship (Fig5B); the result that the increase Af with
isotonic lengthening the ABRM fibres can bear very largencreasingP is less marked in the catch state than during the
loads while being lengthened extremely slowly (Rigand 3). maximum active force generation (F&B) may be taken to
This marked decrease in the lengthening velocity in earlindicate that linkages associated with the load-bearing system
isotonic lengthening suggests that the build-up of the loaccan be made to slip less readily under large loads than
bearing structure is accelerated when the fibres are lengthenattin—-myosin linkages. During the late slow isotonic
under a large load. lengthening, on the other hand, thé versus Prelation
According to the two-component model (Hill, 1938), aappeared to be the same during both the active force generation
muscle consists of the SEC and the contractile component (C@pd the catch state (FigC). This might result from the fact
connected in series. Jewell and Wilkie (1960) showed that thteat only linkages of the load-bearing system are responsible
SEC in a muscle originates partly from connections ofor the extremely slow isotonic lengthening of the ABRM
experimental apparatus, and partly distributes along the musdieres, while actin—-myosin linkages are dissociated during the
length. The extension of the SEC in the experimental apparatpsgriod of early isotonic lengthening.
can now be minimized by using single fibres or small fibre Based on the linkage hypothesis, on the other hand, Butler
bundle preparations, and by reducing compliance of thet al. (1998, 2001) suggest that the catch state results from
experimental apparatus. In single skeletal muscle fibres, tl@nversion of cycling actin—-myosin linkages into non-cycling
extension of the SEC undBg is about 1% of the fibre length ones caused by dephosphorylation of twitchin, a high
Lo, corresponding to about Hin per half-sarcomere. The SEC molecular mass protein known to occur in the ABRM
in skeletal muscle fibres is therefore interpreted to largelySiegman et al., 1997). However, their hypothesis explains
originate from the elasticity of actin—-myosin linkages (Huxleyneither the large load-bearing ability of non-cycling linkages
and Simmons, 1971). In the ABRM fibres, the extension of thaor the rapid development of large load-bearing ability
SEC undelPg is about 2% oL (Tameyasu and Sugi, 1976; that should be coupled with rapid dephosphorylation of
Sugi and Tsuchiya, 1979). Based on the very long lengths ofvitchin.
thick and thin filaments in the ABRM (Gilloteaux and Baguet,
1977; Squire, 1981), the functional and structural unit in the ~ Possible structural basis of the load-bearing system
ABRM, corresponding to the half-sarcomere in skeletal The extensive aggregation of the thick filament in the
muscle, is very long, being of the order of [th. The ABRM during the catch state has been reported by many
extension of the SEC Rbis therefore too large to be explained authors (Heumann and Zebe, 1968; Gilloteaux and Baguet
by extension of actin-myosin linkages. Since the SEC has be&877; Hauk and Achazi, 1987). Although the marked thick
shown to distribute uniformly along the entire length of thefilament aggregation reported by them is claimed to be an
ABRM fibres (Sugi and Tsuchiya, 1979), it may originate fromartefact due to glutaraldehyde cross-linking of lysine residues
some elastic structures uniformly distributed along the fibren the thick filament, such a cross-linking may take place only
length, and is uniformly extended by forces generated by thehen the distance between the thick filaments gets closer in
CC. the catch state. In fact, ABRM fibres quickly frozen in the catch
The force—extension curve of the SEC with forcBgin the  state exhibit abundant thick filament interconnections
ABRM was studied by Lowy and Millman (1963) and (Takahashi et al., 2003). The decreased distance between the
Tameyasu and Sugi (1976). They reported that the curwhick filaments caused by the formation of the thick filament
obtained during the maximum active force generation was thaterconnections might result in the thick filament aggregation,
same in shape as that obtained during the catch state, providethe ABRM is fixed in the catch state with glutaraldehyde.
the catch tension was relatively highO(5Pg). This was Although the arrangement of twitchin on the thick filament
interpreted as evidence that both the active and catch forces afe¢he ABRM is unknown, it seems possible that it is twitchin
produced by the same contractile system, i.e. actin—-myosthat interconnects the thick filament to build up the force-
linkages. Recently, however, Sugi et al. (1999) have showbearing system. To clarify the arrangement of twitchin in the
that the SEC in the ABRM fibres becomes definitely stiffer inrABRM thick filaments, we are currently performing high-
the late phase of the catch state, in which the catch force decagsolution scanning electron microscopy of the thick filaments
below 0.9, which is consistent with the presence of a forcein quick-frozen ABRM fibres, in the hope of proving that the
bearing structure other than the actomyosin system. In thaick filament interconnections are actually responsible for the
present study, the force—extension curves of the SEC for forcesarked load-bearing ability.
>Pg were obtained by applying quick increases in load, and the
SEC has also been shown to be definitely stiffer during the
catch state than during the maximum active force generation References
(Fig. 5A). This is consistent with the idea that the ABRM fibres;Atsumi, S. and Sugi, H.(1976). Localization of calcium-accumulating
contain linkages of both the actomyosin and the load-bearingstructures in the anterior byssal retradtor muschyafilus edulisand their
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