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Abstract

A novel category of extensive and distinct muscle damage within the white swimming muscle
of Arctic charr (Salvelinus alpinus, Salmonidae) is described. Based upon myomorphological
characters and somatic growth patterns displayed by individual fish, it appears that this type
of muscle damage is associated only with healthy and rapidly growing fish.
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Degeneration of skeletal muscle fibres in mammals
(including man) is usually considered to be a pathological
phenomenon associated with disease [1] or physical exer-
cise [2-4]. Muscle damage in fish has often been linked to
malnutrition (e. g. vitamin E-selenium deficiency) and
exposure Lo toxic agents [5-7] but whilst it is frequently
reported that exercise leads to muscle fibre hypertrophy in
fish [8], swimming activity is not known to induce muscle
damage. Pathologically induced muscle damage (PMD) is
characterized by an irregular, indistinctive and multifocal
distribution of the damaged areas within the myotomes [2].
Based upon histomorphological analysis of the white
swimming muscle in hatchery-reared Arctic charr (Salveli-
nus alpinus), we wish to suggest a novel category of
muscle damage, which we shall designate growth-associ-
ated muscle damage (GMD). Unlike PMD, that seen in
healthy and rapidly growing fish is not scattered within the
myotomes butrelates to the myosepta ina well-defined and
systematic pattern.

Material and Methods

In this study, we examine skeletal muscle tissues sam-
pled from sexually immature Arctic charr (30-60 g). At the
start of the experiment, individually tagged fish were
divided randomly into three homogeneous treatment
groups each group containing 100 individuals at an initial
size of approximately 20 g and 13 cm [9]. Fish were either
allowed to perform routine activity (controls) or were
forced to swim (exercised) continuously against different
water current speeds corresponding to either 1 or 2 body
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lengths per second (BL/s) for a period of 63 days.

At the end of the experiment, the white swimming
muscle of sub-samples of fish from each group were taken
for histomorphological analysis of transverse sections
using light-microscopy and a planimeter (Planix 7 P). All
tissue samples were excised from the left mid-lateral re-
gion below the dorsal fin, immersion-fixed in buffered
neutral formalin solution, and embedded in paraffin wax.
Sections (3 um) were routinely stained with Van Gieson
and a combination of hematoxylin and eosin (HE) before
being analysed [10]. Somatic growth of individual fish was
calculated for each consecutive 21-day period (initial,
intermediate and final) as (= AW x 100/Wd) where AW is
weight gain (in g) in the 21-day perieds 0-21, 2142 or
42-63 and Wd is weight (g) on days 0, 21 and 42 respec-
tively. Due to loss of tags etc. during the course of the
experiment, only individual fish with complete growth
data sets were used in this study. Consequently, the number
of fish examined differed between treatment groups at the
end of the experiment (Table). Further details conceming
the experimental conditions and sampling procedures are
given by Christiansen and Jobling [9] and Christiansen et
al. [10].

Results

A remarkable variability was seen in myo-morphologi-
cal characters such as the appearance of the myoseptal
packing confining each myotome, and the localization and
extension of damaged muscle fibres within the myotomes.
When these characters were examined in the light of
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Table. The number of Arctic charr examined. O denote control fish. BLis denote the relative swimming speed expressed as
body-lengths per second. PMD and GMD denote fish showing pathologically induced and growth-associated muscle
damage respectively. Specific growth rate (SGR [18]) for individual fish was calculated over the 63day period. SGR is
designated either as poor (SGR < 0 = neg), moderate (SGR =20<1 = +) or rapid (SGR > 1 = ++).

Swimming speed (BL/s): 0 1 2

Growth: neg + ++ neg ¥ ++ neg + +
Category:

NORMAL 1 1 - - 2 - 1 2 -
PMD 3 1 - 1 - - - -
GMD phases:

Degenerative - 1 - - - - 1 2
Regenerative - 1 2 1 1 - - 7
Restitutive - - 1 - 1 - - 1
Number of fish per

treatment group 11 6 14

somatic growth patterns displayed by individuals the fish
could be classified as pertaining to one of three main
categories, with each category revealing a unique combi-
nation of myo-morphology and somatic growth pattern:

The normal fish

Fish designated as NORMAL were found in both control
and exercised groups (Table). The myo-morphology was
characterized by intact myotomes and slim myosepta. So-
matic growth was low to moderate (Fig. 1).

The PMD fish

Fish showing PMD were found, primarily, in the control
group and this type of muscle damage was not observed
amongst fish exercised at 2 BL/s (Table). The myo-mor-

Growth (% weight gain)

phology revealed a clear pathological patten showing
varying degrees of muscle atrophy. Within the central part
of the myotomes intact muscle fibres were interspersed
with severe discontinuous and multifocal damaged areas
(Fig. 2). The myosepta were slim, but within the damaged
areas proliferation of connective tissue was marked and
blood cells were often seen. Fish showing PMD were all
in poor condition, had failed to eat and had lost body
weight during the course of the experiment (Table).

The GMD fish

In contrast to PMD fish, none of the fish showing evi-
dence of GMD had lost weight and almost all displayed
rapid somatic growth (Table). The GMD fish were found
in all treatment groups, although predominantly amongst
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Figure 1. Myo-morphology and growth pattern of Arctic charr within the category designated as NORMAL. All transverse
sections were routinely stained using HE and Van Gieson [10, 19]. Arrows denote myosepta. Scale bars below
photomicrographs = 500 um. Bars in histograms indicate SEM.
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Figure 2. Myo-morphology and growth pattern of Arctic charr within the category designated as pathologically induced
muscle damage (PMD). Asterisks denote multifocal muscle damage. For other abbreviations and symbols see

figure 1.

fish exercised at 2 BL/s (Table). Generally, the fish ap-
peared to be healthy, in good condition and muscle fibres
displayed varying degrees of hypertrophy. In contrast to
fish within the PMD-category, muscle damage in GMD-
fish was very distinct and localized only in the region close
to the myosepta (Fig. 3A). Examination of myo-morpho-
logy and somatic growth patterns of individual fish sug-
gested that GMD could be divided into three sequential
phases which we tentatively designate degenerative, re-
generative, and restitutive phases respectively (Fig. 3).

In fish undergoing the degenerative phase, the bulk of
the myotome was intact and myosepta were slim. Unlike
PMD, damage was never seen scattered throughout the
central part of a myotome but a continuous and well-
defined damaged area, sharply separated from the intact
muscle fibres, was seen close to one of the myosepta within
each myotome. Septal muscle damage was never observed
on both sides of a given myoseptum but was localized
either distally or proximally towards the horizontal septum
displaying a very regular and systematic pattern (Fig. 3A).
The damaged areas consisted of disrupted muscle fibers
and homogeneous myofibrillar material, but no intrusions
of connective tissue and blood cells were observed. Pla-
nimetric measurements [10] revealed that muscle damage
was substantial, amounting to 21.5-34.5 % of the total
myotomal area. Fish displaying degenerative GMD had
high somatic growth that increased continuously during
the course of the experiment,

Fish in the regenerative phase of GMD, showed essen-
tially the same pattern of muscle damage as fish in the
degenerative phase but the damaged areas were much
smaller (Fig. 3B). There was, however, considerable pro-
liferation of connective tissue resulting in myoseptal py-
knosis. During the initial growth period (days 0-21) fish
showing regenerative GMD had somatic growth that was
more than double that of fish undergoing the degenerative
phase. Growth continued to increase during the intermedi-

ate growth period (days 21-42) but during the final growth
period (days 42-63) growth was stabilized at the level
observed during the intermediate growth period.

For fish undergoing the restitutive phase, the myotomes
were intact and there was no evidence of disrupted muscle
fibres. Septal muscle damage appeared to have been com-
pletely replaced by large intrusions of fat and myoseptal
connective tissue. Consequently, myosepta were at their
thickest in these fish (Fig. 3C). Somatic growth of fish
displaying the restitutive phase of GMD were the highest
observed for fish in any category during the initial and
intermediate growth periods. During the final growth peri-
od, however, fish still grew well but growth was lower than
in the preceding periods.

Discussion

Physical exercise is known to stimulate protein turnover
[11], muscle fiber hypertrophy [8], somatic growth [9],and
improve general welfare [9] in salmonid fish, and GMD
was observed, predominantly, in the exercised fish. How-
ever, fish displaying GMD were also found amongst the
most rapidly growing individuals held under control con-
ditions. The swimming behaviour between control and
exercised fish differed markedly. Whereas exercised fish
exhibited regular and syncronized locomotion throughout
the experiment, fish performing routine activity displayed
great variability in locomotory activity, ranging from a
state of more or less passivity to spontaneous bursts of high
speed swimming [9]. Consequently, GMD does not result
from the swimming mode displayed by the fish per se but
appears to be limited to periods when individual fish
undergo rapid somatic growth irrespective of exercising
regime.

To our knowledge, the distinct septal muscle damage as
shown in Fig. 3A, and evidence of GMD in the swimming
muscle of fish and skeletal muscle damage in other fast
growing vertebrates has not been reported previously. The
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Figure 3. Myo-morphology and growth pattern of Arctic charr within the category designated as growth-associated muscle
damage (GMD). The three suggested phases of GMD (A. Degenerative, B. Regenerative, and C. Restitutive) show
a transition from distinct septal muscle damages (asterisks) and slim myosepta to intact muscle fibres and
proliferation of fat and myoseptal connective tissue. For other abbreviations and symbols see figure 1.
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simultaneous study of myo-morphology and somatic
growth performance of individual fish is a prerequisite for
the identification of GMD. Somatic growth of individual
fish may either not have been recorded in earlier studies of
muscle morphometrics [12], or muscle morphometrics
may have been examined only for fish that displayed low
to moderate somatic growth [13]. Slowly-growing fish
would not be expected to develop GMD.

It is possible that GMD may be a common phenomenon
in healthy and rapidly growing fish within the salmonid
species, since myo-morphological characters comparable
to those seen in the Arctic charr have been found in healthy
non-exercised post-smolt of Atlantic salmon (Salmo salar)
(Anil B. Amin personal communication). However, indi-
vidual growth records for these fish were not available and,
consequently, the possibility of there being a correlation
between somatic growth pattern and myo-morphological
characters could not be established.

The proximate causes (in sensu Mayr [14]) and the
consequences of extensive GMD are obscure and require
further investigation. A partial explanation for the devel-
opment of GMD may, however, be sought in the unique
spatial arrangement of muscle fibres within the white
skeletal muscle of fish. Myotomes are constrained by
collageneous myosepta into which muscle fibres are in-
serted [15]. High rates of somatic growth result in a rapid
increase in muscle mass, and, due to lack of space (over-
growth) within the myoseptal packing, distinct regular
patterns of septal muscle damage may develop as a result
of mechanical disruption of muscle fibres. Following the
degenerative phase collagen synthesis may be stimulated
during the replacement of muscle fibres [16, 17] leading
to thick myosepta and somatic growth is stabilized or even
restrained (Fig. 3).

In conclusion, we suggest that the development of septal
muscle damage may be a normal and non-pathological
phenomenon in rapidly growing salmonid fish, and that
GMD may result from a combination of a rapid increase
in muscle mass and a delayed expansion of the myoseptal
packing. Thus, the previous somatic growth patterns dis-
played by individual Arctic charr could be estimated from
the appearance of simple myo-morphological characters.
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