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The importance of hinge-ligament of mussels in the functioning of 
adductors seems to be evident on the basis of a simple observation. Namely, 
after cutting the adductors, the shells open up even by an angle of 50 degrees 
and a significant force is necessary to close them.

For this reason in investigating the adductor activity but more especially 
its relaxation when this factor is neglected beside considering the properties 
of the muscle and the nervous control, serious errors can be committed. 
That is to say the forces developed in the ligament are comparable with those 
of the adductor.

A detailed mechanical and morphological analysis was carried out 
by T r u e m a n  (1949; 1950; 1951; 1953) on the ligament of Pecten mctximus 
and other marine clams. The author described that the Pecten-ligament consists 
of an rigid outer and an elastic inner part. The energy responsible for the 
opening force is stored when the latter is compressed during the closure of 
the shells. Some observation on the ligament of Anodonta cygnea were also 
carried out by T r u e m a n  (1953). His results are mainly of steady state character 
even for Pecten and must be completed in the case of Anodonta. For the latter 
a mechanical model cannot be presented, because the value of Young modulus 
and the time-course of the loading-curves are not known.

The results presented here concern the response of ligament at different 
loading and time in order to compare and mainly to describe the ligament
loading of the adductors in a more dynamic sense.

Method

The experiments were carried out on specimens of constant size of 
Anodonta cygnea L. The preparation of the ligament was carried out by remov
ing all the organs from the shells. The lower shell was fixed horizontally by a 
weight of 1.5 kg. A hole was drilled in the upper shell and it was attached to a 
frontal-lever by thread. In this way the ligament was loaded by the recorder- 
weight of less than 10 g in the direction of opening. The proper weight of the
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shell just counterbalanced it because the weight of the freely moving shell 
was 21.4±7.7 g (25 cases) and its centre of gravity was about two times nearer 
to the axis of rotation than the hole drilled for recording and loading.

During the experiments both surfaces of the ligament were protected 
against running dry by a wet cotton-wool.

The projective distorsion of the recorder lever in the range of its applica
tion was less than 3 per cent.

The experiments were carried out by serial loading (5 — 15 different 
weights). The weights were hung to a rigid wire at the point drilled in the 
upper shell (Figs 1 and 2, Q — point). The responses obtained after loading 
were recorded by a kymograph. In this way a time-course of the amplitude 
was recorded up to 600 sec after the onset.

The results originate from experiments on 25 preparations. At the same 
time the geometrical data summarized in Fig. 2 were also measured and/or 
calculated.

[ [ I Fig. 1. E x p e r im e n ta l a rran g em en t to  s tu d y  th e  ligam en t-response  to  load ing

*9
Fig. 2. G eom etrical d a ta  fo r th e  25 lig am en t-p rep a ra tio n s . D esignations: Q =  p o in t o f  
load ing ; S  =  p ro jec tio n  o f  th e  cen tre  o f  g ra v ity  o f  th e  shell (its  co o rd in a tes  a re  also g iven); 
M  =  m uscle p o in t (see in  th e  te x t) ;  A  A  =  a d d u c to r  an te r io r ; A P  =  ad d u c to r  po ste rio r
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Results
1. Time course of the ligament response at constant loading

If the loading force attacks at a middle point of the shell edge, a weight 
of 10 g can already evoke an appreciable displacement and an application of 
80—650 g, after a sufficient period causes a total closure. In Fig. 3 the response 
is demonstrated when the ligament was loaded by a weight evoking an average- 
displacement. I t is noticeable that a quick displacement — taking place in

Fig. 3. Time course of the shelld-splacement when the loading weight was 75 g a t the 
Q -point. A and В =  the response of the same animal a t different velocity of kymograph

less than 1 sec — is followed by a slow change, approaching its saturation only 
after some minutes. The loading-off effect also starts with a sudden response 
and is followed by a slow relaxation. The separation between the two phases 
is sharp. At this point a damped oscillation is often observable. This oscillation 
of about 5 cps — in spite of its fairly constant frequency — cannot be taken 
as being exclusively characteristic of the ligament. Nevertheless, it can be 
stated — on the basis of some experiments carried out by rigid lever — that 
the ligament is able to oscillate by a frequency near to 30 cps after having 
liberated by removing the loading weight. This oscillation dies down exponen
tially (Fig. 4A).

The displaced system, when it is left to move freely by cessing its loading, 
generally relaxes in 10—20 min near to the initial level. Nevertheless, it was 
often necessary before new weightings to overopen the shell by an insignificant 
force in order to return it to the original line. This did not influence the re
sponses evoked by repeated loads. Responses, however, are disturbed when 
the weights are applied too often (in intervals of 1 — 2 min). This effect mani
fests itself in changes of the separation point of the quick and slow response 
and of the relaxations reached in a fixed period (Fig. 4A). I t proved to be 
certain, that such trace-like, slowly disappearing phenomena are reversible 
only by external intervention, in spite of the fact that ligament was kept 
wet. The response of ligament often does not reach its real steady state even 
after 1 hour.
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Fig. 4. A . — O scilla to ry  response o f  th e  system  w hen  th e  shell w as sudden ly  le ft to  m ove 
a f te r  p receed ing  closure В — Slow p a r t  o f th e  ligam en t re lax a tio n  w hen  to ta l  closure w as 
evoked. I n  each  m in u te s  la s tin g  fo r 30 sec th e  reco rds end  ap p ro x im a te ly  a t  th e  sam e 

level. T he effect o f th e  slow -responding  (viscous) e lem en t is observab le

When total closures were evoked lasting for different periods, relaxation 
became slower and slower and also the separation point was elevated as the 
period of closure increased.

I t seems to be evident that in the response two components are present: 
(1) a quick and reversible or (2) a slow and spontaneously hardly reversible
one.
2. How does the ligament response depend on the magnitude of load ?

Taking into account that a real steady state cannot be reached even in 
1 hour, the following characteristics in a strict sense are transient ones. The 
data were obtained after the onset: at the end of quick response (less than 
1 sec), at the 30th and 600th seconds.

As the crude results are depending on the position of the Q-point (Fig. 
2), on the size of animals, etc., that is why the displacement (loading curves 
are normalized (Fig. 5) :

abscisse: QIQ0
ordinate: _D/Z)0 for 1.30 and 600 sec, where Q0 means the weight just 

evoking the closure (it was determined by a linear extrapolation from positions 
very near to the total closure);

D0 is the displacement on the kymograph which is equivalent with 
the total closure.

Q and D are the loads and displacements belonging together.
I t is observable ( Fig. 5A )  taht the curve of the quick response is. 

running below the line of 45 degree, that is:

m =

For the diagram of 30 sec

QqD
Do Q

<  1

m <  1, if QIQ0 <  0.5 and
m 1, if QIQ0 >  0.5
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Fig. 5. D ependence o f  th e  ligam en t-response on  th e  load ing  a f te r  1, 30 a n d  600 sec from  
th e  onset. A bseisse: re la tiv e  load ing ; o rd in a te : re la tiv e  d isp lacem en t; th e  100 p e r  oent 

va lues re fe r to  th e  closure o r closing w eigh t, respective ly

is characteristic. Such an S-shaped running of the latter (600 sec) curve is 
less explicit but for the value of m, similar statements are valid.

3. Tensions developing in the ligament and adductors during the closure of the 
shells

When the just closing loads, the length of lever-arms and surfaces of 
cross-sections are known, the above mentioned values can be easily determined.

a) The total cross-section of the two adductors was obtained by the 
planimetry of the attachment-plaques for the anterior (qA) and posterior 
(qP) ones, respectively:

q muscle =  qA qP =  2.6+1.2 cm2 (mean +  s.e.) (<7Д =  1.5 +  O.b on2 
qP =  2.0 ±  0.3 cm2; qA\qP =  0.76 ±  0.20).
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The measured or calculated closing-loads were normalized to the “muscle- 
points” (Fig. 2). This point is situated between the projection of the two 
attachment-plaques in the median line between the two parallel tangents 
of the two spots, a little nearer to the posterior plaque because of the weighting 
with regard to the cross-sections.

The obtained values (25 preparations):
890 +  240 ponds 

Q30 ~  750 ±  200 ponds 
^600 /"v̂  620 +  180 ponds

The maximal tensions developed in the adductors because of the liga
ment forces (closed position):

Tj ~  QJq muscle 0.034 kp/cm2 
T30 ~  Qzo/q muscle 0.029 kp/cm2 
T6oo ~  Qeooll muscle 0.024 kp/cm2

b) When calculating the tensions in the ligament, the following must 
be taken into account: the position of the above defined muscle-point, its 
distance from the attachment of ligament (21 dr 3 mm) and the width of 
the line where the ligament is attached (2.0 +  0.3 mm). For this reason the 
loads applied for the calculation of muscle-tension must be multiplied by a 
factor being at least 10. As the cross-section of ligament is 61 +  12 mm2:

Т г ~  1.5 kp/cm2 
T30 ~  1.25 kp/cm2 
Teoo ~  1 kp/cm2

When the adductors contract these ligament tensions occur upon quick and 
long-lasting closures, respectively.

I t can be stated, that because of their unlike positions, cross-sections 
and different lever-arms of force by which they influence each other, the maxi
mal tensions of muscle are 30 — 50 times lesser than those of the Ugament 
if the just closing contraction is taken into account. I t  is, however, widely 
known, that the tonically closed muscles are able to develop forces significantly 
higher than the calculated ones.

4. Young modulus of the elastic component of ligament
In order to calculate the Young modulus it was assumed that during 

the closure of shell, the elastic fibres of the ligament are elongated and the 
energy responsible for the opening forces is accumulated by this way. This 
is quite plausible because in the ligament of Anodonta cygnea any elastic, 
compressible core similar to that of the Pecten maximus (T r u e m a n , 1953) 
is not present.

To calculate the Young modulus the following quantities are necessary:
1. The length of the fibres of ligament before and after elongation: 

10 and 10 +411; it is sufficient to know <dl/l0;
2. cross-section of the ligament
3. the magnitude of the elongating force
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ad 1. In Fig. 6 the shape of shell section is demonstrated, near to the hinge- 
ligament and perpendicular to the attachment plane of the ligament. Two 
idealized positions are demonstrated: the closed and the opened ones. I t is 
seen that the plane of shell_surface at the attachment is not perpendicular,

Fig. 6. A section of the shell proximally to the hin
ge ligament. The plane is perpendicular to the line 
of ligament. Closed and opened positions. Simpli
fied morphology (see in the text). Designations: 
1 =  shells; 2 =  ligament; 0 =  centre of rotation; 
6 =  angle of the shell margin out of 90 degree; 

a =  the angle of the opened shells

but inclines at a higher angle. The plus of this angle out of 90 degree (25 measure
ments) is:

d ~  25 ±  6°
The angle of the opened shells without loading:

31 ±  18°
Observing the opened and closed positions in Fig. 6 it can be easily 

concluded that the relationship among 10, Al, b, a, and d (the width of shell 
edge) is the following:

10 =  2d cos and

10 Al = 2d cosb
The relative elongation (25 preparations):

Al

h
cos b

cos a+f 1 ~  20 d= 15 per cent

ad 2. The cross-section of the ligament was obtained by direct planimetry 
of the attachment surfaces:

q ~  61 Az 12 m/m2
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To calculate the force attacking directly the fibres of ligament the follow
ing quantities are necessary: perpendicularly measured distances of Q-point 
from the line of hinge-ligament, a and b angles. Torsions and differences of 
the width of attachment surface were neglected. As the mentioned distance 
was 63 ±  14 m/m, d ~  2.0 4; 0.3 m/m, — after taking into account a and 
Ь as well — the measured closing-weights must he multiplied by a factor 
of about 20—30. The supposition, forming the basis of the calculations is an 
angle-lever mechanism whose assumption is plausible from Fig. 6. The centre 
of rotation is the 0-point ( Fig. 6). Naturally this mechanism is also simplified 
(for example, the contact of the two shells at the hinge ligament is not point
like and perfect, etc.).

As the presence of an elastic component is manifested in the quick rever
sible response to loading, that is why only that Young modulus was calculated, 
which refers to the quick-loading values (see the quick component of Fig. 3). 
The modulus obtained by such a way (25 animals):

The F  is the force causing a prompt closure elongating the fibres according 
to the (10 -(- A] )/l0 ratio.

From the results it seems to be quite clear that the force,' loading the 
adductors is increasing with the amplitude of the muscle contraction. The 
relationship is not linear. Such a character of the muscle-loading speaks for 
the assumption that the initial value laws observable in the response of adduc
tors stimulated indirectly (L ábos et al. 1970) is explained in a part by the 
load originating from the ligament and increasing with the increasing level 
of start of the contraction. According to this law the muscle responds to the 
same stimuli by a smaller contraction when its original steady level corresponds 
to a more contracted state.

A further conclusion concerning the in situ muscle function may be 
related to the well known (P avlov , 1885; Sa lá n k i and L á b o s , 1963; L ábos 
et al. 1969) relaxations. These special responses usually are explained by the 
presence of inhibitory innervation. But this supposed inhibition can be re
sponsible only for a decrease in the muscle tone. The actual relaxation could 
be evoked by the significant forces of ligament which are able to elongate 
the muscle in this (inhibited, or of low mechanical resistance) condition.

On the basis of the results obtained the conclusion can be drawn that 
in a mechanical equivalent of the ligament at least 1 elastic and 1 viscous 
component must be present. However, their serial or parallel coupling is not 
suitable and only a mixed circuit can approximately simulate the observed 
phenomena. In Fig. 7 the presented model simulates the response-type char
acteristic of the ligament. Such a mechanical model was applied for example 
by Chapm a n  (1953) to describe mechanically the mesogloea of Calliadis 
'parasitica and Metridium senile. Chapm an  thinks that the components of the 
equivalent reflects certain muscle and connective tissue components of the

Al q
2815 ±  1774 ponds

m/mm?

Discussion
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Fig. 7. A  possible m echan ica l eq u iv a len t s im u la tin g  th e  tim e  b ehav iou r o f  th e  h inge
ligam ent

body-wall of the Coelenterates. As that in muscle physiology similar visco
elastic models are often applied (see for example P r i n g l e , 1960), that is why 
a similar description of the adductors is needed to realistic analysis of the 
in situ adductor responses.

The Young modulus of the elastic component is surprizingly near to 
the data of T r u e m a n  (1953) obtained for Ostrea edulis and Lutraria lutraria: 
2000—2300 gs/mm2. In these cases the elastic component is thought to be 
consisting of compressed and elongated elements. It is probable that in the 
case of Anodonta, the situation is similar but with a dominancy of elongation- 
mechanism. It is interesting from this point of view that in the equivalent 
demonstrated in Fig. 7, two elastic components had to be supposed. However, 
their finer identification needs a further analysis. In general, the elastic elements 
are situated on the inner, the viscous ones on the outer parts of the hinge- 
ligament .

Appendix
In first approximation, the behaviour of the elastic component can 

be regarded as a linear oscillator. Because of the very high damping being 
present in the whole animal (muscle, visceral parts), this oscillatory behaviour 
has not any in situ significance, but such an analysis gives information about 
the properties of the elastic parts of the ligament.

At the experimental conditions, when the mass of fixed writer-lever 
is negligible beside that of the shell, the observed frequency of oscillating shell 
was:

F  ~  30 ±  3 Hz
(see Fig. 4A ).

It is known that this frequency is determined by the mafes of the shell 
jM ) and by the spring constant of the ligament (К ) in the following way:

Hence
К  =  (2л F)- M  =  Mar.
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As F  and M  are determined (M =  21 ±  8 g):
К  ~  (6.28 -30)2 -20 ~  7.2 -105 dyn/cm

The damping factor at the given condition may be determined from the 
ratio of the successive amplitudes:

- 1 Yn
2n N  Yn  -j- N

0.1 +  0.05

where Yn  is the n-th amplitude of oscillation. From here the viscous damping 
coefficient (D):

D =  2t KM  =  2£ Ma>0 ~  0.20 -20 -188 g/sec =
754 g/sec =  754 dyn -cm-1 • sec

The well-known differential equation of the applied linear model:
M y "  -f- D y ’  -f- K y  =  0  or y"  - ) -  2 £a>0 ■у ’ -f- co02 -y — 0 

With the coefficients expressed in CGS units:
20 y" +  754 у +  720.000 у =  0 or 
у" +  38 у’ +  36.000 у =  0
From here the transient response for step function:

Yt — if.__ _ cos [j/l — f2 co0í -  sin-1 C] ~
f l  - C 2

ye~m cos [190Í 0.1] cos 190 t

Summary
Certain, in situ mechanical properties of the hinge-ligament of Anodonta

cygnea L. are described:
1. The ligament consists of elastic and viscous elements. A plausible 

equivalent is given.
2. A crude Young-modulus for the quick, elastic compound is:

2.8 Y  1.8 kp/mm2
3. The tensions developing in the participating ligament and adductors 

during the closure of shell:
T  (muscle) 0.03 — 0.04 kp/cm2 (minimal)
T  (ligament) 1 — 1.5 kp/cm2 (maximal)

4. Dynamic constants determined for a linear approximation of the 
freely moving shell-ligament system are:
frequency ~  30 Hz; К  ~  7.2 -10s dyn/cm; 
damping: ~  0.1; D ^  754 dyn -sec -cm-1.

5. The elastic ligament can be one of the causes of the in situ observable 
relaxations and it is in a part responsible for the initial value laws 
described for the adductor muscles (Lábos et al. 1970).



63

R E F E R E N C E S

Cha pm an  G. (1953): S tud ies  on  th e  m esogloea o f coe len te ra tes . — J . exp. B iol. 30, 
440—451.

L ábos E ., J .  Sa l á n k i, I .  V akanka  (1969): F req uency -dependence  o f  ac tio n  p o te n tia l on  
no n -m y elin a ted  nerv e  o f  Anodonta cygnea L . (P elecypoda). — A nnál. Biol. T ihany
36, 41 — 56.

L ábos E ., J .  Sa l á n k i, В . Gl a iz n e r  (1970): In n i t ia l  va lue  law s ap p lied  to  sp o n tan eo u s 
rh y th m , evoked  o scilla tions an d  aperiod ic  response o f  Anodonta  ad d u c to r  m uscles. 
— A nnál. Biol. T ihany  37, 73—83.

P avlov  I .  P .  (1885): W ie die M uschel ih re  Schale öffnet. — Pflügers Arch. ges. Physiol.
37, 6 — 13.

P r in g l e  J .  W . S. (1960): M odels o f  m uscle . — Sym p. Soc. E xp . B iol. 14, 41 — 68. 
Sa l á n k i J . ,  E . L ábos (1963): S tud ies o f  th e  double  in n e rv a tio n  in  th e  reg u la tio n  o f  ad d u c 

to r  m uscle  to n e  in  th e  clam  Anodonta cygnea L . — Acta Physiol. 24, 55—56. 
T r u em a n  E . R . (1949): T he lig am en t o f  Tellina tenuis. — Proc. Zool. Soc. Lond. 119, 

7 1 9 -7 4 2 .
T r u em a n  E . R . (1950): O bserva tions on  th e  lig am en t o f  M ytilus edulis. — Quart. J . M icr. 

Sei. 91, 2 2 5 -2 3 5 .
T r u em a n  E . R . (1951): T he  s tru c tu re , d eve lopm en t an d  op era tio n  o f  th e  h inge  ligam en t 

o f  Ostrea edulis. — Quart. J .  M icr. Sei. 92, 129— 140.
T r u em a n  E . R . (1953): O bserva tions on  ce rta in  m ech an ica l p ro p e rtie s  o f  th e  lig am en t 

o f  Pecten. ■— J .  E xp . Biol. 30, 453 — 467.

A N O D O N T A  C Y G N E A  L. (PELECYPODA) SARO KPÁNTSZALAG JÁNAK  
N É H Á N Y  M E C H A N IK A I JELLEM ZŐJE IN  SITU

Lábos E lem ér  

Összefoglalás
Szerző A nodonta  cygnea L. sarokpánt-szalagjának néhány m echanikai tu lajdonsá

g á t elem ezte in situ.
1. A  szalag elasztikus és viszkózus elem ekből áll, m elyek valószínű ekvivalensét 

m egadta.
2. Az e lasz tikus elem ek b ru t tó  Y ouN G -m odulusa

2,8 ±  1,8 kp/m m 2

3. Záráskor a szalagban 1 —1,5 kp/cm 2,
az izm okban legalább 0,025 — 0,035 kp/cm 2 feszültség jön létre.

4. A  szalag elasztikus elem einek dinam ikus állandói: Sajátfrekvencia ^ 3 0  H z, 
rúgóállandó ~ 7 ,2  • 105 dyn/cm , csillapítás <~0,1, csillapító tag ~ 7 5 4  dyn. sec. cm - 1 .

5. A  záró izm ok in  s i tu  ernyedésének  egyik  ok o zó ja  a  rugalm as szalag.
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