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Summary

We studied the myotendinous junctions of anterior and
posterior red and white axial muscle fibres of carp using
stereology. In posterior axial muscle fibres of swimming
fish, stress (load on the myotendinous junction) must be
higher than in anterior fibres as posterior fibres have a
longer phase of eccentric activity. As we expected the
magnitude of the load on the junction to be reflected in its
structure, we compared the interfacial ratio, the ratio
between the area of the junctional sarcolemma and the
cross-sectional fibre area, of these muscle fibres. Thisratio

differed significantly between the investigated groups, with
red fibresand posterior fibreshavingthelarger ratios. The
higher interfacial ratio of posterior myotendinous
junctions isin accordance with the proposition mentioned
above. The difference between myotendinous junctions of
red and white fibresis probably related to a difference in
the duration of the load on the junction.

Key words: carp, Cyprinus carpio, muscle fibre types, myotendinous
junction, force transmission, fish swimming.

Introduction

At the myotendinous junction (MTJ), forces generated or
transmitted by the myofibrils are transferred to the collagen
fibres of the tendon. The muscle fibre and the tendon
interdigitate, which resultsin an amplification of theinterfacial
membrane areaand in areduction in local stress (force per unit
area). The interdigitation of muscle and tendon also results in
a shift from tensile load to shear load. The angle « between
the muscle fibre membrane and the direction of the force
applied to the joint (transmitted by the actin filaments) is
indicative of the amount of shear loading; a smaller value of «
indicates more loading in shear (Lubkin, 1957; Tidball, 1983).
Jointsloaded in shear are commonly found to be much stronger
than those loaded in tension (Bikerman, 1968) and a smaller
value of « is assumed to result in a stronger MTJ (Tidball,
1983; Tidball and Daniel, 1986). The magnitude of the load on
the MTJ is expected to influence the amplification of the
interfacial membrane area and angle «. Decrease of the load
on the muscle, caused by disuse (Tidball, 1983; Kannus et al.
1992) or by space-flight (Tidball and Quan, 1992), indeed
resulted in an increase in the values of « (Tidball, 1983) or in
a decrease in the membrane amplification (Tidball and Quan,
1992; Kannus et al. 1992). Tidbal and Daniel (1986)
considered that the duration of the load may also significantly
influence the demands imposed upon the junction. This
assumption is based on the viscoelastic properties of the
junction and the fluid nature of the membrane.

Membrane amplification at the MTJ showed no consistent

relationship to ‘muscle fibre type characteristics' (tonic versus
phasic and slow twitch versus fast twitch; Trotter et al.
1985a,b; Tidball and Daniel, 1986; Trotter and Baca, 1987;
Kannus et al. 1992; Trotter, 1993). However, ‘fibre type
denotes a combination of muscle fibre properties, and fibres of
the same type may differ in the type of activity (see below). In
vitro, most muscles experience cyclic aternations of
contraction and lengthening. Tension development (loading of
the MTJ) depends on V/Vmax, the ratio between the actual
contraction velocity and the maximal (unloaded) contraction
velocity of the fibre (Hill, 1938), and eccentric activity
(negative contraction velocity) results in tensions higher than
those during concentric activity.

Axial muscles of fish contain spatially separated muscle
zones that differ in activity pattern. A laterally situated strip of
red muscle is used for slow continuous activity. The bulk of
the musculature, which consists of white muscle fibres, is used
for short powerful bursts of activity (Hudson, 1973; Johnston
et al. 1974, 1975; Akster and Osse, 1978; Bone, 1978; Proctor
et al. 1980; Rome et al. 1988; Altringham and Johnston,
1990a,b; van Leeuwen et al. 1990).

In addition to the medial-lateral difference in fibre types,
there are also anterio-posterior differences in muscle function
between fibres of the same type in the body of a swimming
fish. Computer models (van Leeuwen et al. 1990; van
Leeuwen, 1995) based on electromyographic and motion
analysis of carp (Cyprinus carpio L.) predicted that, during



826 I.L.Y. SPIERTS AND OTHERS

continuous and intermittent swimming, muscle fibresin the tail
region (together with the connective tissue) would play an
important role in the transmission of force produced by more
anterior muscle fibres. The posterior fibres have alonger phase
of eccentric activity than the anterior fibres (van Leeuwen et al.
1990; van Leeuwen, 1995). As a result, these posterior fibres
will develop greater forces than the anterior fibres. This
expectation was confirmed by simulation experiments (Davies
et al. 1995). We expect that greater forces in posterior fibres
will be accompanied by a greater membrane amplification at
the MTJ.

The MTJ of the common carp shows a genera resemblance
in morphology (Akster et al. 1995) to the MTJs previously
characterized in a wide variety of vertebrates from hagfish to
mammals, including teleosts (Hanak and Bdck, 1971,
Korneliussen, 1973; Schattenberg, 1973; Trotter et al. 1981,
1983a,b, 1985a,b; Trotter and Baca, 1987; Trotter, 1990, 1993;
Tidball, 1983, 1984; Tidball and Daniel, 1986; Tidball and
Quan, 1992; Ishikawa et al. 1983; Eisenberg and Milton, 1984;
Bremner and Hallett, 1985; Hallett and Bremner, 1988).

In this study we have investigated the MTJs of both anterior
and posterior axia white and red muscle fibres of the common
carp, by means of stereology (Eisenberg and Milton, 1984), to
determine whether the published differencesinloading of these
fibres are accompanied by differences in the structure of the
MTJ.

Materials and methods

Three common carp (Cyprinus carpio L.) of 19-24cm
standard length, bred in the laboratory at 23°C, and fed on
commercia fish food (trouvit pellets; Trouw and Co. Putten),
were used.

The fish were killed with an overdose (0.2%) of tricaine
methane sulphonate (Sandoz). A piece of skin was removed
and Karnovsky's fixative (Karnovsky, 1965) was injected into
the axial muscle. After fixation in situ at room temperature for
about 15min, small pieces of red and white axial muscle
(approximately 10 mmx5mmx 3 mm) were dissected from the
tail region near the anus (posterior) and from the body region
immediately rostral to the fourth ray of the dorsal fin (anterior,
Fig. 1). When superficial white axial muscle was dissected,
care was taken to avoid red and pink muscle layers. Fixation
was continued for approximately 90 min in fresh Karnovsky’s
fixative. The muscle tissue was rinsed in 0.1% cacodylate
buffer, pH 7.3.

MTJs were prepared for scanning electron microscopy as
described by Trotter and Baca (1987). For transmission
electron microscopy, the muscle tissue was postfixed in 1%
osmium tetroxide, followed by 1% uranyl acetate, dehydrated
in graded a cohols and propylene oxide, and embedded in an
epon mixture.

Sampling procedure

Four sampl e sites (anterior and posterior red and anterior and
posterior white) and six fibres per sample site were examined

Fig. 1. Position of the muscle sample sites on the common carp
Cyprinus carpio, indicated by rectangles. W, white muscle; R, red
muscle; A, anterior; P, posterior.

for each of the three fish. Two or three blocks of tissue were
taken from each sampling site. Ultrathin longitudinal sections
were made from each block using a diamond knife on a
Reichert-dJung Ultracut E ultramicrotome. The ultrathin
sections were stained with uranyl acetate and lead citrate.

Owing to the orientation of axial muscle fibres of fish in
oblique fibre trajectories (Alexander, 1969), slight differences
in the direction of the muscle fibres occur at the sample sites.
Transmission electron micrographs were made of the MTJs of
the first two (or three, depending on the number of blocks
obtained from the sample site) truly longitudinally sectioned
fibres that were identified under a Philips EM 201C electron
microscope. Sections were considered to be longitudinal when
thick filaments could be traced over the entire length of an A-
band. Deformation by fixation was considered to be minimal
when the angle between the filaments and the Z-line was
approximately 90°. The beginning of the MTJ was defined as
the middle of the location where the membrane on both sides
of the fibre profile was not paralel for at least two sarcomere
lengths.

For random morphometric sampling, the micrograph area,
indicated on the image screen of the microscope, was used as
a sample area. A micrograph (X25500) was made of every
fourth area of the interfacial membrane and used for
subsequent morphometric analysis. For each fibre, the starting
point for sampling was obtained using a sampling scheme
containing twelve different starting points (the first, second,
third and fourth frames from the left side, the right side and
the middle of the MTJ of the fibre). This resulted in 3-5
micrographs per fibre and about 24 micrographs per sample
site from each fish.

L ower-magnification micrographs (X2400) of every fibre
were used to measure the diameter of the fibre profile, df, and
the length of the MTJ (L, the distance between the last Z-
line before the beginning of the taper and the tip of the taper).
The diameter of the fibre profile was measured at a location
where the membrane on both sides of the fibre profile was
parallel.

Mor phometry

Sectioning muscle fibres with a diameter Df produces a
population of fibre profiles with a mean diameter df. Only a



small part of the profile is cut through the real diameter, Dy.
The mean fibre diameter, df, measured from the electron
micrographs, is an undervaluation of the real fibre diameter,
Dt. For circular fibres, randomly sampled in longitudina
sections, the real fibre diameter can be calculated (Weibel and
Bolender, 1973) by:

Dt = (4/m)ds. (@h)]

Amplification of the membrane area at MTJs is defined as
the interfacia ratio (IFR), theratio of the interfacial membrane
area (Sm) to the cross-sectional area of the fibre (&), where:

IFR = Sw/&:. (%)

This ratio was calculated using stereological methods
(Merz, 1967, Weibel and Bolender, 1973; Aherne and
Dunnill, 1982; Royet, 1991) with a2 cm semicircular test grid
placed on the micrograph. The method was adjusted for
muscle fibres by Eisenberg and Milton (1984). The
membrane area per unit volume (Sv/V) was calculated from
the number of intersections (Im) between the interfacial
membrane of the fibre and the test grid. The fibre cross-
sectional area was obtained from the projected length of the
interfacial membrane on the plane of the last Z-disc before
the beginning of the taper (Tidball, 1983). The cross-
sectional area per unit volume (S/V) was calculated from the
number of intersections (I¢) between this projection and the
test grid.

Muscle is highly anisotropic, it has a high degree of
orientation. This means that projections of the membrane on
a plane perpendicular to the fibre axis and on a plane parallel
to the fibre axis are not equal (as they would be in a purely
isotropic system). DeHoff and Rhines (1968) called this type
of anisotropy linear. For every specific geometry with a
known degree of orientation, an appropriate constant is
necessary to relate the boundary length seen in the
micrographsto a surface areain the real tissue. Some specific
constants have been derived and are reviewed by Eisenberg
(1983).

The stereological equations relating the area of interfacial
membrane per unit volume (SvwV) to the number of
intersections between the membrane and the line length of the
test grid (Im/L) for an isotropic orientation of the membrane
are (Eisenberg, 1983):

Sisotropic/V = 2ImlL, (3
and for an anisotropic orientation of the membrane:
Swnisotropic/V = (2/4)Im/L (%)
For the fibre cross section, the equation is:
SV = (w2)ldL. (5)

The percentage anisotropy (Yoanisotropy) Of the interfacial
membrane was determined in every second fibre from the
number of intersections with the parallel (1)) and perpendicular
(Io) linesof alcmXx1cmtest grid. Orientation of the grid lines
was parallel and perpendicular to the fibre axis. According to
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DeHoff and Rhines (1968) and to Eisenberg and Milton
(1984):
%anisotropy = 100(|D - ”)/(0273' ” + |D) (6)
Using equations 26, and fisotr and fanisotr for, respectively, the
fractional isotropy and anisotropy of the membrane, the IFR is
given by:
_ [2fisotr + (7T2/4)fanisotr]|m
(72)l¢ '

IFR

)

We determined two IFR values, IFRem (entire membrane
IFR) and IFRam (attachment membrane IFR). For IFRem, the
surface of the entire interfacial membrane (Sem) was
considered. Only caveolae were excluded; they were treated as
if the membrane continued over their mouth without
interruption. For |FRam, only that part of the surface of the
membrane where actin filaments attached to the membrane
(Sam) was considered. The presence of actin filaments along
the membrane or a thickened cell membrane (a clearly visible
lamina densa and a thick glycocalyx with a descending
gradient in the direction of the lamina densa) were the criteria
used to assess this portion of the interfacial membrane. In case
of doubt, the cell membrane was always considered to be
attachment membrane.

Satistics
All data measured in this study appeared to be normally
distributed (Shapiro and Wilk, 1965). Statistical analyses of the
measured differences in Ly, Df, IFRem and IFRam were
performed using analysis of variance (ANOVA). Statements of
statistical significance are based on P<0.05, unless specified
otherwise (Sokal and Rohlf, 1981; Rohlf and Sokal, 1981).

Results
Shape of the MTJs

Red and white fibres differ in the type of membrane folding
at the MTJ. Red fibres attach mainly perpendicular to the
fascial plane of the tendon (myosept) and their MTJs have
large finger-like extensions (Figs 2, 3). White fibres attach at
an angle to the fascial plane of the tendon and their MTJs have
more, but smaller, finger-like extensions (Figs 4-6).

White fibres have a significantly larger mean fibre diameter
(44.58+13.74um) than red fibres (32.38+10.62 um,
P=0.0001) and posterior fibres have a significantly larger mean
fibore diameter (41.29+£12.28um) than anterior fibres
(35.67+14.47 um, P=0.045) (Tablel). These values are
corrected for the underestimation caused by measuring
diameter profilesin thin sections (see Materials and methods),
but not for shrinkage. Lm, the length of the tapering fibre end,
issignificantly greater in whitethanin red fibres (Table 1). Ly
is not corrected for the underestimation caused by measuring
this variable from thin sections through a tapering fibre end, so
that values including this variable are relative, not absolute.
Lmy divided by Dr gives a rough impression of the general
shape of the fibre end (Table 1). Thisratio is not significantly



828

I.L.Y. SPIERTS AND OTHERS

Fig. 2. Transmission electron micrograph of alongitudinally sectioned myotendinous junction (MTJ) of ared axial muscle fibre. Long bundles
of actin filaments connect the myofibrils (MF) with the interfacial membrane. Long finger-like protrusions extend into the tendon (T). X2400.

Fig. 3. Scanning electron micrograph of ared axial muscle fibre. Note the large finger-like extensions. X 7300.

different between anterior and posterior fibres, indicating that
the general shape of the MTJ anteriorly and posteriorly is
comparable.  White  fibore MTJ are  thick-set
(Lmtj/Df=1.07+0.17) compared with the more slender red fibre
MTJs (Lmij/Ds=1.32+0.31, P=0.0001).

Sereological analysis of the MTJs
IFRem (entire membrane IFR) and IFRam (attachment

membrane IFR), were calculated by means of morphometry.
No significant differences between individual fish were found
on the IFR values. The values for IFRam are consistently 85-
90% of the values for the corresponding IFRem (Table 2).
IFRem and IFRam show similar significant differences for
muscle type, muscle location and combined effects; therefore,
we will limit the description to |FRem.

The muscle type effect is very large (P=0.0001). For red
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Fig. 4. Scanning electron micrograph of a white axial muscle fibre. The asymmetrical taper indicates that the fibre attaches at an angle to the
fascia plane of the tendon. X2100. The marked areais also shown in Fig. 5.

Fig. 5. Detail of Fig. 4 at the same magnification (X7300) as that of the red axial muscle fibre in Fig. 3. The finger-like extensions of the white
fibre are smaller and more numerous than those of the red fibre.
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Fig. 6. Transmission electron micrograph of a longitudinally sectioned myotendinous junction (MTJ) of a white axial muscle fibre. Note the

shallow finger-like extensions. MF, myofibrils; T, tendon. X18500.

Table 1. Morphometric values of the myotendinous junctions

Fibre diameter, Length of MTJ,
Dt Lmij

Type (m) (um) Lmi/Ds

Red, anterior 30.10+£10.632 38.63+10.172 1.35+0.292
(N=18)

Red, posterior 34.66+10.102P 42.32+6.64apP 1.30+0.322
(N=18)

White, anterior ~ 41.25+15.61b.¢ 45324157320 1.13+0.17P
(N=18)

White, posterior  47.92+10.56° 48.88+13.06>  1.02+0.15b
(N=18)

Anterior, total 35.67+14.472 41.98+13.662 1.24+0.262
(N=36)

Posterior, total 41.29+12.28b 45,60+10.872 1.16+0.282
(N=36)

Red, total 32.38+10.622 40.47+8.792 1.32+0.312
(N=36)

White, total 44.58+13.74b 47.10+14.570 1.07+0.17°
(N=36)

Within each section of a column (mutually distinguished by blank
lines), groupsindicated with different |etters (a,b,c) differ significantly
(P=<s0.05); N, number of fibres measured.

Values are mean + s.D.

MTJ, myotendinous junction.

muscle fibres (36 fibres), the mean IFRem is 8.20+1.71; for
white fibres (36 fibres), it is6.29+1.34. A significant difference
in IFRem was aso found between posteriorly (7.76+1.77, 36

fibres) and anteriorly (6.73+1.68, 36 fibres) situated fibres
(P=0.0048). The combined effects of muscle type and muscle
location led to the following set of declining mean IFRem
values (18 fibres): red posterior, 8.77+1.70; red anterior,
7.63+1.63; white posterior, 6.75+1.24 and white anterior,
5.83+1.34 (Table 2).

The percentage of membrane area in the MTJ with an
anisotropic orientation was significantly higher in red muscle
tissue (68.19+7.44%, 18 fibres) than in white muscle tissue
(63.66£3.98%, 18 fibres, P=0.021). It did not differ
significantly between posterior muscle tissue (66.42+6.77 %,
18 fibres) and anterior muscle tissue (65.42+5.92 %, 18 fibres).

Discussion
Shape of the MTJs

Red and white fibres differ in the angle of attachment to the
tendon and in the general shape of the MTJ, expressed as the
ratio Lmi/Dr. These differences are in accordance with the
difference in orientation of red and white axial muscle fibres
of fish. White axial muscle fibres are situated in helical fibre
trajectories, red fibres lie more parallel to the body axis
(Alexander, 1969). In addition, there was an, as yet
unexplained, differencein the size of the finger-like extensions
(compare Figs 3 and 5). Red and white fibres also differ in the
orientation of the interfacial membrane. The percentage of
anisotropically orientated interfacial membrane in white fibres
of carp (63.66 %) is close to the percentage of anisotropy found
in white fibres of the sartorius muscle of the frog Rana
temporaria (approximately 60%; Eisenberg and Milton,
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Table 2. The calculated interfacial ratios of the myotendinous junctions and the percentages anisotropy of the muscle tissue

Entire membrane Attachment membrane I FRam/I FRem Anisotropy of tissue

Type IFRem IFRam (%) (%)

Red, anterior (N=18) 7.63+1.632 6.77+1.502 88.87 64.89+8.322
Red, posterior (N=18) 8.77+1.70 7.93+1.75b 90.42 71.49+5.54P
White, anterior (N=18) 5.83+1.34¢ 4.95+1.38¢ 84.91 65.96+3.022
White, posterior (N=18) 6.75+1.243¢ 5.92+1.183¢ 87.70 61.35+3.812
Anterior, total (N=36) 6.73+1.682 5.7+1.65% 84.47 65.42+5.922
Posterior, total (N=36) 7.76+1.77° 6.92+1.77° 89.18 66.42+6.772
Red, total (N=36) 8.20+1.712 7.35+1.772 89.63 68.19+7.442
White, total (N=36) 6.29+1.34° 5.43+1.34° 86.33 63.66+3.98P

Within each section of a column (mutually distinguished by blank lines), groups indicated with different letters (a,b,c) differ significantly
(P<<0.05); N, number of fibres measured for calculating the interfacial ratios (IFRs); half of these amounts were used for calculating the

percentage anisotropy.
Values are means + s.D.

1984). Red fibres have a higher percentage anisotropy
(68.19%). The attachment of red fibres, which is amost
perpendicular to the fascial plane of the tendon, and the greater
denderness of their junctions probably contribute to thishigher
anisotropy.

No significant differences in the ratio Lmij/Ds were found
between anterior and posterior fibres (Table 1).

Quantification procedure

The amplification of the membrane area was estimated using
a stereological method (Weibel and Bolender, 1973; Weibel,
1979) that was adapted to the degree of anisotropy of the
muscle tissue (Eisenberg and Milton, 1984). This method is
reliable, efficient and precise compared with other methods
(Weibel and Bolender, 1973; Royet, 1991) and it requires no
presuppositions about the shape of the MTJ. This is important
as red and white fibres differ in shape of the MTJ aswell asin
the angle of attachment of the fibres to the fascial plane of the
tendon. Results obtained using this method are comparable
with results obtained using other methods (Trotter, 1993).

We determined the IFRem (entire membrane IFR, without
caveolae) and the IFRam (attachment membrane IFR) and
obtained similar results for both. The IFRam values were
85-90% of the IFRem values for the different locations and
muscle types, and for individual muscle fibres. This indicates
that the criteria used to distinguish the attachment membrane
were consistently applied. It also indicates that IFRem can be
used as accurately as IFRam, which is more difficult to define,
to compare amplifications of membrane areas.

We found that the membrane amplification at the MTJ
differs significantly between anterior and posterior fibres and
between red and white fibres; posterior fibres and red fibres
having larger amplifications (Table 2).

Force transmission at the MTJs
According to the models of van Leeuwen et al. (1990) and
van Leeuwen (1995), the posterior axial muscle fibres of carp
experience alonger phase of eccentric activity than the more

anterior fibres, resulting in a negative contraction speed and
work output and, hence, in larger forces in the posterior
fibres. These predictions were corroborated by simulation
experiments with cod Gadus morhua. When activation
patterns and cycle frequencies, as observed in vivo, were
imposed on isolated bundles of superficial cod white axial
muscle fibres, posterior fibres developed higher forces than
anterior fibres (Davies et al. 1995). Posterior muscle fibres
are slower than anterior fibres (Rome et al. 1993; Altringham
et al. 1993; Davies et al. 1995). Anterior and posterior fibres
also differ in duty cycle (the proportion of the tail-beat cycle
during which the muscle shows electromyographic activity),
relaxation time and shortening inactivation time (Rome et al.
1993). But simulation experiments show that the resulting
patterns of force duration are similar for anterior and
posterior fibres (Rome et al. 1993; Altringham et al. 1993).
Thus, the higher amplification of the membrane area in
posterior fibres (Table 2) isindeed related to a larger load on
the junction.

The difference in IFR between red and white fibres is less
easily explained. Although in carp head muscle the measured
maximal isometric stress is similar in red and white muscle,
120kNm~2 and 110kNm~2, respectively (Granzier et al.
1983), in axial muscle it is smaller in red fibres than in white
fibres (64kNm~2 and 209kNm~2, respectively, at 23°C;
Johnston et al. 1985). Asthese values are not corrected for the
differences in the volume percentages of connective tissue,
capillaries and mitochondria between red and white muscle,
the differencein net stress between red and white axial muscle
must be smaller. However, it seems unlikely that net maximal
isometric stress is higher in red fibres than in white fibres.

Other factors that can be expected to influence the structure
of the MTJare (1) ahigh contraction velocity, (2) alarge strain
and (3) along duration of the load on the junction. Contraction
velocity islower in red fibres than in white fibres (Rome et al.
1988). Strain can reach high values in red fibres (Rome and
Sosnicki, 1991), but such large strains occur at high tail-beat
frequencies when red fibres have a high V/Vmax ratio (Rome
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and Sosnicki, 1991) and consequently a very low force
production (van Leeuwen et al. 1990). Also, Tidball and Chan
(1989) found in mechanica experiments on MTJs of single
muscle fibres from frog (Rana pipiens) semitendinosus muscle
that failure of the MTJ was independent of strain and of strain
rate. Therefore, we do not expect the differencesin IFR values
found in this study to be related to differences in strain. It is
morelikely that the large strain fluctuationsin red fibres (Rome
and Sosnicki, 1991) will impose high demands on the series
elastic elements (titin filaments, Wang et al. 1991) of these
fibres. The third factor, the duration of the load on the junction,
is longer in red than in white fibres; red fibres are active at
lower tail-beat frequencies (longer cycle times) than white
fibores and for longer periods. Tidball and Daniel (1986)
proposed that the degree of membrane folding at the MTJ
depends on the magnitude and on the duration of the load on
the junction. Curtis (1961) and Rand (1964) have shown that
the mechanical behaviour of cell membranes is dependent on
loading time. At a certain shear load (caused by applying either
alarge load for a short time or a small load for alonger time),
the behaviour of a cell membrane changes from éastic to
viscous. This leads to a non-reversible structura
rearrangement. The cell can survive such a load by reducing
the stress on the membrane through an amplification of the
membrane area. The greater IFR value of MTJs of red muscle
fibres of the carp may be related to the longer duration of the
load on the junction in this fibre type. As muscle fibres
probably transmit part of the developed force by their lateral
surface (Street, 1983; Trotter, 1993), it is also possible that this
lateral transmission is more important in white than in red
fibres. However, we have no observations that support this
suggestion.

The IFRam values vary from approximately 5 (anterior white
fibres) to approximately 8 (posterior red fibres). These values
are lower than IFR values of mouse, chicken, snake and frog,
summarized by Trotter (1993). The IFRam values for these
species (also determined using the method of Eisenberg and
Milton, 1984) are between approximately 9 (plantaris of adult
mouse; Trotter and Baca, 1987) and 16 (sartorius of frog;
Eisenberg and Milton, 1984). As far as we know, no other
guantitative data reporting the amplification of the membrane
area in fish have yet been published. Hallett and Bremner
(1988) described the invaginations in MTJs of hoki
(Macruronus novaezelandiae) as being shallow, which agrees
with the low IFR values we found in carp.

The low IFR values in the MTJ of axial muscle of the carp
suggest that, in these myomeric muscles, load on the MTJ is
less intense or shorter-lasting than in the muscles that have
been investigated in other vertebrates.

We thank Dr J. L. van Leeuwen for his valuable comment
on the manuscript and Ms J. J. Taverne and Ms A. Clerx for
skilled technical help with the electron microscopy. We aso
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illustrations.
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