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Abstract

Development and Growth of Skeletal Muscle

The main body of this work contributes to an understanding of the development and
growth of skeletal muscle in a range of Vertebrates from fish to pigs. Particular
emphasis is paid to the contribution of numbers and types of muscle fibres to
overall muscle growth and ultimate mass, and also to the mechanisms whereby
factors such as nutrition in mammals and temperature in fish may affect these
parameters. The work is divided into three main sections.

The first section covers aspects of prenatal mammalian development including
myogenesis and placentation. Muscle develops as two populations of muscle fibres.
Primary myofibres form first and this is followed by the formation of a larger
population of secondary fibres. Restricting maternal nutrition may compromise the
formation of secondary fibres but not primaries. Studies on the placenta and on
levels of specific factors, e.g. insulin-like growth factors, has given some insight
into the mechanism of nutritional effects on muscle fibre development. Nutritional
experiments have highlighted energy levels in the earlier stages of gestation as most
critical in the development of muscle fibre number. This finding has been
developed in pig experiments which have shown that extra feed in early gestation
can produce piglets with more secondary fibres at birth and which grow faster and
more efficiently to slaughter.

The second section incorporates work on postnatal mammalian muscle. Studies, on
pigs in particular, have shown that primary fibre number relates more to genotype
than does secondary fibre number. Total muscle fibre number correlates with some
parameters of carcass leanness and with postnatal growth rate and feed conversion
efficiency. The influence of factors such as nutrition, dwarfism, obesity and sex on
aspects of muscle growth and muscle fibre types has been studied as well as the
functional adaptation of muscle metabolism in different species.

The third section includes work on fish muscle development and growth in a range
of species. There is particular emphasis on the role of temperature during
embryonic stages on the development of muscle cellularity. In salmonid species
higher temperatures have been shown to produce muscle with larger but fewer
muscle fibres than at lower temperatures. There are also effects on the expression
of specific genes during development. The effect on muscle cellularity may have a
consequence for the posthatch growth of the fish when subsequently reared at the
same temperature. Further work has suggested that oxygen availability may be
compromised at the higher temperature and may be a significant factor in the
temperature affect on muscle cellularity. Temperature effects on muscle
metabolism have also been demonstrated.
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Introduction

It has been established that the bovine cotyledonary placenta develops
from the fusion of maternal caruncles, present in the uterus of the non¬
pregnant animal, with fetal cotyledons (localized tufts of chorionic villi)
(Amoroso, 1952). These specialized mucosal surfaces form the typical pla-
centomes of the pregnant animal.

The complete dependancy of the developing bovine embryo upon the
placenta, and more particularly upon the placentomes, for all its metabolic
requirements is not established until around the fiftieth day of gestation
(Smidt, 1951). The way in which the developing embryo receives its nutri¬
tional requirements prior to this stage has been fully investigated (Green,
1946; Melton, 1951) while extensive morphological studies have also pro¬
vided much qualitative information on placental/placentome development
after this stage (Boyd et ah, 1944; Hafez/Rajakoski, 1964). However,
quantitative studies of placentome development from the fiftieth day onwards
appear to be lacking in the literature.

The purpose of the present investigation was to study in detail the
quantitative changes that occur during placentome development in Zebu
cattle.

Material and Methods
Fetuses "in utero" were collected from 35 Zebu cows (Bos indicus) collected from the

same environment and slaughtered at a local abattoir at the same time of year. Each specimen
was stored in 10°/o Formalin for transport purposes. The cows were in various stages of
pregnancy, so that fetuses ranged in age from 75 to 245 days of gestation (as calculated
from the data of Evans/Sack, 1973).

The following procedure was used for studying each fetus and placenta. Both horns
qf the uterus were opened and the fetus removed so that the crown-rump length could be
recorded. The number of placentomes in both the gravid and the non-gravid horn was then
noted, and the major and minor diameter of every placentome measured using calipers.

Zbl. Vet. Med., Reihe C, Bd. 6, Heft 1 6
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Calculations were based upon the assumption of an elliptical circumference for each placcn-
tome (an assumption based upon present observations). The cross-sectional area of each
placentome could therefore be calculated according to the equation for the area of an ellipse,

n AB
where Area = ^ (A and B being the major and minor diameter respectively). It should
be noted that this cross-sectional area was the largest sectional area of the placentome taken
parallel to the uterus wall, and is referred to as placentome area in the rest of the text. In
thirteen placentae the depth of the placentomes was measured in the centre (after cutting
through the middle, perpendicular to the uterus wall) as well as the volume of the placen¬
tomes (by displacement in a graduated cylinder).

Correlation coefficients and lines of regression were calculated for crown-rump length
against number of placentomes, mean placentome area (average area of a single placentome)
and total placentome area (total area of all placentomes) for each animal. All calculations
were carried out separately for gravid and for non-gravid horns, and also for both horns
combined. Statistical calculations were based on methods given by Snedecor/Cochran (1967).

Results

Table 1 shows the correlation coefficients and formulae for the lines
of regression for crown-rump length plotted against the various parameters
investigated. A strong correlation between crown-rump length and both mean
placentome area and total placentome area is apparent; no such correlation
exists between crown-rump length and placentome number, suggesting no
change in number of placentomes with age. The mean number of placentomes
was found to be 69.0 (± 2.6), and of this total 41.0 (± 1.5) were located in
the gravid horn and 28.1 (± 1.5) in the non-gravid horn. The difference in
numbers between gravid and non-gravid horns was highly significant
(P <C 0.001). The equations for the regression lines presented in Fig. 1 are
is given in Table 1.

The lines in Fig. 1 (b) are not significantly different from the horizontal.
However, in Figs. 1 (a) and (c), the slopes of the lines for the gravid horns
are significantly steeper (P < 0.005) than the slopes of the lines for the non-
gravid horns. Although individual points are not represented in the figure,
the standard error of an estimation of Y based upon X (crown-rump length)
is given in Table I.

Table 1

Correlation Coefficients and Formulae of regression lines

n r P Regression line sJ
y.x

Crown-rump length (X)
v. Mean Placentome Area (Y) Gravid Horn 35 0.9A7 <0.001 Y = 0.49.X - 4.04 1 0.49

Non-gravid Horn 35 0.889 <0.001 Y = 0.28.X - 3.38 ± 0.43
Both Horns 35 0.938 <0.001 Y = 0.40.X - 3.58 ± 0.43

v. Number ot Placentomes (Y) Gravid Horn 35 0.120 N.S. Y = 0.06.X + 38.96 ± 1.53

Non-gravid Horn 35 0.186 N. S. Y = 0.10.X + 24.95 ± 1.50

Both Horns 35 0.177 N. S. Y = 0.16.X ♦ 63.91 1 2.61

v. Total Placentome Area (Y) Gravid Horn 35 0.918 <0.001 Y = 21.31.X - 208.80 ±27.4

Non-gravid Horn 35 0.905 <0.001 Y = 9.17.X - 136.11 ± 12.9

Both Horns 35 0.933 <0.001 Y = 30.48.X - 344.84 ±34.9

Mean Placentome Area IX)

v. Mean Placentome Volume (Y) Both Horns 13 0.957 <0.001 Y = 1.63.X - 4.21 ± 0.64

v. Mean Placentome Depth (Y) Both Horns 13 0.905 <0.001 Y = 0.11.X + 0.23 ± 0.07

N. S. = Not Significant
r = Correlation coefficient
P = Significance of r
Sy. x = Standard Error of Y estimated from X
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(a)

(c)

Fig. 1. Relationship between Crown-Rump length of fetus and (a) Mean Placentome Area,(b) Number of Placentomes and (c) Total Placentome Area. (See text for definition of
Area)

6!
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It was also found, using the sample of thirteen placentae, that the area
of the placentomes was very closely related to the depth and to the volume of
the placentomes (Table 1).

It should be noted here that all measurements were made on fixed material
so that there was inevitably some distortion. Stickland (1975) found that
10% Formalin (with no further processing) caused the volume of animal
tissue to increase by 6 °/o after 24 hours in fixative. This will mean an even
smaller increase in cross-sectional area (about 3.3 %) and so can be con¬
sidered negligible in this investigation.

Discussion

The present study has shown that the placentomes increase in mean area
as the crown-rump length of the fetus increases from 10 cm. to 80 cm. As
crown-rump length is linearly related to duration of the gestation period
(Evans/Sack, 1973), it would seem that, from the present data, placentome
area increases continuously from about 75 days gestation to near birth.
Placentome numbers, however, remained constant throughout the present
period of study. Increase in total placentome area can be explained therefore
by an increase in size of placentomes alone. Such an observation appears to
contradict Hammond (1927) who has stated that, in the cow, placentome
development is completed by the third or fourth month; however, his meaning
of development is unclear.

Such increase in total placentome area shown in the present study is
similar to that found by Kayanja (1973) in the impala. His equation for the
regression of total placentome area on crown-rump length (Y = 18.5 X —

127), and the corresponding correlation (r = 0.96), were of the same order
as those given here in Table 1. This situation is markedly different from that
in the sheep, where Cloete (1939) showed that the diameter of the
placentomes increased up to the third month, then decreased. It also appears
that in the sheep the placentomes in the gravid horn are only about 6 °/o larger
in diameter than those in the non-gravid horn (this is approximately equivalent
to a 12 % difference in area). Present observations have shown that the mean
placentome area in the gravid horn is almost twice as great as that in the
non-gravid horn at all stages of gestation, while total placentome area in the
gravid horn is some three times greater than in the non-gravid horn at the
20 cm crown-rump length stage, and some two and a half times greater at
the 80 cm. stage. The close relationship found between placentome area and
depth, and between placentome area and volume suggests that the changes
shown here for placentome area are probably meaningful in describing other
dimensional changes in placentomes.

The total number of placentomes was found to average 69 in the present
study. This is significantly lower than figures of 70 to 142 (varous authorities
quoted by Amoroso, 1952) for the cow. However, the present low numbers
could be related to the relatively poor nutritional grazing available to local
cattle, a factor which has been shown to affect placentome number in the ewe
(Everitt, 1968). On average, there were found to be about 50 % more
placentomes in the gravid than non-gravid horns. This is in agreement with
similar results for the cow (Rorik, 1907), impala (Kayanja, 1973) and ewe
(Everitt, 1968).
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Summary
Quantitative changes occurring during placentome development were

studied in detail in fetuses of local Zebu cattle ranging in age from about 75 to
245 days of gestation. Total placentome cross-sectional area increased con¬
tinuously throughout gestation, although placentome number remained con¬
stant; this was brought about by an increase in mean placentome cross-
sectional area alone. Mean placentome cross-sectional area in the gravid horn
was almost twice as great as that in the non-gravid horn at all stages of
gestation. Changes in placentome cross-sectional area were closely related to
changes in placentome depth and volume.

Zusammenfassung
Quantitative Erhebungen zur Plazentomentwicklung beim Zebu

(Bos indicus)
Die quantitativen Veranderungen der Plazentomentwicklung wurden an

Zebu-Foten im Trachtigkeitsalter von 75—245 Tagen studiert. Bei gleichblei-
bender Anzahl der Plazentome nimmt deren Gesamtquerschnittsflache wah-
rend der Trachtigkeit standig zu, und zwar als Folge der Zunahme der mitt-
leren FlachengroEe der einzelnen Plazentome, die durchweg im trachtigen
Florn fast doppelt so grofi war wie im nichttrachtigen. Diese Anderungen han-
gen mit Anderungen der Hohe und des Umfanges der Plazentome eng zu-
sammen.

Resume

Evaluation quantitative du developpement des placentomes chez le zebu
(Bos indicus)

Les changements quantitatifs qui se produisent pendant le developpement
des placentomes ont ete etudies chez des foetus de Zebu de race locale ages de
75 a 245 jours de gestation. La surface totale des placentomes en coupe trans-
versale augmente de fafon continue pendant toute la gestation, bien que le
nombre de placentomes reste constant. Ceci est realise par la seule augmenta¬
tion de la surface moyenne de section des placentomes. Cette moyenne s'est
averee presque deux fois plus grande dans la corne gravide que dans la corne
non gravide a tous les stades de la gestation. Les changements ont ete lies a
ceux du volume des placentomes.

Resumen

Una evaluacion cuantitativa del desarrollo de los placentomas del cebu
(Bos indicus)

Los cambios cuantitativos durante el desarrollo de los placentomas se
estudiaron en fetos del cebu de aproximadamente 75 a 245 dias de edad.
Durante la gcstacion, la superficie total de cortes transversos de los placento¬
mas aumenta constantemente, manteniendose su numero igual; esto se debe
solo al aumento de superficie cuyo promedio es casi el doble en el cuerno
gravido en comparacion con el otro. Estos cambios estan intimamente relacio-
nados con los cambios de los placentomas en altura y volumen.
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Abstract
The investigation was carried out in order to quantify the changes in

various cell parameters which take place in the normal prenatal development
of bovine muscle. Sections of muscles, taken from 36 Zebu foetuses (Bos
indicus) of about 75 to 245 days gestation, were examined microscopically.
Results are given on the numbers and sizes of myotubes and myofibres seen
in section at various stages of development. The relative contribution of
increases in cell size and cell number to overall muscle size increase are

discussed.

Introduction

It is now well established by many authors (MacCallum, 1898, in the
human; Staun, 1963, and Stickland/Goldspink, 1973, in the pig; Rowe/
Goldspink, 1969, in the mouse; Eliot et ah, 1943, in the rat) that the total
number of fibres in a given muscle is fixed at or near birth, the exact time
probably depending on the maturity of the animal at the time of birth.
This fixed number of muscle fibres is not affected by even very severe
levels of undernutrition during postnatal growth (Stickland et al., 1975),
whereas the size of the muscle fibres can be affected by many factors such
as age (Hammond/Appleton, 1932; Joubert, 1956; Stickland/Goldspink,
1973), exercise (Goldspink, 1964) and level of nutrition (Joubert, 1956;
Stickland et al., 1975).

It is evident that the total number of fibres in a given muscle must be
increasing during prenatal development until the genetically determined adult
number is reached. The processes involved in early myogenesis have been
studied quite extensively by using in vitro techniques (see Holtzer/Bischoff,
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1970). Histochemical techniques have also been used to study aspects of
prenatal muscle fibre type differentiation in the lamb (Ashmore et ah, 1972),
pig (Ashmore et ah, 1973; Swatland/Cassens, 1973) and bovine foetus
(Ommer, 1971).

Although these two lines of investigation have produced interesting
results, there appears to have been no attempt to quantify the changes in
size and number of the cellular parameters which occur during prenatal muscle
development in agricultural animals. This is with the possible exceptions of
Joubert (1955, 1956) and Swatland/Cassens (1973 a) working on foetal
sheep and Thurley (1972) on foetal pigs. As far as bovine foetal muscle is
concerned, detailed information on changes in size of cellular components
appears to be lacking. A statistically significant study of cell numbers in
foetal muscle appears to be lacking in all agricultural animals which is
surprising when it is realised how important total muscle fibre number is in
relation to the meat content of an animal (Staun, 1968; Stickland/Gold-
spink, 1975).

A detailed time-scale analysis of the quantitative changes taking place
in normal prenatal muscle development would be of value to the pathologist
studying developmental myopathies and to the meat scientist or muscle his-
tologist interested in muscle fibre size and number. The opportunity was
therefore taken of investigating various cellular parameters of muscles taken
from Zebu foetuses of varying gestation periods. The emphasis of the
investigation was on quantifying the changes that take place.

Material and Methods
Foetuses were collected from 36 Zebu cows (Bos indicus) slaughtered at Athi River

Abattoir, near Nairobi, Kenya. The animals had been reared in the same environment and
were all slaughtered at the same time of year. The cows were in various stages of pregnancy,
so that foetuses ranged from 9-4 to 80 cm. in crown-rump length (CRL, which is about
75 to 245 days gestation according to the data of Evans/Sack, 1973). All foetuses were
placed in 10 %> formalin immediately after slaughter for storage and transport purposes.

In the laboratory the procedure was the same for each foetus. The CRL was first
measured and then m. peroneus longus removed entire from the hind limb. The muscle was
cleared of connective tissue, weighed and then processed (according to Stickland, 1975, for
10 %> formalin fixation) in order to obtain 10 /cm paraffin sections made transversely across
the widest part of the muscle and stained in haematoxylin and eosin. By means of a Leitz
projection microscope, the area of this cross-section was outlined on paper and the area
estimated by the paper-weighing method. From the data of Stickland (1975), the area thus
obtained from this 10 °/o formalin-fixed muscle would be only about 48 °/o of the cross-
sectional area of the fresh muscle. However, as the results were used comparatively, no ad¬
justments were made. The myotube and myofibre diameter measurements were also not ad¬
justed for shrinkage for similar reasons.

A small piece of m. longissimus dorsi taken from the thoraco-lumbar junction was also
removed. This tissue sample was washed, post-fixed in 1 °/o Os04, washed, and then process¬
ed through a series of graded alcohols and propylene oxide before embedding in araldite.
1 /im transverse sections were cut on an ultramicrotome and stained with 1 °/o toluidine blue.
All sections were photographed using a Leitz microscope with camera attachment (automatic
exposure). The area covered in each photograph was estimated to be 0 • 0109 sq. mm. In each
of the enlarged prints the total number of myotubes (with centres devoid of myofibrils),
nuclei and myofibres (uniform spread of myofibrils) was counted. For 12 foetuses the dia¬
meters of 100 cellular elements was measured in the section by means of an eye-piece graticule
in the microscope. The proportion of myotube and myofibre diameters measured depended
on the ratio of each estimated from the photograph counts mentioned above.

Correlation coefficients and lines of regression of various parameters on CRL were
calculated by the methods given by Snedecor/Cochran (1967).

Results

Fig. 1 shows the increase in weight and Fig. 2 the increase in cross-
sectional area of m. peroneus longus as the CRL of the foetus increases.
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Fig. 1. Relationship between
CRL of foetus and weight

of m. peroneus longus

Both regression lines are
logarithmic with signi¬
ficant correlations. In
both figures "X" is the
CRL.

Photomicrographs
of four stages of muscle
development are shown
in Figs. 3 to 6. The
approximate gestation
times given are calcu¬
lated from the CRL
according to Evans/
Sack (1973). Large
myotubes can be clearly
seen in Fig. 3 and smal¬
ler myotubes as well as
many myofibres in
Fig. 4. At this stage
(Fig. 4), the perimysi¬
um appears to be for¬
ming the cellular ele¬
ments into fasciculi,
although the myotubes
and myofibres in the
fasciculi do not appear
to be arranged in any
regular manner. The
arrangement into fas¬
ciculi is continued in
Fig. 5 together with an

Fig. 2. Relationship between
CRL of foetus and cross-

sectional area of m. pero¬
neus longus

0 10 20 30 40 50 60 70 80

Crown - Rump Length (cm)

Crown-Rump Length(cm)

increase in myofibre size and loss of myotubes. Fig. 6 shows a greater increase
in myofibre size as well as a pronounced decrease in intercellular space. Fig. 7
shows exactly how the diameters of these myotubes and myofibres change as
the foetus grows. The myotubes decrease in diameter whilst they are present
with the myofibre diameter also showing a concomitant slight decrease, but
then clearly increasing in diameter as soon as the myotubes disappear. There is
also also a wider diameter distribution of myofibres as the foetus grows.
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Fig. 3. T. S. m. longissimus dorsi. CRL 9 • 4 cm. (approx. 75 days gestation). X 600
Fig. 4. T. S. m. longissimus dorsi. CRL 25 • 8 cm. (approx. 125 days gestation). X 600
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Fig. 5. T. S. m. longissimus dorsi. CRL 47 cm. (approx. 177 days gestation). X 600
Fig. 6. T. S. m. longissimus dorsi. CRL 75 cm. (approx. 235 days gestation). X 600
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Fig. 7. Histograms showing the change in myofibre and myotube diameter distribution in
m. longissimus dorsi with increase in CRL of the foetus. The number to the left of each
histogram is the CRL in cm. The mean myofibre diameter is given on each histogram in «m,

with the mean myotube diameter in bradcets

Fig. 8 shows how the number of myofibres, myotubes and nuclei per
unit area (estimated at 0-0109 sq. mm. as mentioned above) changes with
increase in CRL. The lines shown are all computed lines of regression, the
formulae of these lines being shown in Table 1. The dotted lines are extra¬
polations of the computed lines. Owing to the complex nature of this graph
it was necessary to compute the myofibre regression lines in two stages
dividing the points at 30 cm. where an obvious change seemed to be occurring.
The number of myofibres shows a pronounced increase from about 10 to
30 cm. (line 1) whereas the number of myotubes decreases to zero (line 5) by
about 35 cm. Both lines are significant (Table 1). Using the myofibre points
from 30 to 80 cm., line 2 is obtained but is not significantly different from
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+ Myofibres
• Nuclei
° Myotubes

Fig. 8. Relationship between
CRL of foetus and density
of myofibres, myotubes and
nuclei in cross-section of

m. longissimus dorsi

Crown-Rump Length (cm)

Crown - Rump Length(cm)

the horizontal, which
may be due to the large
variation between the
last four points (55 to
80 cm.) so that no defi¬
nite conclusion can be
made on this line. Ho¬
wever, if the points bet¬
ween 30 and 50 cm.

only are used, then line 3 is obtained
which is statistically significant (Table 1).
The numbers of nuclei per unit area
(line 4) do not change during the time
period investigated, the line shown not
being significantly differeit from the
horizontal (Table 1).

Fig. 9. A theoretical figure suggesting the change
in the total number of myofibres, myotubes and
nuclei in a muscle cross-section with increase in

CRL of the foetus

Table 1

Correlation coefficients and formulae of regression lines shown in Fig.

n r
P

(of r) Regression line
P

(of b)

Crown-Rump length (X)

11] v. Number of Myofibres IY) 20 0-840 <0-001 Y = 10-67. X - 108-4 <0-001

121 11 11 11 11 » 16 -0.161 N. S. Y = -0-42. X . 171 -7 N. S.

[U« ■ 11 » » 13 -0-762 <0-001 Y = -4-97. X . 344-4 <0-001

[Z] 11 « « Nuclei (Y) 36 -0-240 N. S. Y = -0-38. X ♦ 103-7 N.S.

[U ■ • 11 Myotubes IY) 20 -0-529 <0-02 Y = -2-31. X . 86-8 <0-01

(PI - [5] = Number of line shown in Fig. 8; b = Regression coefficient; n = Number of animals;
P = Significance; r = Correlation coefficient; v. = Versus; N. S. = Not significant.)
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Discussion

The growth of the bovine foetus illustrates a typical logarithmic prenatal
growth curve (Winters et ah, 1942) so that most of the foetal weight increase
occurs in the later stages of gestation. The logarithmic curves shown in
Figs. 1 and 2 are, therefore, to be expected. Joubert (1956) found a similar
relationship between weight and dimensions of various muscles and age of
foetal sheep. As crown-rump length is almost linearly related to foetal age
(Evans/Sack, 1973), then age could be substituted in this investigation with¬
out altering the shape of the curve to any great extent. It should be noted
here that, although regression lines of all bovine muscles would be of the same
form as those given in Figs. 1 and 2, the actual regression coefficient values
would probably vary to some extent between muscles owing to the slightly
different prenatal growth rates of different muscle groups (Joubert, 1956).

From this investigation it would seem that the precursors of muscle
fibres in the bovine foetus are either large myotubes seen at an early stage
(Fig. 3) or smaller cells (with or without a myotube appearance) which develop
between these larger myotubes at a later stage (Fig. 4). This biphasic muscle
development was put forward by Wohlfart (1937) and has been shown in the
pig (Ashmore et ah, 1973; Swatland/Cassens, 1973), lamb (Ashmore et
ah, 1972), rat (Kelley/Zacks, 1969) and chick (Kikuchi, 1971). Using
histochemical techniques, it has been shown in the pig (Ashmore et ah, 1973)
and lamb (Ashmore et ah, 1972) that the large myotubes which develop
first are probably destined to become slow-twitch fibres of adult muscle and
were termed presumptive /5-fibres. In contrast, the smaller cells which develop
later are probably destined to become fast-twitch fibres and were termed
presumptive a-fibres. Photomicrographs in these papers showed how the
presumptive /i-fibres appeared to be the framework around which the presump¬
tive a-fibres developed. This theory was also propounded by Kelley/Zacks
(1969) in rat muscle. Ommer (1971) demonstrated very early differentiation
of muscle fibres in the bovine longissimus dorsi muscle (using succinic
dehydrogenase activity), but the fibre type distribution was not the regular
pattern seen in the studies mentioned on pig and lamb. It is also difficult to
see such a regular pattern in this present investigation (Fig. 4).

All investigations have shown that the presumptive /i-fibres have a
myotube appearance (peripheral myofibrils). The presumptive a-fibres, how¬
ever, were described as small myotubes by Ashmore et ah, (1972, 1973) but
as small myofibres with a core of myofibrils (termed secondary foetal
myofibres with /S-fibres being the primary foetal myofibres) by Swatland/
Cassens (1973). In this present investigation it was difficult to distinguish
small myotubes from small myofibres in the population of small cellular
elements, in contrast to the large myotubes which were very obvious. The
generally accepted view, however, is that myoblasts fuse to form myotubes
which then differentiate into myofibres. It seems most likely, therefore,
from all the evidence, that myoblasts surrounding the large primary myotubes
fuse to form small secondary myotubes which differentiate relatively quickly
into myofibres, whereas the large primary myotubes take longer to attain a
myofibre appearance. Hence, the population of small cells shows a transition
from myotube to myofibre appearance (Fig. 4). The appearance of the early
myotube (Fig. 3) is that of a large cell with peripheral myofibrils and a
large central "vesiculated" nucleus. This description of a myotube was first
given by MacCallum in 1898 who also described the presence of more
solid, darker nuclei at the periphery of these cells in embryonic
pig muscle. These darker peripheral nuclei can be seen here and were also
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described by Thurley (1972) and Swatland/Cassens (1973) who suggested
that they are the nuclei of mononucleate cells which are possibly destined
to become "secondary foetal myofibres". Fig. 4 shows how the connective
tissue is starting to arrange the myotubes and myofibres into bundles or
fasciculi. As also observed by Danilova (1960) in the bovine foetus, this
perimysium is apparently organised before the endomysium which can be
seen at a later stage (Figs. 5, 6).

The distributions shown in Fig. 7 demonstrate a change from a flat-
topped histogram of high mean diameter at 9 • 4 cm. CRL to a narrow
distribution with a low mean diameter at 41-0 cm., and then reverting to
a flat-topped histogram with a high mean diameter at 80-0 cm. It must be
remembered that the diameters given in Fig. 7 were estimated from 10%
formalin-fixed muscle tissue. These are approximately 69 % of the probable
fresh muscle fibre diameters (Stickland, 1975). These changes (Fig. 7) are
in agreement with the results of Thurley (1972) for the pig and Joubert
(1956) for the lamb. Neither of these authors, however, distinguished between
myotubes and myofibres in their histograms. It is clear from Fig. 7 that the
initial high mean diameter observed by these authors is due to the large
diameter of the early myotubes which decrease in size and number until, at
about 40 cm., all myotubes have presumably attained the appearance of
myofibres. The results given here indicate that there may be a slight initial
decrease in myofibre diameter during the myotube stage, although this
could be due to inadequate distinction of small myotubes and myofibres
(as mentioned above). Flowever, Joubert (1956) found that just before
half-way through gestation in the lamb the incidence of smallest fibres was
greatest, and this can be seen here (Fig. 7) from 30 to 41 cm. It is quite clear
from Fig. 7 that the period from 41-0 cm. to 80-0 cm. shows a marked
increase in myofibre diameter, and this is also evident in Figs. 5 and 6.
Joubert (1956) also stressed that the largest increase in diameter was in the
later period of gestation.

The number of myotubes and myofibres per unit area at various CRL
is shown graphically in Fig. 8 for all animals studied. The decrease in the
number of myotubes is quite clear from 10 • 0 cm. to none at about 37 • 0 cm.
(about 155 days gestation according to Evans/Sack, 1973). This is about
halfway through the bovine gestation period which is the same stage at
which myotubes appear to be lost in foetal sheep (Swatland/Cassens,
1973 a). At about the same time as the myotube appearance is lost, the number
of myofibres (per unit area) decreases (Fig. 8). Up to this stage (about 35 cm.)
the number (per unit area) has been increasing as intercellular space becomes
less (Figs. 3, 4), but beyond this point the number (per unit area) decreases
due mainly to the large increase in diameter (Fig. 7), although intercellular
space is also reduced (Figs. 3, 4).

The number of nuclei (per unit area) (Fig. 8) appears to show no
significant change over the period studied. It can be seen, however, that the
"nuclei" points in this figure show a considerable spread in the pre-40 cm.
CRL foetuses. This large spread may be obscuring a significant decline in
number of nuclei which might be seen if more foetuses were sampled. This
possibility should not be ruled out, especially as Stickland et al., (1975)
working on pigs and Montgomery et al., (1964) working on the fowl, found
that concentration of nuclei was highest in animals with a low body weight.

Fig. 9 is a theoretical figure worked out from the values of Fig. 2
and lines 1, 3, 4 and 5 of Fig. 8. It is intended to give an indication of how the
relative numbers of myotubes, myofibres and nuclei in a whole muscle
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cross-section change with age of the foetus. A combination of Figs. 2 and 8
assumes, of course, that the trend of cross-sectional muscle area growth in
m. longissimus dorsi is the same as m. peroneus longus. From Joubert's
(1956) work, this would seem a reasonable assumption and, although there
may be some difference in the actual value of the regression coefficient,
the general trends would be the same as Fig. 9. This figure indicates that
the total number of myotubes remains at a low figure until about 37 cm. when
there are no myotubes. Myofibre number follows a similar shaped curve to
muscle cross-sectional area growth (Fig. 2) but increasing to a lesser extent
from about 37 cm. onwards. This seems to correspond to the stage when the
myofibres start to show their greatest diameter increase, so that from this
stage (37 cm.) it is possible that cell size increase gradually takes over from
number increase in contributing to increase in muscle cross-sectional area.
However, the diameter increases shown in Fig. 7, even in the later period of
gestation, are still probably not great enough to account for the very large
increase in muscle cross-sectional area (Fig. 2), e. g. the increase in cross-
sectional area from 55 to 65 cm. CRL of over 100% would
mean an increase in myofibre diameter from 5 • 6 ^m (area of 24-5 jum2)
to 7 • 9 jitm (area of 49-0 jum2) if there were no number increase. This sort
of diameter increase does not occur (Fig. 7). However, although there is an
apparent large increase of myofibre number in the later part of gestation, this
is probably due mainly to an increase in the length of existing myofibres.
This was first suggested by MacCallum (1898) and discussed further by
Swatland/Cassens (1972). Many authors, including Joubert (1956) and
Swatland/Cassens (1973 a), have suggested that hyperplasia has been com¬
pleted by two-thirds of the gestation period. In a study such as this it is
obviously very difficult to assess when hyperplasia has ceased. It is evident,
however, that between 56 • 0 and 63 • 0 cm. the incidence of small diameter
myofibres drops quite considerably (Fig. 7), which may be an indication
that no new fibres are being formed.

As far as the nuclei are concerned in this study, the total number (Fig. 9)
understandably follows the same curve as increase in muscle area (Fig. 2).
Montgomery (1962) and Cheek (1968) also found the number of nuclei
increased with muscle growth in man.

In conclusion it may be said that muscle development in the bovine
foetus is similar, from a histological point of view, to the development of
muscle in other agricultural animals so far studied, except perhaps for the
fact that the myotubes and myofibres appear to be more randomly arranged.
The most important aspect of this work, however, is the quantification of
the changes in various cell parameters that take place during normal muscle
development and the estimation of the time-sequence of these events.
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Summary
The gross and cellular changes which take place in developing bovine

muscle were quantified using 36 Zebu foetuses (Bos indicus), ranging from
about 75 to 245 days gestation. The change in weight and cross-sectional
area of m. peroneus longus exhibited logarithmic growth curves. In transverse
sections of m. longissimus dorsi, no myotubes were seen after about 35 cm.
crown-rump length, at which stage the number (per unit area) of myofibres
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started to decrease, after their initial considerable increase. The number (per
unit area) of nuclei showed no significant change, indicating a direct relation¬
ship between number of nuclei and muscle size. The mean diameter of
myotubes and, to a lesser extent, myofibres decreased up to the 35 cm. stage,
but after this the myofibres clearly increased in diameter. At 60 cm. there
was a marked reduction in the number of small diameter myofibres which
may indicate that no new myofibres are formed after this stage. The overall
results suggest that the increase in muscle cross-sectional area, especially in
later gestation, is greater than can be accounted for by increased myofibre
diameter alone. It seems likely, in later stages, that the increase in the length
of existing myofibres makes a considerable contribution to the increase in
muscle diameter.

Zusammenfassung
Eine quantitative Studie der Muskelentwicklung

beim Rinderfetus (Bos indicus)
Makroskopische und zellulare Veranderungen im sich entwickelnden Mus-

kel des Rindes wurden bei 36 Zebufeten im Alter von 75—245 Tagen
quantitativ bestimmt. Die Gewichts- und Querschnittsveranderung des M.
peronaeus longus weist logarithmische Wachstumskurven auf. In Querschnitten
des M. longissimus dorsi wurden beim 35 cm langen Fetus keine Myotubi
gefunden. Zu diesem Zeitpunkt beginnt die Anzahl der Muskelfasern (pro
Flacheneinheit) abzunehmen, nachdem sie zuvor betrachtlich zugenommen
hatte. Die Anzahl der Zellkerne (pro Flacheneinheit) veranderte sich nicht auf-
fallig, was eine direkte Beziehung zwischen Kernanzahl und MuskelgroBe
anzeigt. Der mittlere Durchmesser der Myotubi und, in geringerem Mafte,
der Muskelfasern nahm bis zu einer Fetuslange von 35 cm standig ab, danach
aber nahm der Muskelfaserquerschnitt deutlich zu. Bei 60 cm Korperlange
war die Anzahl von Muskelfasern mit kleinem Durchmesser auffallend ver-

ringert, was bedeuten kann, dafi nach diesem Stadium keine neuen Muskel¬
fasern gebildet werden. Das Gesamtergebnis laftt den Schlufi zu, daE (beson-
ders bei fortgeschrittener Trachtigkeit) die Muskelquerschnittsflache starker
zunimmt, als sie durch Zunahme des Muskelfaserquerschnitts allein erklart
werden konnte. In spateren Stadien scheint die Langenzunahme der vor-
handenen Muskelfasern erheblich zur Vergrofterung des Muskelquerschnitts
beizutragen.

Resume

Recherches quantitatives sur le developpement du tissue musculaire
chez le foetus bovin (Bos indicus)

On a mesure les changements qui surviennent au cours du developpement
du tissu musculaire sur 36 foetus de Zebu (Bos indicus) echelonnes de 75 a
245 jours de gestation. Devolution du poids et de la surface de section trans-
versale du muscle peroneus longus a presente une courbe de croissance loga-
rithmique. Sur les sections transversales du muscle longissimus dorsi on n'a pas
rencontre de myotubes apres le stade d'environ 35 cm de longueur vertex-
coccyx. A ce moment, le nombre de fibres musculaires par unite de surface
commence a diminuer, alors qu'il avait considerablement augmente initiale-
ment. Le nombre de noyaux par unite de surface n'a pas varie de fagon signi¬
ficative, indiquant ainsi une relation directe entre le nombre de noyaux et la
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dimension du muscle. Le diametre moyen des myotubes et jusqu'a un certain
point des fibres musculaires a diminue jusqu'au stade de 35 cm, apres lequel le
diametre des fibres musculaires s'est accru de fafon nette. A 60 cm on a note
une reduction marquee du nombre de fibres musculaires de petit diametre ce
qui pourrait indiquer la formation de nouvelles fibres apres ce stade. Le resul-
tat global suggere que l'accroissement de la surface de section transversale du
muscle, specialement dans les derniers temps de la gestation, est plus grand que
ce que pourrait laisser attendre la seule augmentation du diametre des fibres
musculaires. II semble vraisemblable qu'a cette epoque, l'accroissement de lon¬
gueur des fibres musculaires existantes contribue de fafon importante a
l'augmentation du diametre du muscle.

Resumen

Un estudio cuantitativo sobre el desarrollo muscular en el
feto bovine (Bos indicus)

En 36 fetos del cebu, entre 75 y 245 dias de edad, se estudiaron los cam-
bios macroscopicos y celulares durante el desarrollo del musculo bovino en
forma cuantitativa. Los cambios del peso y de las areas de cortes transversales
del M. peronaeus longus mostraron curvas logaritmicas de crecimiento. En
cortes transversales del M. longissimus dorsi no se encontraron miotubulos en
fetos de 35 cm. de longitud. En esta epoca, en numero de miofibrillas (por
unidad del area) comienza a reducirse, despues de un aumento inicial con¬
siderable. El numero de nucleos (por unidad del area) no cambio significativa-
mente, que indica una relacion directa entre numero de nucleos y tamano del
musculo. El promedio de los diametros de los miotubulos, y en menor grado
tambien de las miofibrillas, decrecio hasta la etapa de 35 cm., pero luego el
diametro de las miofibrillas aumento claramente. A los 60 cm., se observo una
reduccion marcada del numero de miofibrillas de pequeno diametro, lo cual
indica que no se forman nuevas miofibrillas despues de esta etapa. En general,
los resultados indican que el aumento del area de cortes transversales del
musculo (especialmente en etapas tardias de la gestacion) es mayor que los
valores deducidos del incremento del diametro de las miofibrillas solo. En
etapas ulteriores, parece verosimil que el aumento de la longitud de las mio¬
fibrillas existentes contribuye considerablemente al aumento del diametro
muscular.
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INTRODUCTION

The size of an individual muscle is determined by the number and size of its
constituent muscle fibres and, to a lesser extent, by the amount of connective tissue.
It is known from several studies on both laboratory animals and agricultural
animals that the size of muscle fibres can be affected by many factors such as age
(Hammond & Appleton, 1932; Meara, 1947; Joubert, 1956a; Goldspink, 1962;
Stickland & Goldspink, 1973), exercise (Goldspink, 1964) and level of nutrition
(Joubert, 1956a; Stickland, Widdowson & Goldspink, 1975). The number of muscle
fibres, on the other hand, appears to be genetically determined, showing no sig¬
nificant change after birth in most animals studied including the pig (Staun, 1963;
Stickland & Goldspink, 1973) and certain laboratory animals (Eliot, Wigginton &
Corbin, 1943; Rowe & Goldspink, 1969).
It is evident that the number of muscle fibres in a given muscle increases before

birth until the genetically determined number is attained. The time during gestation
when hyperplasia ceases has seemingly not been investigated in any detail except for
a few studies including those on sheep by Joubert (1955, 19566) and Swatland &
Cassens (1973a), and on the ox by Stickland (1978). It is very often stated, however,
that hyperplasia in human muscle is completed some time before birth. This state¬
ment is based on either the extensively quoted work of MacCallum (1898) who used
muscle fibre counts from m. sartorius of each of only five fetuses and one full term
baby, or the work of Montgomery (1962) who also used m. sartorius but from only
two fetuses and one full term baby. It could well be misleading to try to draw too
many conclusions from such limited data, especially when it is appreciated how large
is the adult variation in fibre number in the muscles used, as shown by the results
of these authors on several adult muscles.
Most work on human skeletal muscle has, in fact, been concerned with descrip¬

tions of the various muscular disorders (e.g. Adams, 1975). It is often stated by
muscle pathologists that a large number of muscle diseases may be caused by various
abnormalities of muscle development in utero. One example is myotubular myopathy
in which, according to Spiro, Shy & Gonatas (1966), there is persistence of fetal
myotubes in extrauterine life. Although myotubes appear in normal neonatal rat
muscle (Ontell, 1977) they are an abnormal phenomenon in neonatal human muscle.
This stresses one of the reasons why comparisons between animal and human muscle
can often be misleading. Apart from studies on muscle diseases there have also been
various descriptive or qualitative approaches to prenatal muscle development in the
human, from the light microscopic study of Hewer (1927) to the ultrastructural
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Fig. 1. The relationship between body weight and crown-rump length, and an indication of

menstrual age (280 days = birth).

study of Tomanek & Colling-Saltin (1977). There has, however, been no compre¬
hensive quantitative study of prenatal human muscle development based on an
adequately large number of fetuses.
A study which defined, in quantitative terms, the pattern of normal muscle

development in the human would be of interest to the pathologist studying develop¬
mental myopathies which could then be more clearly defined in quantitative terms.
The purpose of this investigation was, therefore, to quantify both the gross and

cellular changes (including nuclei numbers, muscle cell size and numbers and
myofibril proliferation) which take place in muscle development, but paying particu¬
lar attention to the relative contributions of hyperplasia and hypertrophy to prenatal
muscle growth.

MATERIALS AND METHODS

Muscle samples were removed from 21 fetuses which ranged in crown-rump

length (CR) from 7-0 to 35-0 cm, which approximately corresponds to a range in
menstrual age from 80 to 270 days (i.e. to about 10 days before birth: from the data
cited by Langman, 1975). Tn order to overcome possible errors, it was decided to
discuss the parameters investigated in relation to CR rather than an estimated age.
CR may also be a more relevant parameter than age in this particular study as it is
known that general growth is more related to the physiological age of an animal
than the chronological age (Ragsdale, 1934). The weight of a fetus, although pro¬
bably not so related to age as CR, may possibly be more closely related to some
features of muscle development than CR and, therefore, another useful fetus para¬
meter to consider in certain discussions. The fresh body weight (BW) and CR of
each fetus used (together with an estimation of age) are shown graphically in
Figure 1 which shows that, as one might expect, BW is approximately proportional
to (CR)3.
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M. sartorius was removed entire from a hind limb of each fetus. The smaller
fetuses had all been immersed in phosphate-buffered (pH 7-4) formalin solution so
that the muscles could be removed fixed in situ. The muscles had to be removed
fresh from the two largest fetuses and splinted at the in situ length (flexed limb
position) before fixation. After this initial fixation, the length and weight of each
muscle was noted. Complete transverse sections (2 mm thick) were then cut from
each muscle at its mid-length level. These muscle sections (the larger ones cut into
two or three segments longitudinally) were then placed in a phosphate-buffered
(pH 7-4) paraformaldehyde-glutaraldehyde mixture (Karnovsky, 1965) for several
hours before washing in phosphate buffer, post-fixation in 1 % osmium tetroxide
and further washing. Dehydration was then carried out through a series of alcohols
from 10 % to absolute, followed by clearing in propylene oxide and finally infiltration
by, firstly, a mixture of propylene oxide and Araldite and then in Araldite alone, in
which the tissue samples were also embedded. Transverse sections (1-5 /tm thick)
were cut from each block (with a few also cut longitudinally) on a Reichert OMU3
ultramicrotome using glass knives, and stained with 0-5 % toluidine blue.

Quantitative histology
The sections were first viewed under low power magnification and the image pro¬

jected on to a screen so that the total section could be outlined thereby enabling
total muscle cross sectional area to be measured. The sections were then viewed
with a Leitz Ortholux microscope under x40 and x 100 (oil immersion) objectives
and several random photomicrographs obtained using a Leitz Orthomat camera
attachment.

Numbers of cells and nuclei
The photomicrographs were used to estimate the numbers of muscle cells and

nuclei per unit area. The area of the x 100 objective photomicrograph was
0-0054 mm2 and this was taken as the unit area. The x 40 photomicrographs were
used for the larger fetuses in order to cover a larger sampling area but not for the
smaller fetuses, as cells in these were sometimes difficult to distinguish with this
lower magnification. The results for the x 40 photomicrographs were always checked
for accuracy by comparing counts from a few x 100 photomicrographs. On average,
sufficient measurements were made so that cells in about 5 % of the total cross
sectional area had been counted. The cells counted were classified as myotubes if
myofibrils were peripheral with a clear area or nucleus in the centre, or myofibres if
the myofibrils filled the cell and nuclei, if present, were peripheral. All nuclei were
counted, no effort being made to distinguish satellite and other cell nuclei from
muscle cell nuclei, as this was felt to be too difficult for accurate estimation at the
light microscope level. However, there was the added advantage that direct com¬
parisons could be made with biochemical estimations of DNA in developing
muscle.
The total number of myofibres, myotubes and nuclei in the complete section of

each muscle was estimated from the results of numbers per unit area and the total
muscle cross sectional area measurements.

An estimation was made of the total number of nuclei in the complete m. sartorius
of each fetus. This estimation was based upon the relationship derived by Aber-
crombie (1946), namely N = (T/[T+ D]) n, where N — the real number of nuclei
whose centres are included in the section, n = the number of apparent nuclei
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counted, T— the section thickness (1-5 /<m), and D = the mean longitudinal
dimension of the nucleus. The maximum nuclear length seen in the longitudinal
sections which were made was found to be about 9 3 /im and was taken as the value
of D. In this investigation, therefore, N — 0-1389 /?. To obtain the total number
of nuclei in each muscle this figure was then multiplied by L/l-5, where L = muscle
length (in pm) and 1-5 is the section thickness (in /im).

Size of cells
For each fetus the cross sectional area of 100 cells of each type (myotubes and

myofibres) was measured using a planimeter (Clarkson's Zero-setting Compensating
Planimeter) on the photomicrographs obtained with the x 100 objective. When the
proportion of myotubes or myofibres was very small it was sometimes possible to
measure only 50 cells. The mean cross sectional area of myotubes and myofibres
for each fetus was then calculated. From these area measurements, diameters were
estimated assuming the cross sectional areas to be circular, i.e. diameter =
V([4 x Areaj/w). These diameters were used to create histograms for some of the
fetuses (CR 7-0, 7-5, 18-5, 23-0, 27-0 and 35-0 cm). Histograms of cell areas were not
used as these give skewed distributions which obliterate many features of interest.

Intercellular space

The amount of intercellular space seen in the sections was calculated by multi¬
plying the numbers of myotubes and myofibres per unit area (0-0054 mm2) by their
respective mean cross sectional areas. This gave the area in the cross section occupied
by muscle cells (A'mm2), the percentage area being (0-0054 — 90/0-0054 x 100. This
figure subtracted from 100% would, of course, give the percentage of intercellular
space, thereby defining it here as that area not occupied by myotubes or myofibres.

Number ofmyofibrils
For each fetus the number of myofibrils in 10 myofibres and, when present,

10 myotubes was counted using the high power photomicrographs. The number of
myofibrils per /cm2 was then calculated from these counts for each fetus and used to
estimate the number of myofibrils in myofibres and, where applicable, myotubes of
the mean cross sectional area already estimated (see above). Although, of course,
the number of myofibrils per cell is very variable the number per /<m2 (the figure
required) in any given muscle is fairly consistent, so that 10 was considered an

adequate number of cells to measure. This was also the number used by Goldspink
(1970).

Presentation of data
It was felt that, as the main aim of this investigation was to quantify the changes

in various muscle parameters which take place during prenatal growth, the data
could be most clearly presented in a graphical form. Most of the muscle parameters
investigated were plotted against CR or BW for the reasons already discussed. An
approximate indication of age can, however, be ascertained from Figure 1.
An attempt was made to define the plotted relationships by linear regression

equations which frequently involved transforming one or both of the parameters,
usually to the common logarithm. Various transformations were attempted for each
plot until the best fit linear regression was found. When a linear regression did not
appear to fit the relationship, however, an estimate curve was drawn, based upon
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Fig. 2. The relationship between m. sartorius weight (a, d), length (b, e), cross sectional area
(c,/) and (a, b, c) crown-rump length and (d, e, f) body weight.

previous computed lines, as described in the following section for the relationships
concerned. Statistical methods were based upon Snedecor & Cochran (1967).

RESULTS

Gross parameters
The relationships between the weight, length and cross sectional area (at the mid-

length level) ofm. sartorius with both CR and BW are shown graphically in Figure 2,
the equations of these curves being given in Table 1. This shows that the best fit
curve for all these relationships is the power curve or 'allometric' relationship of the
form y = a.X", where b is the differential growth ratio defined by Huxley (1924).
This relationship is linear when log Y is plotted against log X (i.e. log Y =

log a + b. log X). The value of b will be related to the dimensions of the parameters
being investigated, e.g. when muscle weight (three dimensional parameter) is plotted
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Body weight (g)
Fig. 3. The relationship between the number of myofibres (x), myotubes (O), and nuclei (•)

per unit area and (a) crown-rump length, (b) body weight.

against CR (one dimensional), the value of b would be expected to approximate to 3.
The fact that b is considerably higher (P < 0 001) than this, with a value of 3-9
(Table 1), shows that m. sartorius weight has a higher growth rate than CR. Fur¬
thermore, the value of b in Figure 2b is significantly higher (P < 0-001) than the
'expected' TOO, whereas b in Figure 2c is not significantly different from the
'expected' 2-00. Taken as a whole, these results suggest that most of the higher rate



Human muscle development 563

Table 1. Equations of the computed regression lines shown in the Figures

Parameters

Figure X Y Line S„

1 CR BW Y = 3-13.10"2.A'32° 0042
2(a) CR Muscle weight Y = 3-47.10-6. Af3'91 0-162
2(b) CR Muscle length Y = 9-21.10"1. X1™ 0-032
2(c) CR Muscle t.s. area Y = 8-01. lO"3. AT207 0064
2(d) BW Muscle weight Y = 2-42.10-'. X1" 0-076
2(e) BW Muscle length Y = 4-12.10"1. A'0'3 9 0-009
2(f) BW Muscle t.s. area T = 9-23.10~2. Af0'92 0-024

'CR"(7-22-5) Fibres Y = 161 .log A'— 110 5-69
CR (21-35) Fibres No. per Y = 515-306.log X 5-42

3(a) CR (7-22-5) Nuclei ' unit Y = 11-8.log Af+8-96 1-18
CR (21-35) Nuclei area Y = 108-62-9.log X 1-36
CR Tubes Y= 93-7-70-9.log X 4-15

'

BWb(0-680) Fibres Y= 40-4.log X— 10-6 1-32
BW (600-2400) Fibres No. per Y = 414-110.log X 2-70

■m BW (0-680) Nuclei 1 unit Y = 4-94.log X+ 10-9 0-70
BW (600-2400) Nuclei area Y = 85-l-21-9.log X 0-67
BW Tubes - Y= 61-1 — 22-5.log X 2-42

4(6)
BW Fibres \ Total no. Y = 64685.log X-95932 2-37.103
BW Nuclei f per section Y = 13649.log Af-18462 0-53.103

5(b) BW Total no. nuclei Y = 9-38.10'.log X— 1 -53.10s 0-42.10'
in whole muscle

6 (CR)2 Mean fibre area Y = 26-18.1-0009" 0-0027
6 1 CR Mean tube area Y = 47-23.0-9760* 0-0931
8 CR % Cellular area Y = 58-1 -log X- 10-9 1-47

10 "I Mean tube area No. of myofibrils K= 34-4-0-005. AT 0-054
Mean fibre area No. of myofibrils Y = 106-5.log Af-122-0 1-8

■ Crown-rump length (cm). b Body weight (g).
St, Standard error of regression coefficient.

of muscle weight increase relative to CR is due to a higher rate of muscle length
increase rather than cross sectional area increase. This situation also seems to apply
for these parameters relative to BW (Fig. 2d, e,f).

Numbers of cells and nuclei
The numbers of myofibres, myotubes and nuclei per unit area (0-0054 mm2) of

tissue section are plotted against CR in Figure 3 a and BW in Figure 3 b. At about
22 cm CR (Fig. 3 a) and 650 g BW (Fig. 3 b) there appears to be a very distinct
change in the trends of the plotted points. For this reason the plots are divided into
two segments at these particular CR and BW values. The equations for all the com¬
puted regression lines shown in Figure 3 are given in Table 1. The best curves to
define these plots were all found to be logarithmic. Figure 3 shows that there is a
considerable increase in the number of fibres per unit area up to about 22 cm CR
or 650 g BW with a concomitant decrease in the numbers of myotubes to zero at
these points. This means that there is initially a slightly higher proportion of myo¬
tubes to myofibres, but this is rapidly reversed. The number of nuclei per unit area
increases slightly up to 21 cm CR or 550 g BW and then decreases. There appears
to be no clear evidence for a better regression of any of these parameters on either
CR or BW (Table 1). The slopes of all the lines shown in Figure 3, including all
nuclei number lines, are significantly (P < 0-001) different from the horizontal.
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The total numbers of myofibres, myotubes and nuclei in the complete cross
section of each muscle are plotted against CR in Figure 4a and BW in Figure 4b.
The points in Figure 4a do not appear to follow a simple curve. Tt is possible that
this curve is sigmoid, but in order to compute such a curve one must assume an
upper asymptote which could be unjustified and, in any event, difficult to estimate.
The plotted lines are, therefore, estimates based on the computed lines of Figures 2c
and 3 a. The points in Figure 4b, however, appear to fit reasonably well to a logarith¬
mic curve (shown by broken lines), the equations of which are given in Table 1. The
continuous lines shown in Figure 4b are lines estimated from Figures 2/and 3b,
i.e. estimated in a similar way to the lines of Figure 4a. There seems to be fairly
close agreement between computed and estimated lines in Figure 4b except for the
divergence in myofibre number from 1200g onwards. This divergence was con¬
verted to CR values and is indicated on Figure 4a by a broken line. This broken line
probably improves the accuracy of the estimated line in Figure 4a, and further
support for this adjustment is given later. Taken as a whole, the results in Figure 4
suggest that there is an initial slow increase in the number of myofibres up to about
12 cm CR (not identifiable in Figure 4b), followed by a very rapid increase up to
about 22-5 cm CR or 700 g BW, after which the number increases at a declining
rate. The number of myotubes remains relatively low until decreasing to zero at
about 21 cm CR or 550 g BW. The nuclei number increases to about the 25 cm CR
or 600 g BW stage and then appears to level off.
The total number of nuclei in whole muscles is plotted against CR in Figure 5a

and against BW in Figure 5b. The lines shown are estimated from Figures 2b and
4a for Figure 5a, and from Figures 2c and 4b (estimated line) for Figure 5b. This
is with the exception of the broken line in Figure 5 b which is a logarithmic curve,
whose equation is given in Table 1 and which roughly approximates to the estimated
line. It can be seen from Figure 5a that there is an initial slow increase of nuclei up
to about 15 cm CR, then a more rapid increase which probably, though not sig¬
nificantly, gradually slows down from about 30 cm CR. There would appear to be
only slight evidence, therefore, of a slowing down of nuclear increase in later gesta¬
tion as defined by CR. This is in contrast to Figure 5b, however, which shows an
initial rapid increase in nuclei followed by a distinct slowing down of nuclear
proliferation from about 400 and 800 g BW in computed and estimated curves
respectively.

Size of cells
The average cross sectional areas of myotubes and myofibres at each CR are

shown in Figure 6. Exponential curves, whose equations are given in Table 1,
appear to best describe the decrease in myotube size and increase in myofibre size.
It can be seen that at 7-5 cm CR the myotubes are more than \\ times bigger in
cross sectional area than the myofibres, but after this there is a decrease in myotube
size and increase in myofibre size until about 15 cm CR when they are similar in
size. The myotubes show a further slight decrease in size before they are no longer
evident. The myofibres increase in size slowly at first and then more rapidly. The
broken line in Figure 6 shows the overall mean size of cells at each CR. This line was

estimated by using the computed lines in this figure and the proportions ofmyotubes
and myofibres shown in Figure 3 a. This shows that there is an initial decrease in
overall cell cross sectional area from 7 to 10 cm CR, and from 10 cm onwards
there is an initial slow rate of increase which continuously increases to a higher rate
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Crown—rump length (cm)

Body weight (g)
Fig. 4. The relationship between the total number of myofibres (x), myotubes (O) and nuclei
(•) in a transverse section of m. sartorius and (a) crown-rump length, (6) body weight. The
continuous lines ( ) are estimated from other curves; the broken lines (-7-) are computed
from the data points shown.
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Body weight <g)
Fig. 5. The relationship between the total number of nuclei in whole m. sartorius and (a)
crown-rump length, (b) body weight. The continuous lines ( ) are estimated from other
curves; the broken lines ( ) are computed from the data points shown.
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Crown—rump length (cm)

Fig. 6. The relationship between mean cross sectional area of myofibres (x) and myotubes
(O) and crown-rump length. The broken line shows the change in overall mean cell cross
sectional area.

in later gestation. The change in rate is so marked that, whereas from 10 cm CR
to 20 cm CR cross sectional area only increases by about one-fifth, from 10 cm CR
to 35 cm CR the area is almost tripled.
Fibre diameter frequency distributions are shown in Figure 7 for the muscles of

six fetuses. Histograms such as these were made for all 21 fetuses, but only these
six are necessary to demonstrate the general trends. The total proportion of myo¬
fibres to myotubes seen in this Figure was based on the cell number counts already
mentioned, so that the percentage of these proportions in each size class could be
used in the histograms. Figure 7 shows that originally (7-0 cm CR), there is a wide
range in the diameter of myotubes from about 6 to 11 /on. There is then (illustrated
here by the 7-5 cm CR histogram) a decrease in the frequency of the larger diameter
myotubes although the overall range of myotube diameters is similar. At this same
stage there is an appearance ofmyofibres ranging from about 2 to 11 jim in diameter.
Later (18-5 cm CR) only a few small diameter myotubes remain (about 6 to 7 /«n),
although the distribution of myofibres is similar except that there are no myofibres
in the smallest size class, i.e. about 2 to 3 /im. The next stage (23-0 cm CR) shows a
similar range of myofibre diameters from about 3 to 11 /ini, with apparently only
the medium diameter fibres increasing in size from the previous (18-5 cm CR) stage.
There then (27-0 cm CR) appears to be an increase in size of small, medium and
large diameter fibres with an extended upper limit of about 14 /im, although the
lower limit remains at about 3 /im. The trend of a general increase is continued
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Fig. 7. Histograms showing the distribution of myotube and myofibre diameters at various
crown-rump lengths (CR) from 7-0 cm to 35-0 cm.

(35-0 cm CR) with a complete shift in the range of fibre diameters to between
5 and 18 /tm.

Intercellular space

The amount of cross sectional area occupied by myotubes and myofibres in each
muscle section is plotted abainst CR in Figure 8. This shows that there is an increase
(the rate of which steadily decreases) in total cellular area from about 38 % at
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Fig. 9. The change in percentage contributions of hyperplasia and hypertrophy to muscle cross
sectional area growth with increasing crown-rump length. The broken line ( ) and dotted
line ( ) are discussed in the text. A is real hyperplasia; B is apparent hyperplasia or longi¬
tudinal hypertrophy.



570 N. C. STICKLAND

90

60

20 -| I 1 1 : 1 1 1 1
30 40 50 60 70 80 90 100

Cell cross sectional area Ijjm1]
Fig. 10. The relationship between the number of myofibrils and the cross sectional area of

myofibres (x) and myotubes (O).

7 cm CR to about 79 % at 35-0 cm CR, i.e. the cellular area doubles between 7-0
and 35-0 cm CR. Conversely, the amount of 'intercellular' space decreases by two
thirds, from about 62% at 7-0 cm CR to about 21 % at 35 0 cm CR. The equation
for the computed line in Figure 8 is logarithmic and is given in Table 1.

Relative contributions of hyperplasia and hypertrophy to muscle growth
Figure 9 is an attempt to estimate the relative contributions of hyperplasia and

hypertrophy to prenatal muscle cross sectional area growth.
The proportion of intercellular space decreases during the period studied (Fig. 8),

which means that the increase in actual cellular cross sectional area is relatively
larger than the total muscle cross sectional area. The relative contributions of hyper¬
plasia and hypertrophy to this cellular area increase were estimated by measuring
the increase in fibre number (From Fig. 4 a - including broken line) and mean cell
cross sectional area (from Fig. 6) respectively, over defined 2-5 cm CR stages. One
type of increase was then expressed as a percentage of the two combined increases
and plotted as shown in Figure 9. As a check on the accuracy of the fibre number
curves shown in Figure 4 a, it was decided to use the increases in mean cell cross
sectional area and the increases in total cellular area (estimated from a combination
of Figures 2c and 8) in order to estimate the contribution of hyperplasia by an
indirect method. Using these estimated hyperplasia values and the actual hyper¬
trophy values produces the broken line shown in Figure 9. This shows fairly close
approximation to the actual relative contributions of hyperplasia and hypertrophy
to muscle cross sectional area growth. The results of Figure 9 show very clearly that
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there is a marked change from hyperplasia as the only positive contribution to muscle
cellular cross sectional area growth early on, to a 50:50 contribution with hyper¬
trophy at about 23-5 cm CR, and then to only about a 6% contribution (hyper¬
trophy 94%) at 35-0 cm CR. Figure 9 is discussed at greater length later.

Number ofmyofibrils
The numbers of myofibrils in mean-sized myotubes and myofibres for each fetus

are plotted against cell cross sectional area in Figure 10. The equations for each line
are given in Table 1. The curve for myofibres is logarithmic, indicating that the
number of myofibrils does not quite keep pace with increase in cross sectional area
of the myofibre. There was no evidence, however, for a relationship between size of
myotubes and myofibril number, and in fact there was no significant difference from
the horizontal for the regression line shown.

DISCUSSION

Gross aspects
The relationship between CR and BW is within the normal range exhibited by the

human fetus according to the figures of Langman (1975), although BW would
appear to be in the lower part of the normal range for the fetuses above 30 cm CR.
The cubic power relationship between BW and CR means that at the end of the
first half of gestation CR is about half that of the full term, but BW is only about
one-seventh of the full term.
As far as the gross muscle parameters are concerned (Fig. 2), there are some dis¬

crepancies between these results and the results of MacCallum (1898). MacCallum
found m. sartorius in five fetuses to be all slightly longer than those at similar CR
shown here, e.g. at 20 cm CR he gave 5-2 cm as the length (contrast the 4-6 cm
given here - Fig. 2b). The main discrepancies, however, are in the cross sectional
areas which MacCallum gave as 5-8 mm2 at 17 cm CR and 8-4 mm2 at 20 cm CR,
both much higher than values shown here (Fig. 2c) although, conversely, his values
at 7-4, 10-2 and 13-0 cm CR were lower than those given here. It is difficult to
explain these discrepancies as there is no indication in MacCallum's paper as to
how and in what position the muscles were fixed and subsequently treated.
There appears to be little other data available on gross parameters of individual

muscles in prenatal development except for muscle weights in 36 bovine fetuses
(Stickland, 1978), weights of various muscles in 11 porcine fetuses (Swatland, 1973)
and muscle weights, lengths and widths in 40 ovine fetuses (Joubert, 19566). In
general, the results of these studies do not disagree with the trends shown in Figure 2.
In particular, the fact that muscle length increase is the major factor contributing
to muscle mass increase is in agreement with Joubert (19566). It should be noted,
however, that both Joubert (19566) and Swatland (1973) found that rates of pre¬
natal growth varied in muscles from different anatomical locations. Hence, the
results shown in Figure 2 for m. sartorius may not be the same, in absolute terms,
as the trends seen in other human muscles.

Effects offixation
Before proceeding to the next section it is worth considering the effect of fixation

on the various parameters investigated. The effect of formalin fixation on the weight
of prenatal porcine muscle has been investigated in this laboratory and an increase
in weight of 10-15 % after fixation (no further processing) has been shown to occur.
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Body weight, however, only increases by up to about 5 %, presumably due to other
tissues being affected less than muscle. Joubert (19566) also found little change in
ovine fetus weights after fixation at all stages of gestation.
The effect of fixation and subsequent processing (as used in this present investiga¬

tion) on cellular parameters has been investigated in this laboratory by Wigmore
(personal communication) who has shown that both myotube and myofibre dia¬
meters in Araldite sections of porcine muscle are about 63 % of their diameters in
frozen sections in early gestational stages and, at later stages, processed myofibres
are about 70 % of the frozen ones. It is interesting to note that diameters of muscle
fibres fixed in glutaraldehyde and embedded in Epon were also found to be about
70% of the fresh fibre diameter (Eisenberg & Mobley, 1975) as were fibres fixed in
either glutaraldehyde or formalin and embedded in wax (Stickland, 1975). The
relative proportion of 'intercellular' space does not appear to be significantly
affected at any gestational stage by the processing used here.
The effects of tissue processing do not alter the significance of any of the relative

trends in muscle development which are concluded from the results. Even the fact
that cell diameters are affected to a greater extent in early gestation than in late
does not significantly affect the relative trends, owing to the fact that the difference
is only 7 %. In other words, although the ordinate in some of the figures would be
shifted up or down if allowance is made for fixation effects, the general shape of the
curves and relative changes would not be affected. It was therefore decided not to
make any corrections for fixation and processing effects but to discuss the results
actually obtained from the processed tissue. It is useful, however, to be aware of
these processing effects in any discussion of absolute rather than relative values.

Number and size of cells
The results of this investigation have shown that, in prenatal human muscle

development, there is initially a double population of muscle cells, with the propor¬
tions of myotubes to myofibres being high at 7 cm CR, but rapidly decreasing to
zero at about 21 cm CR or 550 g BW (Fig. 3), although the total number of myo¬
tubes shows little significant change over most of this period (Fig. 4). This double
population of cells in developing muscle was noted in early work on human muscle
by both MacCallum (1898) and Hewer (1927). MacCallum stated that myotube
disappearance was lost by 17 cm CR whereas Hewer believed this was achieved
later, by the 26th week (i.e. 25 cm CR from Fig. 1). The results of this investigation
suggest that 21 cm CR is the time, i.e. between these two estimates, but this is quite
different again from the 16th week (14 cm CR) given by Cuajunco (1942), but in
closer agreement with the 20th week (about 19 cm CR) noted by Webb (1972). It is
important to realise that some of the variation in these results may be due to dif¬
ferent muscles being used, as it is known that different muscles develop at varying
rates at the cellular level (e.g. Joubert 19566).
The significance of the two populations of muscle cells in early development was

probably first realized by Wohlfart (1937) who put forward a biphasic theory of
muscle development, calling the larger myotubes B-fibres and the smaller myofibres
A-fibres. This biphasic development has been shown in muscles of many animals,
including the pig (Ashmore, Addis & Doerr, 1973; Swatland & Cassens, 19736),
lamb (Ashmore, Robinson, Rattray & Doerr, 1972), ox (Stickland, 1978), rat
(Kelly & Zacks, 1969) and chick (Kikuchi, 1971). It is interesting to note that
myotube appearance is lost by about mid-gestation in all the agricultural animals
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mentioned, and this also appears to be the case in this present investigation on
human fetuses. Various histochemical studies (e.g. Ashmore et al. 1972; Ashmore,
Addis & Doerr, 1973; Fenichel, 1963) have shown that the large myotubes or
B-fibres which develop first are destined to become slow-twitch fibres of adult
muscle, whereas the smaller A-fibres (the large majority of which do not go through
a distinct myotube stage) are destined to become fast-twitch fibres, although it is
known (e.g. Davies, 1972) that some of these latter fibre types will convert to slow-
twitch fibres during further development. It should be pointed out, however, that,
unless certain histochemical tests are carried out, this double population of cells
with different destinies can only be appreciated in early development, i.e. before the
large myotubes have transformed into myofibres. It should also be noted that
recently Beermann, Cassens & Hausman (1978) showed that, in completely fast
portions of muscles, the large myotubes do not show slow-twitch histochemical
properties, even in early development.
It can be seen from Figure 3 that, as well as myotube appearance being lost at

about 21 cm CR (or 550 g BW), the number of myofibres per unit area changes
from an increasing trend to a marked decrease at this same time. This distinct
change must be due partly to a slowing down in the decrease of intercellular space
(Fig. 8) and, perhaps more significantly, to the commencement of a more rapid fibre
hypertrophy phase (Fig. 6). The decrease in intercellular space was noted in human
muscle development by Dickerson & Widdowson (1960) and Widdowson (1969),
and the significance of the chemical changes associated with these decreases is dis¬
cussed by the same authors.
As far as cell size is concerned, there appears to be very little significant hyper¬

trophy until about 22 cm CR and, in fact, there is an initial decrease in average cell
size (due to the initially large myotubes decreasing in size) (Fig. 6) in agreement with
Thurley (1972). The fact that myofibre hypertrophy is greatest in later gestation has
also been shown quite clearly in sheep (Joubert, 1956fi), pig (Thurley, 1972) and ox
(Stickland, 1978). The data on cell cross sectional area in human sartorius muscle
given by MacCallum (1898) show marked differences from the measurements given
here. MacCallum gives 59 pm2 at 7-4 cm CR, 23 pm2 at 13 cm CR and 56 pm2 at
20 cm CR (contrast Fig. 6). Part of the discrepancy, especially for the larger values
from the smaller fetuses, may be due to the fact that MacCallum estimated fibre area
by dividing a unit area by the number of fibres in that unit area, i.e. no provision
for intercellular space was apparently made. Cuajunco (1940) gave results of fibre
diameter measurements in m. sartorius at various stages and these are in close
agreement with the results here (Fig. 7).
The histograms of Figure 7 show that the distribution width of myofibre diameters

is the same from 7-5 cm CR to 23-0 cm CR. The slight increase in mean myofibre
diameter (Fig. 6) is due to the smaller fibres increasing in size. It is not until 27-0 cm
CR that the largest fibres start to hypertrophy. This is analogous to the situation in
neonatal rat muscle (Ontell & Dunn, 1978) which shows no change in distribution
width for fibre diameters in the first week post partum although the average size of
fibre does increase. Rat muscle is particularly immature at birth, with fibre number
increasing quite markedly after birth (Rayne & Crawford, 1975), and therefore
more comparable, perhaps, with later gestational stages in the human.
The results shown here (Fig. 4) indicate that the rate of myofibre number increase,

as seen in a complete muscle cross section, starts to slow down at about 22 cm CR,
i.e. when hypertrophy starts to become more significant, but does not stop even up
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to the time near birth. This is in contrast to MacCallum's (1898) results, which
indicated that the number of fibres stopped increasing at 17 cm CR when the
number in a sartorius section was 128 x 103 and, although the number was 152 x 103
at 20 cm CR, the number was 117x 103 at birth. These three values do, however,
stress the degree of individual variation in human sartorius muscle, which is why
the results of Montgomery (1962) are difficult to interpret. Montgomery found that
there were 101 x 10s fibres in a sartorius section at birth and 134 xlO3 at four
months of age. He rightly concluded that, from his results, it was difficult to say
when fibre number had stopped increasing.
From Figure 9, also, it can be seen that hyperplasia, as measured by the number

of myofibres in a complete muscle section, does not completely stop before birth.
The contribution of hyperplasia to muscle cross sectional area increase is, however,
greatly reduced to only about 6 % near birth, with a concomitant sharp increase in
the contribution of hypertrophy over the period studied. The initial 'negative
hypertrophy' between 7-5 and 10 cm CR is due to the initial decrease in average
cell size (Fig. 6). At this time hyperplasia accounts for all muscle cross sectional area
increase. The contribution of hypertrophy shows a rapid increase at about 22 cm
CR such that, at about 23-5 cm CR, there is an equal contribution by hyperplasia
and hypertrophy. Near birth, as already mentioned, nearly all the muscle area
increase is due to hypertrophy, with no more than a 6 % contribution from hyper¬
plasia. Therefore, although one cannot say that this hyperplasia does not stop
before birth, its importance to muscle cross sectional area growth is not very sig¬
nificant near birth and, although there may be some hyperplasia after birth, its effect
postnatally will be even less significant.
It is important to realise that the hyperplasia so far discussed has been that

inferred from fibre counts made in one cross section at the mid-length level in
m. sartorius, although counts made near the proximal or distal end would have
yielded similar results according to Montgomery (1962). This measured hyperplasia
is really a measure of 'apparent hyperplasia' in that increases in fibre length can
cause an apparent hyperplasia by fibres growing into the level of the section. This
phenomenon was probably first appreciated by MacCallum (1898) and has since
been reiterated by many authors. It is difficult, however, from one section of each
muscle, to estimate when real hyperplasia has ceased. Serial sections could be
employed and then studied to obtain an estimate but this method would be extremely
laborious. A possible alternative is to estimate, from histograms such as Figure 7,
when there are no more fibres in the smallest size category. This probably then
indicates when no new myofibres are forming. This latter method has been used by
several authors to estimate the cessation of real hyperplasia and has been estimated
to be by about two thirds of the gestation period in sheep (Joubert, 19566; Swatland
& Cassens, 1973a), pig (Swatland, 1973) and ox (Stickland, 1978). It has been men¬
tioned in this investigation that 18-5 cm CR is the first stage when no myofibres in
the smallest size class are present. There was, however, a frequency of two in this
smallest class at 21-5 cm CR but none in this class thereafter. It should be mentioned
that some of these very small fibres may be the tapering ends of larger fibres and not
newly formed fibres. However, the tapering ends of fibres in developing porcine
muscle appear very short in teased single fibre preparations, such that the tapering
portion is seldom longer than about 10 (Wigmore, personal communication).
An approximate estimate, based on the histogram results, would be 18 to 22 cm CR
as the probable end of real hyperplasia but to avoid overestimation, due to the
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possibility of sectioned tapering fibre terminations, it is probably better to take the
lower end of this range. This rough estimate therefore indicates that real hyperplasia
has ceased by about mid-gestation, which means that the hyperplasia phase of
Figure 9 can be divided into a real hyperplasia phase (A) and an apparent hyper¬
plasia phase (B). This latter phase is, of course, a result of longitudinal hypertrophy
with the 'hypertrophy' phase being fibre cross sectional area hypertrophy.

Number of nuclei
There is a significant decline in the number of nuclei per unit area from about

22 cm CR (600 g BW) onwards (Fig. 3). This decline appears to continue postnatally
as Stickland et al. (1975) working on pigs and Montgomery, Dickerson & McCance
(1964) working on the fowl found that concentration of nuclei was highest in animals
with a low body weight.
The results on total numbers of nuclei show that the increase in nuclei numbers

in both whole sections (Fig. 4) and whole muscles (Fig. 5), though less so in the
latter, slows down in later gestation. Montgomery's (1962) results on sartorius
muscle nuclei showed a steady increase both in sections and whole muscles. His
results were, however, based on counts of subsarcolemmal nuclei only, whereas this
study included counts on all nuclei. As the source of muscle nuclei is from satellite
cells, which are probably undifferentiated myoblasts (Stromer et al. 1974), it is
conceivable that subsarcolemmal nuclei could increase at a greater rate than total
nuclei. This indicates, however, that in later gestation satellite cell nuclei are in¬
corporated into myofibres at a greater rate than they are dividing. As all nuclei were
counted in this investigation it is possible to compare directly the results here with
the biochemical results of Widdowson, Crabb & Milner (1972), whose estimates of
total DNA content in human gastrocnemius muscle showed a slower rate of increase
in later gestation, comparable with Figure 5. Protein/DNA ratios also increased
markedly in later gestation, thereby indicating a decline in DNA concentration
which also agrees with the results of Figure 3.
All the results on the numbers of myofibres, myotubes and nuclei so far discussed

(Figs. 3 to 5; Table 1) have not shown that there is a closer relationship of these
cellular parameters with either CR or BW. There is some evidence, however (Wid¬
dowson et al. 1972) that some muscle parameters (including total DNA) are lower
in small-for-dates fetuses as compared to normal. All the fetuses in this investigation
were, however, in the normal range of BW for given CR values. It would be in¬
teresting to repeat this sort of quantitative work on fetuses from both normal and
small-for-dates populations and thereby investigate which parameters, if any, relate
better to BW and which to CR, the latter probably being more related to chrono¬
logical age.

Number ofmyofibrils
The results of Figure 10 show that, at any given cross sectional area, myofibres

have more myofibrils than myotubes, which is understandable by virtue of the fact
that myofibres are uniformly filled with myofibrils whereas myotubes, by definition,
contain only a peripheral ring of myofibrils.
It has been shown here that, during development, myotubes decrease in cross

sectional area (Fig. 6). It would seem that this decrease in size is not associated with
any change in the number of myofibrils (Fig. 10) during the period studied. Fid-
ziariska (1971), however, observed an increase in the number of myofibrils in myo-
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tubes in early human embryos between the 9th and 16th week, i.e. up to about
14 cm CR. Taken as a whole, the results available suggest that, although there must
be some initial increase in myofibril number in myotubes, there is probably no

significant change in the latter half of the myotube's life, remaining at about 35
myofibrils per myotube. It would seem that, when the myotube reaches about
30 /im2 in cross sectional area, it loses its myotube appearance and becomes a

myofibre, and it is not until this stage that the number of myofibrils start to sig¬
nificantly increase (Fig. 10). It is interesting to note that the relationship between
myofibril number and cell size is not a linear one; myofibril number does not keep
pace with size increase in later gestation. This type of curve is also seen postnatally
in the mouse (Goldspink, 1970). In the present investigation a 50% increase in cell
size from 30 /tm2 to 45 /«m2 corresponds to a 50 % increase in the number of myo¬
fibrils. In later gestation, however, a 50 % increase in cell size from 60 /nm2 to
90 fim2 corresponds to only a 20% increase in myofibril number. This phenomenon
may be partly due to the fact that myofibrils also increase in size during growth,
although it is known that longitudinal splitting of myofibrils may occur when
myofibril diameter is twice the normal, and this in fact seems to be the mechanism
whereby myofibrils increase in number during growth (Goldspink, 1970; Shear,
1974).

CONCLUSIONS

It has not been the aim of this investigation to elaborate the mechanisms of pre¬
natal muscle development, but to quantify the cellular changes which take place
and so build up an accurate time-sequence of cellular events. The most important
results of this investigation are probably those summarised in Figure 9 describing
the rate of changeover from hyperplasia to hypertrophy during gestation.
As was stated in the Introduction to this investigation, muscle size is determined

by muscle fibre size and number and intercellular 'space'. Although there may be
some genetic control over maximum fibre size, this is a very variable parameter and,
from the many studies already mentioned, it appears that fibre number is far more
genetically determined. There is some evidence, from experimental work on animals,
that malnutrition during pregnancy affects ultimate cell number in the tissues of the
offspring (Robinson, 1969; Widdowson, 1971). Winick & Noble (1966) also found
that cell number in various tissues was affected by malnutrition in rats from birth
to weaning, which could recover when subsequently adequately fed. As rats are
relatively immature at birth this may be analogous to prenatal malnutrition effects
in other animals. From the results of this investigation it would seem that mal¬
nutrition in utero could affect muscle cell number (as estimated from a complete
transverse section) in two ways. Firstly, malnutrition in the first half of gestation
could affect real hyperplasia irreversibly. Secondly, malnutrition in the second half
of gestation could reduce the apparent hyperplasia giving only an apparent affect
of low cell number at birth. It is possible, however, that in this latter case adequate
nutrition could allow recovery to take place by longitudinal hypertrophy of existing
muscle fibres causing an increase in the fibre number apparent in a transverse section
of muscle. As far as cell cross sectional area is concerned, malnutrition is likely to
have a much more profound effect on this parameter in later gestation but, as with
longitudinal hypertrophy, it is probable that this effect could be largely overcome by
subsequent adequate nutrition.
The continuous change and rates of change in various cellular parameters shown
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here have stressed the importance of describing muscle development in quantitative
terms such as the graphical representations given here. It would be interesting to
make a quantitative study of muscle development of, as already suggested, small-
for-dates fetuses or of fetuses at risk for muscular dystrophy. These studies could
then be compared with the present investigation and any significant differences more
clearly defined in numerical terms.

SUMMARY

M. sartorius was removed from 21 human fetuses ranging from 7-0 to 35-0 cm
crown-rump length (CR). Various gross and cellular changes (as seen in a transverse
section) which take place in developing human skeletal muscle were quantified. The
weights, lengths and cross sectional areas (at mid-length level) of m. sartorius were
found to exhibit allometric relationships with CR and body weight (BW).
Initially (7-5 cm CR) myotubes were more numerous and larger (40 /tm2 cross

sectional area) than the myoflbres (about 26 /<m2). This situation was soon reversed,
however, so that at about 19 cm CR myotubes were only a very small proportion
of the total muscle cell population and somewhat smaller than the myoflbres in
cross sectional area. At about 21 cm CR all myotube appearance was lost, whilst
the total number of myoflbres increased rapidly up to about 22-5 cm CR, and
thereafter the rate slowed down. This stage (22-5 cm CR) seemed, in fact, to be
about the time when hypertrophy of myoflbres started to markedly replace hyper¬
plasia as the main factor contributing to total muscle cross sectional area increase,
although there was still a 6% contribution from hyperplasia at 35 cm CR. At 18 to
22 cm CR there were no more myoflbres in the smallest size class (2-3 /im diameter).
This may be an indication that real hyperplasia had ceased at this point so that
beyond this the hyperplasia seen was only apparent and represented longitudinal
growth of existing myoflbres.
Throughout the period studied the amount of intercellular space decreased (at a

declining rate) from about 62% at 7 cm CR to about 21 % at 35 cm CR. Results
on counts of nuclei suggested that total muscle nuclear proliferation slowed down
in later gestation. Myofibril number was not related to myotube size but increased,
though at a declining rate, with myofibre size. All the muscle parameters mentioned
were plotted against CR, and sometimes BW, and regression equations given
wherever possible.

Sincere thanks are due to Dr I. Smith of the Royal Hospital for Sick Children,
Edinburgh, for making the muscle samples and relevant fetus data available, and
for useful discussions. For technical assistance I am indebted to Messrs G. Goodall,
S. Mitchell, D. Penman and I. Sneddon.
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Scanning Electron Microscopy
of Prenatal Muscle Development in the Mouse
N.C. Stickland
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Summary. Scanning electron microscopy was used to study prenatal muscle
development in mouse fetuses ranging from 12 days to 18 days gestation.
Some transmission electron micrographs were also used for comparison.
At 12 days no myofibres were evident although at 13 days long fibres sur¬
rounded by many mononucleated cells could be seen. At 14 days bundles
of primary myofibres were observed with new myofibres forming in crevices
between adjacent fibres. At 16 days the primary myofibres had separated
but smaller secondary myofibres could be seen forming along their surfaces.
The myofibres were very compact at 18 days and often appeared fused but
this was due to the basal lamina ensheathing clusters of primary myofibres
with their secondaries. The scanning electron micrographs appeared to illus¬
trate the theories of muscle development which have arisen out of the various
studies employing sectioning techniques.

Key words: Muscle - Growth and Development - Ultrastructure

Introduction

Early events of muscle development have been studied using tissue culture
techniques and some of these studies have employed scanning electron microsco¬
py (Shimada 1972). Later events of in vivo muscle development have been
studied using sectioning techniques often involving either histochemistry (Wirsen
and Larsson 1964 in mice; Kamieniecka 1968 in humans; Ommer 1971 in
calves; Ashmore et al. 1972 in lambs; Ashmore et al. 1973 in pigs) or transmis¬
sion electron microscopy (Kelly and Zacks 1969 in rats; Kikuchi 1972 in chicks;
Tomanek and Colling-Saltin 1977 in humans; Platzer 1978 in mice; Russell
and Oteruelo 1981 in calves). In vivo muscle development does not appear
to have been studied, however, using scanning electron microscopy.

The studies mentioned above and others involving sectioning techniques
have led to the biphasic theory of muscle development which states that myo¬
blasts line up and fuse to form, initially, a population of primary myofibres

0340-2061 /82/0164/0379/$ 1.40
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Fig. 1. Scanning electron micrograph of muscle from a 13 day fetus

Fig. 2. Transmission electron micrograph of a developing muscle fibre showing a central nucleus
(n) and peripheral myofibrils (arrows)

(or myotubes as they are sometimes called owing to their appearance in section).
Other myoblasts then line up on the surface of these to form a larger population
of secondary myofibres.

This present investigation was carried out using the scanning electron micro¬
scope in order to try to illustrate this theory of muscle development and, in
particular, to visualise the longitudinal arrangement of developing myofibres
which may be difficult to appreciate in sections. Part of this work has been
briefly reported in a previous communication (Stickland 1982).

Materials and Methods

Pregnant mice (C 57 strain) were obtained at daily intervals from 12 days gestation to 18 days.
The fetuses were aged by using timed matings and confirmed by measuring crown-rump length
and estimating the age by the data of Evans and Sack (1973). The full gestational period for
this strain of mice is about 19 days. Whole forelimbs were removed from the fetuses and, after
removing the skin, were placed in 3% glutaraldehyde (in 0.1 M cacodylate buffer, pH 7.3) for
1 h. For the larger fetuses (>15 days gestation) m. biceps brachii was removed entirely and fixed
for a further hour. For the smaller fetuses, however, the muscle was left in situ. The muscle
was pulled apart to expose the developing muscle fibres and then, after rinsing in buffer, the
samples were placed in 1% osmium tetroxide for 1 h. This was followed by dehydration in acetone
before critical point drying in a Polaron critical point dryer. Freeze-drying techniques were tried
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Fig. 3. Scanning electron micrograph of muscle from a 14 day fetus

Fig. 4. Higher power scanning electron micrograph of muscle from a 14 day fetus showing tapering
ends (a) of small developing myofibres and possibly a single myoblast (b) in the crevices between
adjacent myofibres of a bundle

but did not produce good results due possibly to the relatively large size of some of the samples.
The muscles were viewed on an ISI-60 scanning electron microscope.

For comparison small muscle samples were also obtained for transmission electron microscopy.
The samples were removed after the initial 1 h fixation in situ and then fixed for a further hour.
The procedure was the same as above except that after dehydration the samples were embedded
in Araldite. The sections were viewed on a Philips 400 transmission electron microscope.

Results

At 12 days gestation no fibres were seen in the region where m. biceps brachii
would develop and in sections no myofibrils were observed in any of the cells.
At 13 days, however, primary myofibres were clearly apparent (Fig. 1) although
there were still many mononucleated cells present, representing undifferentiated
cells, myoblasts, fibroblasts, etc. In section (Fig. 2) myofibrils could be seen
in the developing muscle fibres. At 14 days, the myofibres were now very clear
(Fig. 3) and there appeared to be fewer mononucleated cells present. The myo¬
fibres were arranged in bundes at this stage and a study of some of these
bundles (Fig. 4) revealed the formation of smaller myofibres in the crevices
between adjacent larger myofibres. Occasionally single mononucleated cells
which could have been myoblasts were also seen in some of the crevices. At
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Fig. 6. Transmission electron micrograph of muscle from a 16 day fetus showing a small secondary
myofibre (a) adjacent to a larger primary myofibre (b)

Fig. 5. Scanning electron micrograph of muscle from a 16 day fetus showing small secondary
myofibres (a) on the surfaces of larger primary myofibres (b). The swellings (arrows) in the secondary
myofibres probably denote the position of nuclei of fused myoblasts

16 days a range in diameter of myofibres was becoming evident. It could be
seen on close examination (Fig. 5) that the primary myofibres were now no
longer in bundles but that each large primary myofibre often had a smaller
secondary myofibre closely applied to its surface. Collagen was starting to
become more evident at this stage and can be seen in Fig. 5. In section (Fig. 6)
clusters consisting of a large primary myofibre or myotube with one or two
smaller secondary myofibres could be seen. At 18 days (Fig. 7) the fibres were
much more compact although a range in diameters was still discernible. Fibre
striations had become very clear by this stage indicating fairly close alignment
of the myofibrils. Some fibres could be seen in very close contact so that
they appeared to be almost fused. The sections (Fig. 8) at this stage showed
the close contact between some adjacent fibres which were enclosed within
a common basal lamina. This is presumably the reason for the apparent fusing
seen with the scanning electron microscope.

Discussion

The absence of myofibres at 12 days is in agreement with Platzer (1978) who
also found that many multinucleated myotubes were, however, present at
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Fig. 7. Scanning electron micrograph of muscle from an 18 day fetus showing apparent fusion
(a) between some adjacent myofibres although at some points (6) the 'fused' myofibres are clearly
separated

Fig. 8. Transmission electron micrograph of muscle from an 18 day fetus showing the close contact
(arrows) between some adjacent myofibres

14 days, although they may have been observed a little earlier (Fig. 1) in this
present study, if it is assumed that the ages were accurately estimated.

In a study of muscle development in the rat, Kelly and Zacks (1969) described
bundles of primary myotubes which then separated with each primary myotube
forming its own 'cluster' with smaller secondary myofibres. In this present
investigation the bundles of primary myotubes can be seen at 14 days (Fig. 3).
New fibres forming at 14 days appeared to develop in crevices between existing
fibres (Fig. 4). The initial population of fibres would seem to form a framework
of crevices and surfaces for the formation of newer fibres.

The suggestion that myoblasts line up on the surface of primary myotubes
to form secondary myofibres was put forward by Kikuchi (1971). This close
association between primary and secondary fibres can be seen at 16 days in
Fig. 5. The slight swellings in the secondary myofibres probably represent the
nuclei of fused myoblasts.

The appearance at 18 days (Fig. 7) shows the apparent fusion between some
adjacent fibres due to close contact between cells at this stage (Fig. 8) and
to the basal lamina which surrounds each cluster of a primary fibre and its
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secondaries (Kelly and Zacks 1969). The fact that this 'fusion' is often inter¬
rupted by regions where the fibres are clearly separated (Fig. 8) may be consistent
with the findings of Ontell (1977) who, by a study of serial sections, showed
that cells of a 'cluster' often left the ensheathing basal lamina.

Perhaps one of the most surprising observations made in this study was
the relatively small number of fibre endings (Fig. 4) seen in any of the muscle
samples viewed with the scanning electron microscope. Most authors who use
sections to study muscle development suggest that much of the hyperplasia
seen is not real hyperplasia but is due to fibres growing into the plane of
section. Swatland and Cassens (1973), for example, suggest that over half the
hyperplasia observed in sections of the sartorius muscle of foetal sheep is due
to fibre elongation. It is highly unlikely that a contribution by fibre elongation
to apparent hyperplasia can be as high as this in the mouse biceps brachii,
as very few fibre endings were seen in this study. The situation in different
muscles will probably vary, of course, but the scanning electron microscope
could well be used to verify or otherwise the deductions made regarding the
growth of intrafascicularly terminating fibres during development. Estimations
of the proportions of fibres ending intrafascicularly at different ages could
be made relatively easily.

Taken overall, this present investigation has demonstrated that the three-di¬
mensional appearance of developing muscle is not inconsistent with the theories
of muscle development. Scanning electron microscopy may be a useful technique
for studying some aspects of in vivo muscle development especially, for example,
for tracing developing fibres over some distance and for estimating the propor¬
tions of intrafascicularly terminating fibres in developing muscles for the reasons
mentioned above.
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INTRODUCTION

The growth of muscle in agricultural animals is of interest because of its
commercial importance. One of the aims of animal breeding and husbandry has
been to produce animals with a greatermass ofmuscle. Under conditions of optimum
feeding, postnatal muscle mass is related to muscle fibre number (Luff & Goldspink,
1967), a relationship seen in an extreme form in the enlarged muscles of double-
muscled cattle (Ouhayoun & Beaumont, 1968; Swatland & Kieffer, 1974). Muscle
fibre number is fixed before birth in the pig (Staun, 1972; Stickland & Goldspink,
1973) and so factors operating prenatally determine the maximum size to which
this tissue can grow.
Widdowson (1971) has shown that the postnatal growth rate of low birth weight

pigs is slower than that of their larger siblings, and that they fail to attain the same
adult size even when fed ad libitum. It has also been reported (Widdowson, 1974;
Powell & Aberle, 1981) that runt pigs have relatively smaller muscles than their
larger littermates. Muscle fibre number was not directly counted in these studies,
but both Hegarty & Allen (1978) and Powell & Aberle (1981) have concluded from
indirect measurements that smaller pigs have fewer fibres at birth. Taken as a

whole, these results suggest that prenatal factors which may affect total fibre
number in a given muscle have a permanent effect on the postnatal growth of
muscles in pigs.
The biphasic nature of fibre formation has been well established in the pig

(Ashmore, Addis & Doerr, 1973; Swatland, 1973; Swatland & Cassens, 1973 a;
Beermann, Cassens & Hausman, 1978). According to this theory, an initial popula¬
tion of fibres, called primary fibres, is formed in the presumptive muscle by cell
fusion. These fibres are then used as a surface for the attachment and fusion of
myoblasts to form secondary fibres. Due to this mode of formation developing
muscle fibres can be classified into two generations.
The purpose of the present investigation was to compare the prenatal development

and growth of muscle in large and small porcine littermates. Particular attention
was paid to total fibre number and to the possible mechanisms which might be
responsible for a difference in this parameter between the littermates. A preliminary
communication has already appeared (Wigmore & Stickland, 1981).

* Present address: Department of Anatomy, King's College, Strand, London WC2R 2LS.
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Fig. 1. The weight of the semitendinosus muscle from the largest and smallest littermates of
each litter, plotted against fetal weight.

MATERIALS AND METHODS

All animals were obtained from a single farm and were gilts from a Large White/
Landrace cross. Fetuses and neonatal animals were obtained from 38 days gestation
until 1 day post partum, at intervals of approximately 7 days. The full gestational
age of pigs is very constant at 114 days. At known gestational ages, pregnant gilts
were slaughtered by standard abattoir procedures at a commercial abattoir, and the
gravid uterus was removed. All fetuses in the litter were removed after ligation of the
umbilical cord when the largest and smallest were chosen by weight. In three litters
(102, 108 and 114 days' gestation) the lightest animal was identified as a runt by
being more than two standard deviations below the mean weight of the rest of the
litter. These animals appeared to constitute a separate population, and so the next
lightest fetus was used as the small animal.
In all but the earliest ages, the left semitendinosus muscle was removed from each

of the selected animals. A complete cross section was taken from the belly of this
muscle and frozen in dichlorodifluoromethane (Arcton 12, I.C.I. Ltd.) cooled in
liquid nitrogen. In animals of 38 and 46 days' gestation, it was impossible to dissect
out the semitendinosus muscle and the whole limb was frozen. Sections of 10 /im
thickness were cut on a Slee microtome at — 25 °C and stained with haematoxylin
and eosin.
Prenatal muscle fibres were classified as either primary or secondary (Ashmore,

Robinson, Rattray & Doerr, 1972; Ashmore, Addis & Doerr, 1973; Swatland &
Cassens, 1973a; Beermann, Cassens & Hausman, 1978). Primary fibres were

recognised as those fibres with a tubular appearance due to either a central nucleus
or a central myofibril-free region. Secondary fibres generally had a solid cross
section and were found surrounding the primaries. Recognition was made easier
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Fig. 2. A transverse section of the semitendinosus muscle from a fetus of 38 days' gestation.
P indicates a primary fibre.

by the large size difference between these two generations of fibres, primary fibres
being 2-3 times the size of the secondaries for most of the period studied. Sampling
of each section was performed using 12 randomly chosen areas. Each area was

photographed at magnifications of x 200 and x 400. The lower power pictures
(area 0-136 sq. mm) were used to obtain the mean number of fibres per unit area
which, together with the total section area, was used to estimate total fibre number.
In the youngest animals (46 days' gestation) muscle cross sectional area was esti¬
mated by extrapolation from the results of older animals. The higher power pictures
were used to obtain the mean fibre diameters for primary and secondary fibres.
Approximately 120 fibres of each generation were measured from each section. The
diameter measured was the maximum width of the fibre at right angles to its longest
axis (Brook, 1970). This diameter was chosen in preference to fibre area because it
is not subject to enlargement by olique sectioning.
Statistical analyses were carried out using the methods of Snedecor and Cochrane

(1974).
RESULTS

Muscle weight
The fresh weights of the semitendinosus muscles from the large and small litter-

mates are shown plotted against fetal weight in Figure 1. The allometric equations
for these two lines are shown on the Figure. The slopes of these lines are significantly
different from one another (F<0-05), and that for the small fetuses is significantly
less than 10 (P<0-05).

Histological appearance and fibre sizes
Sections of whole limbs at 38 days' gestation showed densely packed primary

fibres in a broad band around the femur. These fibres had central nuclei and were
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Fig. 3. A transverse section of the semitendinosus muscle of the largest fetus from a litter of
64 days' gestation. P indicates a primary fibre and S a secondary fibre.
Fig. 4. A transverse section of the semitendinosus muscle of the smallest fetus from a litter of
64 days' gestation. This animal came from the same litter as that shown in Fig. 3. P indicates a
primary fibre and S a secondary fibre.
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Fig. 5. A transverse section of the semitendinosus muscle from a fetus of 75 days' gestation.
P indicates a primary fibre and S a secondary fibre.

surrounded by numerous mononuclear cells (Fig. 2). At this age, the fibres in both
large and small fetuses were the same size (Fig. 6). By 46 days' gestation, connective
tissue septa had begun to delineate individual muscles and the fibres in both large
and small fetuses had increased in size (Fig. 6). Those in the large fetuses now had a
greater mean diameter due to the formation of a region ofmyofibril-free cytoplasm in
their centre. This feature did not appear in the fibres of small fetuses until 64 days'
gestation (Fig. 4). Primary fibre size in both groups of animals continued to increase,
reaching a maximum mean diameter of 22-8 pm at 64 days in the large littermates
and 17-4 pm at 82 days in the small (Fig. 6). A paired f-test showed a significant
difference (P< 0 05) between large and small animals in primary fibre diameter
during gestation. The major reason for this size difference was the greater develop¬
ment of the myofibril-free region in the fibres of large fetuses (Figs. 3, 4).
The first secondary fibres were seen at 54 days' gestation on the surfaces of the

primary fibres. Their time of formation appeared to be the same in both large and
small animals and, due to their continued formation, each primary fibre became
surrounded by secondaries (Fig. 5). The smallest secondary fibres were seen on the
surface of primary fibres but, after detaching from the fibres, their mean size
remained relatively constant during gestation. A regression analysis showed that
the slope of the line for secondary fibre diameter against age was not significantly
different from zero. The mean diameter for secondary fibres was 7-8 pm in the large
fetuses and 6-7 pm in the small fetuses. A paired f-test showed that throughout
gestation there was a significant difference (P< 0-005) in the secondary fibre diameter
of large and small animals.
After 70 days' gestation, the size of primary fibres in both large and small litter-
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Fig. 8. The total primary fibre number in the semitendinosus muscle, plotted against gestational
age for both the largest and smallest littermates.

mates declined as a result of the disappearance of the central myofibril-free region.
This resulted in the primary fibres of both groups of animals becoming once again
the same size. The decline in primary fibre size, and the subsarcolemmal migration
of their nuclei, made it increasingly difficult to distinguish primary and secondary
fibres in older animals. Therefore, the results after 80 days' gestation, shown in
Figure 5, are those of recognisable primary fibres only. The adult appearance of the
muscle was apparent by 100 days' gestation, when most fibres were of a uniform size,
and connective tissue septa divided them into fascicles.

Fibre number

Figure 7 shows total fibre number in both large and small littermates. There
was no difference in fibre number between the two groups of animals until after
secondary fibre formation had started. After 64 days' gestation, the larger fetus
always had more fibres at any given age, so that by birth there was a 17 % difference
in total fibre number between large and small animals. Fibre formation appeared to
cease between 85 and 90 days' gestation, by which time approximately 350000
fibres had formed.

Primary fibres reached theirmaximum number at about 60 days and then remained
constant until 80 days (Fig. 8). The decline in primary fibre number after this age
was due to the difficulty in distinguishing them from secondary fibres in older
fetuses and not to the disappearance of primary fibres. It must be emphasised that
the figures in this paper provide a quantitative description of the histological



242 P. M. C. WIGMORE AND N. C. STICKLAND

Gestational age (days)

Fig. 9. The secondary/primary fibre ratio (S/P ratio), plotted against gestational age for both
the largest and smallest littermates.

appearance of developing muscle. Approximately 20000 primary fibres were
formed in the semitendinosus muscle. When primary fibre numbers in large and
small fetuses were compared, by a paired /-test, during the period of secondary fibre
formation (54-90 days), no significant difference in their numbers could be demon¬
strated. This would indicate that the fibre number difference observed at birth was

due exclusively to fewer secondary fibres forming in the smaller littermates. This is
illustrated in Figure 9 in which the average number of secondaries surrounding each
primary fibre is given at various ages. The lines are not continued beyond 75 days
due to the difficulty in distinguishing the two generations of fibres after this age.
The final ratio can, however, be obtained from the total number of primary fibres
formed (Fig. 8) and the total fibre number (Fig. 7). Using these methods, an average
of 20 secondaries has been shown to form on the surface of each primary fibre in
large fetuses compared to 16 in small fetuses.

DISCUSSION

The growth coefficient for the semitendinosus muscle of large littermates (Fig. 1)
was not significantly different from 1-0, indicating that in these animals the semi¬
tendinosus muscle grows at the same rate as the whole body. The growth coefficient
of this muscle relative to body weight was calculated, for postnatal well nourished
Large White pigs, from the data of Davies (1973). Its value of 1-037 was not sig¬
nificantly different from that obtained prenatally for large littermates. This suggests
that the optimum growth rate of the semitendinosus muscle is the same in the pre-
and postnatal periods. The semitendinosus muscle of the small littermates grew
significantly more slowly than body weight. This result is in agreement with Widdow-
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son (1974) and Powell & Aberle (1981), who found that newborn low birth weight
pigs had relatively smaller muscles than their larger littermates.
The cause of the size difference between large and small littermates is difficult to

ascertain on an individual basis but, from gross measurements of body size (crown-
rump length, ponderal index) and intrauterine position (unpublished observations),
the small fetuses showed many signs of growth retardation consistent with prenatal
malnutrition. This would explain the relatively lower growth rate of muscle in the
small fetuses, because work on postnatal nutrition has shown that this tissue suffers
a greater degree of growth retardation than the rest of the body (Dickerson &
McCance, 1964; Widdowson, 1974). Malnutrition can also explain the fibre number
difference between large and small animals because this has been produced under
experimental conditions in a number of different species (Everitt, 1968: sheep;
Swatland & Cassens, 19736: sheep; Aziz-Ullah, 1974: mice; Bedi et al. 1982: rats).
The present work confirms the biphasic nature of muscle development in the pig.

From 54 to 90 days' gestation there are clearly two populations of fibre which are
distinguishable by their size, shape, and position within a fascicle. Factors affecting
primary fibre formation are at present unknown. It is assumed that they form by
fusion of myoblasts but, unlike secondary fibres, they do not appear to form on the
surfaces of existing fibres. Secondary fibres were observed from 54 days onwards,
and, due to their much higher rate of formation, came to constitute nearly 95 % of
the final fibre population. The fibre number difference between littermates was due
to a lower number of secondaries around each primary fibre in the small animals.
This is likely to be permanent, because no change in fibre number occurs during
postnatal growth (Staun, 1972; Stickland & Goldspink, 1973). The enlargement of
primary fibres during secondary fibre formation may be to provide an increased
surface area for the attachment and fusion of myoblasts forming secondary fibres.
If this is so, then the smaller size of primary fibres in the small fetuses may be the
cause of the lower numbers of secondary fibres forming on their surfaces. If this too
is so, then factors affecting the development of the myofibril-free space within the
primary fibres may be important in the control of fibre number.
It has been suggested by some authors (Swatland & Cassens, 1972) that differences

in fibre number during growth can be explained by differences in the longitudinal
growth of intrafascicularly terminating fibres. On the basis of this hypothesis, the
fibre number differences found in the present work could be explained as resulting
from the inhibition of the longitudinal growth of secondary fibres in small fetuses.
However, teasing out of intact fibres and examination of longitudinal strips of
muscle under the scanning electron microscope at several ages has failed to find any
fibre ends from fibres of the size being counted (diameters greater than 2 /im),
except at the ends of the muscle. The apparent absence of intrafascicularly terminat¬
ing fibres makes it unlikely that intrafascicular growth can occur. Postnatally, low
birth weight pigs fail to increase their muscle fibre number when fed adequately
(Hegarty & Allen, 1978; Powell & Aberle, 1981). An increase in apparent fibre
number might be expected if prenatal malnutrition had inhibited the longitudinal
growth of intrafascicularly terminating fibres. While the possibility of changes in
internal fibre architecture must be borne in mind in any growth study on muscle,
the absence of any evidence for intrafascicular fibre growth in the present work
leads the authors to believe that the fibre number differences reported here are real
and are caused by differences in the rate at which secondary fibres form on the
surface of primary fibres.
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The finding in the present study that only secondary fibres are affected in the small
fetuses suggests that the formation of these fibres is more susceptible to external
influences than is that of the primaries. A similar result was reported by Harris
(1981), who found that only primary fibres formed after chemically induced para¬
lysis, or denervation. The effects of selection on domesticated animals are also
thought to have increased the proportion of secondary fibres in their muscles
(Ashmore et al. 1973).
In mixed fibre type muscles, fast twitch anaerobic fibres are formed exclusively

from secondary fibres (Ashmore et al. 1973; Beermann et al. 1978). It is possible
that a reduced number of secondaries will lead to a reduction in the proportion of
this (fast twitch anaerobic) fibre type. It is interesting to note that this result has
recently been found after experimentally induced malnutrition during pregnancy in
rats (Bedi et al. 1982).

SUMMARY

The largest and smallest littermates were chosen by weight from litters of 38 days'
gestation to 1 day post partum. Complete frozen sections of the semitendinosus
muscle were used to provide a qualitative and quantitative account of the develop-'
ment of the primary and secondary generations of muscle fibres. The results showed
that the time of formation of primary and secondary fibres, and the numbers of
primary fibres formed, were the same in both large and small littermates. The
number of secondary fibres formed, however, was lower in the smaller fetuses and
resulted in there being a 17% difference in total fibre number at birth. Primary
fibres in small fetuses were smaller, due to the smaller central myofibril-free region.
This small size may have restricted the available surface area for secondary fibre
formation. Fibre hyperplasia was found to cease between 85 and 95 days' gestation,
and so the fibre number difference is likely to be permanent.

The authors wish to thank Gordon Goodall, Steven Mitchell and John Strathearn
for their excellent technical assistance. This work was supported by a grant from
the Agricultural Research Council.
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immary. The growth of the porcine palcenta from 38 days
itil term is described. Measurements were made of its
ea, circumference and in situ length. Placental area in-
;ased during the period of study due to increases in the
erine circumference at the sites of conceptuses. No change
is found in uterine horn length or placental length with
e. Fetal weight correlated well with placental area but
iorly with the other parameters. Placental length was
orter in more crowded horns and showed a U shaped
stribution with position within uterine horns. These re-
Its are discussed in terms of competition for space within
e uterus as a cause of the within litter variation in fetal
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troduction

tere is considerable within and between litter variation
the birth weights of pigs and a large part of this is thought
be due to environmental effects acting within the uterus
promote or depress the growth of individual animals,
is likely that these effects are mediated through the pla-
nta and work has been done on the within and between
ler variation in placental growth shortly after implanta-
>n (Perry and Rowlands 1962; Webel and Dziuk 1974;
iderson and Parker 1976; Anderson 1978). The present
>rk was undertaken to investigate placental growth from
days until term. Of particular interest was the relation-
ip between fetal and placental growth with reference to
vironmental influences on placental growth that could
plain variations in fetal size.

aterials and methods

1 animals were obtained from the East of Scotland Col-
;e of Agriculture farm at Easter Howgate and were gilts
>m a Large White, Landrace cross. The gilts were artifi-
lly inseminated when they were between 100 and 120 kg
e weight (approximately 165 days old) and the gestational
es of the litters were calculated from the date this took
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place. At the required gestational age the gilts were slaught¬
ered by standard abattoir procedures and the gravid uteri
removed for dissection.

Thirteen gravid uteri were obtained at approximately
6 day intervals from 38 until 108 days gestation. The aver¬
age gestational age at parturition for this herd was 114 days.

The fetuses were removed through a small incision in
the uterine wall adjacent to each conceptus. The umbilical
cord of each fetus was ligatured before being cut at its
fetal end and both fetus and membranes were labelled. The
fetuses were weighed and sexed from their external genitalia
immediately after removal and then wrapped in clingwrap
to prevent desiccation.

After removal of the fetuses, the antimesometrial border
of the uterus was opened along its length. The length of
the chorionic sac of each conceptus was measured in situ
as well as the length of any unoccupied space between con¬
ceptuses. The distance from the ovary to the insertion of
each umbilical cord on the placenta was measured to give
the spacing of fetuses within the uterine horn.

After measurement in situ the fetal membranes were

removed from the uterus, drained of their fluids and put
into 10% formalin. After fixation each chorionic sac was

cut so that it could be spread out over a flat surface to
remove all macroscopic folds (Baur 1977), and a tracing
made of its area. This was then measured on a Reichart
Videoplan image analyser. The transverse circumference of
the placental sac was obtained by measuring the maximum
width of the opened uterus at the site of each fetus. Statisti¬
cal methods were based upon Snedecor and Cochran
(1967).

Results

The mean number of fetuses per litter was 9.9 with a male
to female ratio of 0.95:1.

Uterine measurements

The total length of each uterine horn was measured from
the utero/fallopian tube junction to the cervix of twenty
six horns carrying litters varying in age from 38 to 108 days
from conception. The uterine horns showed no significant
change in length with age (regression coefficient not signifi¬
cantly different from zero) either when all the data was
pooled or when horns containing 4, 5, 6, or 7 fetuses were
analysed separately.
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Fig. 2. Mean placental area of each litter plotted against gestational
age. The regression coefficient of this line is significantly different
from zero at the 1% level. The equation of the line is: T=10.8 x
-8.5

Differing numbers of fetuses also had little effect on
rn length (Fig. 1). It is posible that the uterus shows
increase in length when the number of fetuses increases
>m one to three but thereafter remains constant showing
change up to the maximum number of eight fetuses

r horn found in the present study.

acing offetuses within the uterine horn
le spacing between fetuses within each uterine horn was
termined by measuring the distance between the placental
igins of the umbilical cords of adjacent fetuses whilst the
icentae were still in situ. The results were analysed by
: method of least squares for horns containing 4, (n = 4,
es 59, 64, 75, 108 days) 5, (n = 2, ages 69, 82 days) 6,
= ages 46, 70, 102 days) and 7, (n= 4, ages 46, 69, 70,
2 days) fetuses. No significant differences could be dem-
strated in the spacing of fetuses in different parts of the
:rine horn either with the raw data or when this was

Dressed as a percentage of the horn length.

anges in placental parameters with age

'ures 2 and 3 show placental area and circumference re-
;ctively plotted against gestational age. Equations are
en for the computed lines drawn on these figures in the
ure legends. The regression coefficients for these lines
: significant at the 5% level for placental circumference
d the 1% level for placental area. No significant relation-
p between placental length and age could be demon-
ated either with the means for each litter or when horns
itaining the same number of fetuses were compared.

e effect of the number offetuses per horn on the mean
'cental length and circumference
ice placental length does not increase with age, the results
m different ages may be plotted on the same graph. The
ans of placental length from horns containing the same
mber of fetuses were combined to produce Fig. 4. The
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Fig. 3. Mean placental circumference of each litter plotted against
gestational age. The regression coefficient of this line is significantly
different from zero at the 1% level. The equation of the line is:
T=0.15 x +7.9

equation of the computed regression line is given in the
legend and the slope is significant at the 1% level. The
graph shows a clear inverse relationship between the
number of fetuses per horn and their mean placental length.

The effect of differing numbers of fetuses on placental
circumference was analysed by comparing horns from the
same uterus containing unequal numbers of fetuses in each
horn. Eight pairs of horns were compared in this way using
a paired Mest. Although the less crowded horns tended
to have larger circumferences, no significant difference be¬
tween the horns could be demonstrated.

The relationship between placental length andposition within
the uterine horn

The placental lengths from each horn were arranged in
order from the most ovarian position to the most cervical.
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Fig. 6. The mean placental length at different positions within the
uterine horn for horns containing 6 or 7 fetuses (four horns con¬
tained 6 fetuses and five contained 7). Bars represent plus or minus
one standard error. The position of each fetus is shown evenly
spaced from ovarian to cervical ends of the horn

Ovarian Cervical

Position in uterine horn

5. The mean placental length at different positions within the
ine horn for horns containing 4 or 5 fetuses (five horns con¬
ed 4 fetuses and three contained 5). Bars represent plus or min-
>ne standard error. The position of each fetus is shown evenly
;ed from ovarian to cervical ends of the horn

: mean length for each position from horns containing
same number of fetuses was then combined to produce
s. 5 and 6. These graphs show the placentae spaced
idistantly, as described above, for horns containing 4,
5 and 7 fetuses. In all cases the most ovarian placenta
he longest and is significantly longer (more than two
idard deviations) than the placenta in the second posi-
t for horns containing 5 or 6 fetuses. All four lines show
shaped distribution where placentae in the most ovarian

1 cervical locations tend to be longer than those in more
irmediate positions. This was tested by comparing the
in of the most ovarian and cervical locations with the
in of those in intermediate positions using a paired /-test

Table 1. Correlation coefficients (r) between placental parameters
and fetal weights for each litter. * Indicates a significant correlation
at the 5% level. ** Indicates a significant correlation at the 1 %
level. NS indicates no significant correlation

Gestational No of Placental Placental Placental
age fetuses in area length circum¬

days litter r r ference
r

38 14 0.71** 0.54*
46 13 0.82** 0.50 NS 0.15 NS
54 3 1.00** 0.93 NS
59 6 0.69 NS 0.40 NS 0.33 NS
59 11 0.64* 0.11 NS
64 13 0.41 NS 0.55 NS 0.57 NS
69 12 0.71** 0.62* 0.04 NS
70 13 0.67* 0.65*
75 7 0.82* 0.37 NS 0.27 NS
82 8 0.79* 0.37 NS -0.10 NS
90 8 0.79* 0.28 NS -0.14 NS
102 13 0.59* 0.47 NS -0.74*
108 6 0.91* 0.65 NS 0.80 NS

for each horn within each group. The results showed signifi¬
cantly (5% level) longer placentae at the ends of horns
carrying 6 or 7 fetuses but not for those carrying 4 or 5
fetuses. It is more difficult to analyse the present data for
a position effect on fetal weight, placental area and placen¬
tal circumference due to the increase in the values of these
parameters with age. This was however attempted by ex¬
pressing individual measurements as a percentage of the
total value of these parameters for each horn. The means
of these percentages then provided relative changes with
position. Using this method no position effect could be
demonstrated for any of the above parameters nor was
there any significant difference between measurements from
placentae or fetuses at the ends of the horns compared
with those in more central positions.



Fig. 7. The inside lining of a
pregnant uterus at the site of one
conceptus. Scale bar = 2 cm

A

Fig. 8. Sections of the uterine wall
from the implantation sites of two
conceptuses from the same litter.
Both sections are cut at right
angles to the transverse folds
shown in Fig. 6. The surface in
contact with the fetal placenta is
uppermost in both sections. Scale
bar = 2 cm
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e relationship between placental parameters and fetal
ight
ble 1 shows the correlation coefficients between fetal

ight and the area, length and circumference of placentae
each litter. The most consistent and highest correlations

: those between fetal weight and placental area where
but two litters showed a significant positive correlation,
icental weight shows some correlation with fetal weight
t placental length and circumference in general correlate
orly with this parameter.

? increase in placental area by folds in the uterine lining
e above results which show that fetal weight does not
relate well with either placental length or circumference
-e surprising, given the good correlation between fetal
ght and placental areas. Examination of the inner sur-
e of the pregnant uteri showed that, at the site of each
iceptus, large transverse folds ran across the uterine
'n. The outer surface of the placenta was found to con-
m accurately to these folds before its removal from the
rus. Figure 7 shows the internal lining of a pregnant
rus at 64 days gestation. The area shown is that occupied
a single conceptus and the maximum height of the folds
etween 1 and 2 cms. The degree of folding varies consid-
bly within a single uterus. Figure 8 shows sections of
uterine wall from the implantation sites of two concep¬
ts from the same litter. Each section has been cut from
centre of the region occupied by the placenta and close
he attachment of the mesometrial ligament. Both placen-
from these regions had nearly the same area (A 1177sq
; B 1140sq cm) but that in A occupied a much shorter
*th of uterus than B (25 cm compared to 46 cm). The
ater height of the folds in the uterine lining in A is clearly
lent.

cussion

:ental area increases throughout gestation due to a con-
it increase in the circumference of the uterus and possi-
by an increase in the degree of folding in the uterine
ig. Placental area also shows a good correlation with
1 weight at all ages. The uterus however does not enlarge
iccromodate increasing numbers of fetuses. The result
hat larger litters have less space per animal. This is
rly shown in Fig. 4 where there is a strong inverse rela-
ship between the length of uterus occupied by each pla-
ta and the number of fetuses present. Larger litters are
efore more crowded and this competition for space is
likely cause of the well known effect of small individual
1 weights occurring in large litters.
Variation in crowding between different parts of the
e uterine horn cannot however explain variations in
within a litter. For all numbers of fetuses the spacing
eared to be even in all parts of the uterus. Measurements
he distribution of implanted blastocysts (Anderson and
ker 1976; Anderson 1978) also failed to detect any un¬
less in spacing. Given that crowding can not explain
lin litter variations in fetal size it is possible that differ-
;s in placental size may be a cause in limiting fetal
vth. Fetal size has been reported to vary in a character-
way within the uterine horn. In many species (mice

Mclaren and Mitchie 1960; rabbits Roshan and Greene
1936; Duncan 1969; guinea pigs Ibsen 1928; Garvis 1983)
including the pig (Waldorf et al. 1957; Perry and Rowell
1969) the variation in fetal weight follows an approximately
U shaped distribution down the uterine horn. The largest
fetus is found at the most ovarian end of the horn and
successively smaller fetuses are found towards the cervical
region. The fetus located closest to the cervix however is
larger than its more ovarian neighbour. This distribution
was not found for fetal weight in the present study probably
because of the rleatively small sample size and the variation
caused by using litters of different ages. There appeared
however to be a U shaped distribution of placental length
within the uterine horns. In all groups (4, 5, 6 and 7 fetuses
per horn) the longest placenta occurred at the most ovarian
position and for horns containing 6 and 7 fetuses the pla¬
centae at the ends of the horns were significantly longer
than those in more central locations.

Placental length is probably determined early in preg¬
nancy when the blastocysts grow by extending a ribbon
of tissue up and down the uterine horn (Perry and Row¬
lands 1962; Perry 1981). Placental length remains un¬
changed at least from 38 days gestation while other parame¬
ters of placental size increase with age. It is likely that fe¬
tuses at the ends of the uterine horns have longer placentae
because they experience competition for space from only
one side while placentae growing in intermediate positions
have competition from both sides. In horns where a fetus
has died the adjacent placentae expand into the vacated
region of the horn. The longest placenta found in the pres¬
ent study (72 cm) occured at such a site. The placenta is
not however entirely limited by the length of uterus original¬
ly occupied by the blastocyst. Folding of the uterine wall
may greatly increase the surface area of the placenta and
it is possible that those conceptuses occupying more re¬
stricted locations near the midle of the horn may still be
able to develop placentae with relatively large surface areas.

Further work is needed to explain this variation in fold¬
ing and also the factors affecting the determination of pla¬
cental length early in pregnancy.
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The biceps brachii and soleus muscles (fast and slow twitch muscles, re¬
spectively) were taken from guinea-pig fetuses, undernourished via mater¬
nal dietary intake to 60% of ad lib, and examined for differences from their
controls. At birth, muscle fiber number was found to be reduced by 26% in
the biceps brachii but was unaltered in the soleus muscle. An examination
of the muscles at ages through gestation revealed that any reduction in fi¬
ber number was associated with a reduction in the secondary/primary fiber
ratio. There was a stage in soleus myogenesis at which fiber number was
significantly lower than the control. The deficit was corrected by the contin¬
uation of secondary fiber hyperplasia beyond the time of usual cessation. A
similar delay was found in the biceps brachii but it did not enable recovery
to a full complement of fibers. The difference between the 2 muscles was
thought to be related to the relative proportions of primary fibers in the mus¬
cles, primary fiber development being apparently unaffected by undernutri¬
tion in utero.

Key words: myogenesis • undernutrition • myofibers • guinea-pig
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WHY ARE SLOW AND FAST MUSCLES
DIFFERENTIALLY AFFECTED DURING
PRENATAL UNDERNUTRITION?

STEPHANIE S. WARD, BSc, PhD, and NEIL C. STICKLAND, BSc, PhD

Prenatal undernutrition may cause a reduction in
muscle fiber number at birth and weaning.2'13,14'26
Nutritional stress imposed after birth has no such
effect on the number of muscle fibers.23 Fiber hy¬
perplasia ceases before birth in animals born at a
relatively mature stage of development (pigs30 and
guinea-pigs28) and soon after birth in others (rat2).
Undernutrition is, therefore, acting to reduce fi¬
ber number by limiting the number of muscle fi¬
bers formed during myogenesis.

Myogenesis is a biphasic process. An initial
wave of myoblast fusion gives rise to a population
of multinucleated primary fibers. Further myo¬
blasts line up on the surface of these and fuse to
form secondary fibers.16,17'22 In the majority of
developing muscles there are many more second¬
ary fibers than primary fibers; however, the sec-
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ondary/primary fiber ratio is lower in muscles or
parts of muscles in which slow oxidative fibers
predominate in the adult.15

In the absence of functional innervation, pri¬
mary fibers will form, whereas, secondary fibers
will not form or will regress.12,19,24 The differen¬
tial susceptibility of the 2 populations to nervous
disruption seems to be extended to conditions of
nutritional inadequacy.28,30,31

Muscles with adult slow twitch characteristics,
such as the soleus muscle, invariably suffer less re¬
duction in fiber number than other muscles when
undernourished.1,2,13,14,17 Since secondary fibers
contribute less to the total number in presumptive
slow twitch muscles, this may explain the compar¬
ative "sparing" of these muscles to undernutrition
in utero. The present investigation was carried out
in order to test the hypothesis that presumptive
slow twitch muscles are less affected by undernu¬
trition in utero than presumptive fast twitch mus¬
cles because the former contain a lower propor¬
tion of secondary fibers than the latter.

MATERIALS AND METHODS

Animals. Adult guinea-pigs of the Dunkin-Hart¬
ley strain of similar weights, ages, and breeding
statuses were postpartum mated: Half the total
number (total n = 46) were used as controls and
to calculate a 60% of ad lib diet (SGI pellets, Short
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nd Gammage) for the remaining guinea-pigs,
'he experimental animals were placed on the re-
tricted diet immediately after conception. Both
utritional groups received a daily supplement of
rater miscible vitamin E (Roche) at a concentra-
on of 60 mg of a tocopherol per kilogram of
iet. The diet was found to satisfy all other vita-
fin requirements including vitamin C.
Animals were killed (with an intraperitoneal

tjection of sodium pentobarbitol) at 5-day inter-
als from 30 days to 55 days of gestation and then
t term (average 68 days). There were normally 3
tters per gestational age for each nutritional
roup. All fetuses were removed and various
ross body measurements were taken including
ody and organ weights (liver, brain, cerebellum,
t. semitendinosus, m. soleus, m. biceps brachii)
nd crown-rump and bone lengths (tibia and hu-
terus).

luscle Selection. The biceps brachii and soleus
tuscles were selected for detailed analysis for 2
tain reasons. First, the adult biceps brachii in the
uinea-pig is mainly a fast twitch muscle. Slow ox-
lative (SO) fibers (as defined by Peter et al.23)
□mprise a mere 6% of the total number. In con-
~ast, the adult soleus muscle is characterized by
00% SO fibers and is, therefore, a good example
f a slow twitch muscle. Secondly, both muscles
xhibit architectural simplicity. In the guinea-pig,
[though m. biceps brachii is a bipennate muscle,
11 the fibers are contained in the middle third of
te muscle and the fibers run parallel to the long
xis. The guinea-pig soleus is slightly unipennate
ut contains all its fibers running parallel to the
>ng axis for most of its length. This means (and
as been confirmed with acetyl-cholinesterase
taining) that the motor end-plates cross the mid-
elly of these muscles and all fibers can be located
t a plane of sectioning taken from that area. This
particularly important in developing muscle

here fibers grow outward from the motor end-
lates. In terms of accurate fiber number counts
te biceps brachii and soleus muscles were, there-
ire, ideal.

istochemistry. The left biceps brachii and so-
:us muscles were mounted on cork and frozen in
Lrcton 12 (ICI Ltd.), cooled to — 158°C in liquid
itrogen. Ten-micrometer sections were cut from
te mid-belly of the muscle on a cryostat at a tem-
erature of —20°C. Sections were reacted for ade-
osine triphosphatase in a basic medium (pH

0.6).8 The resultant slides were used to: (1) esti¬

mate secondary/primary fiber (S/P) ratios and (2)
monitor the changes in the histochemical staining
pattern during myogenesis.

1. Secondary!Primary Fiber (S/P) Ratio. The ba¬
sic ATPase reaction (BATPase) was used in order
to be sure of estimating S/P ratio from actual mus¬
cle fibers. In the early stages of myogenesis there
are many mononuclear cells such as myoblasts and
fibroblasts whose only distinction from muscle fi¬
bers in cross section is the absence of myofibrils.
BATPase does not react unless myofibrils are
present. Nonmuscle fibers were, therefore, ex¬
cluded from the calculations. Primary and second¬
ary fibers were distinguishable up to and includ¬
ing 45 days of gestation in the control biceps
brachii and soleus muscles and to 50 days in the
undernourished muscles. A combination of crite¬
ria which changed with gestational age were used
to identify them. These are outlined in the Results
section. S/P ratio estimations were made for each
muscle by counting all the primary fibers and
their associated secondary fibers in ten complete
fields across the whole muscle at a magnification
of x20.

Primary and secondary fibers initially form
clusters in the same basement membrane.21 It is

possible, therefore, that S/P ratios could be under¬
estimated with the light microscope because it
might not be possible to distinguish small fibers
within the cluster. Electron micrographs (Fig. 1) at
a magnification of 2K were taken from a random
selection of muscles at 40 days of gestation (which
was a time of maximum secondary fiber forma¬
tion) and used to investigate this possibility. No
significant increase in S/P ratio was found when
estimated from electron micrographs. This, there¬
fore, justified the use of the light microscope for
these estimations, especially as it would not be fea¬
sible to use the electron microscope for the large
numbers of observations involved.

2. Histochemical Transitions. During develop¬
ment there are changes in the reaction of fibers to
BATPase activity. While these changes cannot
characterize myosin isozyme conversions in detail
(for which myosin antibodies would be required)
they do give some information on the timing of
those changes.

Muscle Fiber Number Counts. The contralateral

biceps brachii and soleus muscles were fixed in
situ with 2.5% glutaraldehyde in 0.1 M sodium ca-
codylate buffer and then processed for embed¬
ding in araldite resin (TAAB Laboratories Ltd.).10
Whole 1 fxm transverse sections were taken from
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FIGURE 1. Control biceps brachii at 40 days of gestation. Electron micrograph. P = primary fiber;
S = secondary fiber.

e mid-belly of the muscle and stained with 1%
ethylene blue in 1% borax. Total muscle fiber
unts were made from these sections using a pro-
:tion microscope.
Muscle fiber number counts were taken from
dn embedded rather than frozen sections for 2
tin reasons. First, fixation in situ enabled sec-

ns to be more confidently taken from the exact
ddle of the muscle. With fresh, unfixed muscle,
ntraction occurs when the muscle is removed
d this makes it difficult to identify the midpoint
the muscle. Secondly, it is easier to obtain a
mplete transverse section of the whole muscle if
is resin embedded rather than frozen. Parana¬
's from the 2 experimental groups were corn-
red using an unpaired f-test except where an-
ler test is specified.

SULTS

oss Body Parameters. Bone lengths and organ
ghts (with the exception of brain weight) were
nificantly reduced in the undernourished neo-
es, thus revealing that dietary restriction had
en effective. Most parameters diverged in the
rd trimester of gestation. Body weight at birth
s 40% less in the 60% of ad lib group (P <
)01). The lengths of humerus and tibia of the
jtary restricted group were both reduced at
th by 16% and 18%, respectively.

Muscle Histology. At 30 days of gestation only
primary fibers were present in both muscles. The
fibers were widely separated and of similar size. At
35 days of gestation in the biceps brachii and so-
leus muscles, primary and secondary fibers could
be differentiated by size and position. The second¬
ary fibers were small and were very closely associ¬
ated with the "parent" primary fiber. At 40 days
of gestation some of the secondary fibers had
moved away from their parent fiber and were
nearly equivalent in size. Primary and secondary
fibers could still be distinguished, however, as pri¬
mary fibers were at the center of a group of fibers
and usually had large myofibrillar free regions
(Fig. 2).

At 45 days of gestation (or 50 days in the re¬
stricted group) primary and secondary fibers
could be easily distinguished by the loss of stability
to basic myosin ATPase in the primary fibers in
both muscles. However, although this was appar¬
ent throughout the soleus muscle (Fig. 3), it was
confined to the deep region only in the biceps
brachii (Fig. 4). Therefore, at this age, estimates of
S/P ratio were confined to the deep region only
for biceps brachii.

After 45 days of gestation in the control and
50 days in the restricted muscle, it was no longer
possible to distinguish between primary and sec¬
ondary fibers since there was a uniform distribu-
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FIGURE 4. Control biceps brachii, deep region, at 45 days of
gestation. BATPase histochemical section. P = primary fiber;
S = secondary fiber.

assembly accelerated. At all gestational ages mus¬
cle fibers of the undernourished animals were al¬

ways smaller than in the controls.

Fiber Number and Rate of Fiber Formation

Biceps Brachii. Figure 7 shows the increase in
muscle fiber number for the ad lib and 60% of ad
lib groups. Each point represents the mean for,
normally, 6 animals (2 from each of 3 litters).
From 30 to 35 days of gestation, fiber number in¬
creased slowly and corresponded to the period of
primary fiber production. There was no signifi¬
cant difference between the groups at this stage.
From 35 to 45 days there was a rapid increase in

IGURE 2. Control biceps brachii at 40 days of gestation. BAT-
ase histochemical section. P = primary fiber; S = secondary
ber.

on of fiber size and some of the secondary fibers
ad converted to a histochemical slow fiber type
7ig. 5).
As well as the delayed histochemical matura-

on mentioned above, the nutritionally stressed
tuscles also displayed morphological immaturity
i that myofibrillar free spaces were evident for
mger (Fig. 6). Also, average primary fiber size
eached a peak at 40 days of gestation in the con-
-oI muscles compared to 45 days of gestation in
re nutritionally stressed muscle. Following cessa-
on of fiber hyperplasia at about 50 days (see be-
nv) the fibers grew rapidly in size. The nuclei
loved to a peripheral position and myofibrillar

IGURE 3. Control soleus at 45 days of gestation. BATPase his-
chemical section. P = primary fiber; S = secondary fiber.

FIGURE 5. Control biceps brachii at 50 days of gestation. BAT¬
Pase histochemical section.

10jim
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4GURE 6. Sixty percent of ad lib biceps brachii at 45 days of
testation. BATPase histochemical section.

1500 -i

I 1
1 1 r~i

30-35 35-40 40-45 45-50 50-55

Days of gestation

FIGURE 8. Biceps brachii, rate of fiber formation. Ad lib (□); 60%
of ad lib (0). The number of fibers formed per day was calculated
from Figure 7.

iber number which was greatest in the control
;roup. The rise in number represented the phase
>f secondary fiber hyperplasia. While there was no
ignificant increase in fiber number after 45 days
n the control, there was a slight but significant in-
rease from 45 to 50 days in the undernourished
;roup. Statistical differences in fiber number be-
ween the groups were significant from 40 days of
;estation onward. At birth there was a 26% reduc-
ion in fiber number in the nutritionally restricted
leonates compared to the controls (P < 0.001).
From the fiber number data a bar chart was

onstructed to show the differences in the rate of
iber formation between the two groups (Fig. 8).

The rate was greater in the ad lib group from 35
to 45 days of gestation. Although from 45 to 50
days of gestation the rate of fiber formation had
fallen in both groups, the rate was now relatively
higher in the undernourished animals than the
controls. From 50 days of gestation onward the
rate of fiber formation was very low and there was
no apparent difference between the groups.

Soleus. Muscle fiber number was not signifi¬
cantly reduced by the time of birth following pre¬
natal undernutrition (Fig. 9). However, at 45 days
of gestation there was a significant difference in
fiber number between the groups of about 20% (P
< 0.05) but this difference disappeared by 50
days. This can be explained by the continuation of

Days of gestation

IGURE 7. Change in biceps brachii fiber number with gesta-
onal age. Ad lib (□); 60% of ad lib (■). Parturition occurred at
pproximately 68 days. Error bars, ±SEM.
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Days of gestation

FIGURE 9. Change in soleus fiber number with gestational age.
Ad lib (□); 60% of ad lib (■). Error bars, ±SEM.
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iber hyperplasia at a higher rate in the restricted
(roup than the control group from 45 to 50 days
Fig. 10).

econdary/Primary Fiber (S/P) Ratios

Biceps Brachii. At 40 days the reduction in S/P
atio in the dietary restricted muscle was approxi-
aately 25% (P < 0.01) (Fig. 11). At 45 days of ges-
ition the difference between the groups had in-
reased to 30% (P < 0.001). After 45 days S/P
atio was impossible to estimate in the control
roup since fibers were of similar size and some
econdary fibers had begun to histochemically
onvert to a pale type. However, as total fiber
lumber in the controls did not change after this
ime then it must follow that S/P ratio was con-

tant. The difference, therefore, between the
roups declined by 50 days to approximately 23%
ince secondary fiber hyperplasia had been con-
inuing in the undernourished group.

Soleus. S/P ratio was 20% lower (P < 0.05) in
he undernourished group at 45 days of gestation
Fig. 12). There was no difference at any other age.

ISCUSSION

n this study it was found that primary fiber num-
er was unaffected by undernutrition, as there
'as no difference in fiber number between the
utritional groups prior to the onset of secondary
ber formation. The reduction in secondary fiber
umber was, therefore, entirely responsible for
te reduction in total fiber number at any age.
Muscle fiber number reductions following nu-

0 H 1 1 1 1 1 1

30 35 40 45 50 55 60
1 STP 1 P/N 1

Days of gestation

FIGURE 11. Biceps brachii secondary/primary fiber ratio (S/P)
and positive-negative basic ATPase fiber ratio (P/N). S/P is
shown to 45 days in the control (□) and to 50 days in the 60% of
ad lib group (■). P/N is then given by a dashed line.

tritional restriction in utero have been reported in
a number of studies.1'2'7,13'14 Prior to this study,
however, the details of fiber number reduction
could only be inferred from work by Wigmore
and Stickland30 and Handel and Stickland.11
These authors found that fiber number was re¬

duced in small pig littermates compared to their
larger siblings and that the cause was a decrease in
the number of secondary fibers formed. It is likely
that undernutrition was the major factor contrib¬
uting to the size of the smallest pig siblings.4'5'9'27
A recent study31 confirms the results presented
here and previously28 that only the secondary fi¬
ber population is affected by nutritional restric¬
tion during gestation.

2.5 -i

35-40 40-45 45-50 50-55

Days of gestation

IGURE 10. Soleus, rate of fiber formation. Ad lib (□); 60% of ad
d (a). The number of fibers formed per day was calculated from
igure 9.
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FIGURE 12. Soleus S/P (solid line) and P/N (dashed line). Ad lib
(□); 60% of ad lib (■).
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There are a number of reasons why primary
bers should be spared in nutritional restriction,
'he first relates to the timing of primary fiber for¬
mation which occurs prior to secondary fiber for¬
mation when the fetuses are relatively small and
making few demands on maternal nutrition. How-
ver, different muscles develop at different times,
'here is a developmental time gradient which
uns cephalo-caudally and proximo-distally. Pri¬
mary fibers in the most distal and caudal muscles
rould, therefore, be developing when fetuses are
trge and nutritionally "greedy." However, in the
'resent study the soleus muscle is more distal than
me biceps brachii but primary fiber number was
till not affected. A second possible reason for the
paring of the primary fiber population could be
:s relative independence from innervation during
evelopment.19 It has been suggested24 that nutri-
onal effects on secondary fiber formation are
mediated through the nerve supply, yet Wilson et
l.31 were unable to show a nutritional effect on
mnervation. A third explanation for the mainte-
ance of primary fiber number following under-
utrition in utero may be the low rate of primary
ber formation.
In the present study, primary fibers of the bi-

eps brachii developed at a rate of approximately
50 per day compared to 1500 secondary fibers
er day. A low plane of nutrition may be able to
mstain the slow rate of primary fiber formation
ut not the faster rate of secondary fiber forma-
on. Furthermore, severe runting in pigs may be
ssociated with a reduction in primary fiber for¬
mation, ie, when nutritional restriction is particu-
irly severe.
A decrease in the rate of secondary fiber for¬

mation by nutritional restriction could be achieved
m one or both of two ways: first, by slowing the
ate of myoblast fusion at the surface of the pri¬
mary fiber, and second, by limiting the availability
f myoblasts for fusion by affecting mitosis in that
opulation. Recent work has shown that reduced
litosis is probably the most important factor in
le reduction of secondary fiber number follow-
ig prenatal undernutrition.18 It was found that
uclear number was reduced to the same extent in
oth the mononuclear cell population and the
luscle fiber population. This suggests that the
umber of fibers formed is limited by the number
f nuclei available from mitotic divisions.

Myoblast fusion may, however, be an impor-
int rate-limiting factor in those species with very
rge numbers of muscle fibers to be formed in a
mmparatively short period of time. Wigmore and

Stickland30 implied that reduced myoblast fusion
was fundamental to the reduction in secondary fi¬
ber number in undernourished pig fetuses. The
authors hypothesized that the rate of myoblast fu¬
sion in undernourished fetuses was limited by the
smaller surface area of the primary fibers. This re¬
stricted the number of secondary fibers which
could form on their surfaces at any given time.
There is, in fact, a real difference in the number
of newly formed fibers in contact with the primary
fiber in large and small pig fetuses.29 However,
the same mechanism is not thought to be operat¬
ing in rodents, as only 1 or 2 secondary fibers
form on the surface of the primary fiber at any
one time and subsequent generations probably
form in the same place (mouse, Brown; guinea-
pig, Madgwick; personal communications).

An important observation in this work was that
secondary fibers continued to be formed in the di¬
etary restricted muscle at a higher rate than in the
control after 45 days. This continuation of fiber
formation is probably an expression of the imma¬
turity of the undernourished muscle. Wilson et
al.31 also found lower maturity in the undernour¬
ished lumbricus muscle of the rat. However, they
only looked at 2 points during gestation and
were, therefore, unable to observe a continua¬
tion of secondary fiber production in their re¬
stricted animals. Undernutrition during postnatal
muscle growth is known to slow the processes
of aging.3'6'20 It appears that undernutrition
prenatally delays development in that the cessa¬
tion of muscle fiber formation is delayed in this
study.

Muscle maturity was, in fact, more related to
body weight than age; at the same age there was
no difference in muscle maturity between the con¬
trol and restricted groups.

Another important aspect of this work was the
difference between the biceps brachii and soleus
muscles. There was no difference in fiber number
between the undernourished and control soleus
muscles from 50 days of gestation onward. There
was, however, a period between 40 and 45 days
when the number of fibers was significantly lower
in the undernourished muscle, and was caused by
a reduction in the rate of secondary fiber forma¬
tion. Subsequently, from 45 to 50 days of gesta¬
tion, this deficit was corrected by a continuation of
fiber formation in the restricted group at a higher
rate than in the controls.

The reason why undernutrition had an effect
on biceps brachii fiber number and not on soleus
fiber number may be related to a difference in S/P
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itio between the 2 muscles. By the end of fiber
('perplasia in control animals primary fibers con-
ibuted approximately 33% of the total in the so¬
us compared to only 10% in the biceps (Figs. 11
id 12). As has already been shown, the number
primary fibers in the muscle remained unaf-

cted by undernutrition. The period of delayed
condary fiber formation in the undernourished
ileus was able to make up the difference in fiber
amber since comparatively less were required to
irm the total.
Previous nutritional studies in other species

ive shown a reduction in soleus fiber number
it the nutritional regimes were harsher than the
"esent one (rat: 50% of ad lib through pregnancy
id lactation,2 30% of ad lib through pregnancy
id lactation31; mouse: protein free through
regnancy1). In a previous study on undernour-
hed guinea-pigs (Ward, unpublished data), a
)% dietary restriction to birth was also found to

cause a significant reduction in soleus fiber num¬
ber. In every case, however, the reduction in fiber
number in the soleus muscle was less than the re¬

duction in other, fast twitch, or mixed muscles.
From the results presented here it is suggested
that the different susceptibilities to nutritional
stress of the muscles studied is due to a difference
in the proportion of primary fibers.

In conclusion, this study has shown that the re¬
duction in muscle fiber number following under¬
nutrition in utero in the biceps brachii muscle is
due to a decrease in the formation of secondary fi¬
bers. It is suggested that the soleus muscle (a slow
twitch muscle in the adult) was less susceptible to
prenatal undernutrition than the putative fast
twitch biceps brachii due its higher proportion of
primary fibers. Primary fibers were shown to be
unaffected by undernutrition. This may be due to
their lower and earlier rate of formation com¬

pared to the secondary fibers.
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Guinea-pigs were undernourished from birth by first, cross-fostering in groups of six (in pairs for control
animals) and then by feeding a diet of 60% of ad lib. intake from 2 to 6 weeks. The changing
characteristics of muscle fibre types in the biceps brachii and soleus muscles were monitored by
histochemistry. Undernutrition appeared to delay maturation of muscle fibres. Fibre cross-sectioned area
was reduced in all fibres of the 60% of ad lib. intake group. Fibres of the biceps brachii were more
affected than those of the soleus. Fibre area vulnerability was partly associated with a high relative
growth rate in biceps brachii at this time. Total protein content in the semitendinosus muscle was
depressed in the undernourished group compared with the control group. DNA concentrations were
initially higher in the control group but decreased in both groups to similar levels by 6 weeks. RNA
concentration increased up to 5 weeks in the control group and then decreased, but decreased after 2
weeks in the undernourished group.

Muscle: Undernutrition: Differentiation

In the early postnatal period muscles are transformed from immature into efficiently
adapted units. Expression of neonatal and foetal myosin isoforms are suppressed while
adult ones are enhanced (Gauthier et al. 1978, 1982). The increased sarcomere-shortening
velocity in fast-twitch muscles, which is correlated with calcium-activated ATPase
{EC 3.6.1.32) (Barany, 1967), leads to a concurrent rise in glycolytic metabolism and a
decrease in oxidative metabolism (Goldspink, 1962; Baldwin et al. 1978). Slow-twitch
muscles, on the other hand, become increasingly oxidative and retain low sarcomere-
shortening velocities (Close, 1964; Drachman & Johnson, 1973). Decrease in fast-type
myosins can be monitored by the loss of stability at an alkaline pH in myosin ATPase
histochemistry (Goldspink & Ward, 1979).
Alterations in metabolic profile are thought to be mediated through fibre size (Goldspink

& Howells, 1974; Swatland, 1983). Myosin transformations are the result of nervous
intervention (Engel & Kaparti, 1968; Butler-Browne & Whalen, 1984) and hormonal
signalling, particularly via thyroxine (Baldwin et al. 1978; Ianuzzo et al. 1980). Conditions
which upset the normal controlling processes would be expected to disrupt the course of
differentiation in the muscle.
The effect ofundernutrition on mature muscle (i.e. following the fibre hyperplastic phase)

has generally been found to be reversible (Goldspink & Ward, 1979). The main effect is a
reduction in fibre size (Stickland et al. 1975; Goldspink & Ward, 1979) which is mediated
by a depression in protein synthesis (Winick & Nobel, 1966). The proportion of fibre types
has been found to be unaffected by undernutrition imposed on mature animals (Goldspink
& Ward, 1979). In animals experiencing dietary restriction prenatally, however, there is
evidence that fibre-type proportions may be altered in the adult (Howells et al. 1978; Bedi
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et al. 1982). The effect of dietary restriction on skeletal muscle tissue in the early postnatal
period has not been comprehensively studied. The present study was designed to investigate
the possibility that undernutrition confined to the period of postnatal muscle differentiation
may affect the transitional maturation of muscle fibre types.

MATERIALS AND METHODS

Animals

Thirty-six neonatal guinea-pigs (weighing over 50 g) and lactating females were obtained
from Tuck and Son, Battlesbridge, Essex. The animals were divided into two equal groups.
The first was fostered in pairs with one lactating female, and the second was fostered in
groups of six per female. This procedure ensured that the second group was undernourished
compared with the first group from birth to weaning.
Weaning for all animals was at 2 weeks postnatally at which time the young were housed

separately and fed on solid food. The group which had been in large lactation units was
restricted to a diet of 60% of ad lib. intake which was measured daily against the other
group, the individuals of which acted as pair-fed controls. The diet used was the
commercial SGI pellet (Quest Nutrition, Canterbury, Kent). The diet was supplemented
with vitamin E (Roche) at a concentration of 60 mg a-tocopherol/kg diet. Three animals
from each group were killed at weekly intervals from 1 to 6 weeks of age (using an
intraperitoneal injection of sodium pentobarbitol). Various body measurements were taken
including weights of body, liver and brain and lengths of humerus and tibia. From each
animal biceps brachii, soleus and semitendinosus muscles were removed, weighed and used
for further analysis.

Histochemistry
The biceps brachii and soleus muscles were chosen for histochemical analysis since they
represent fast- and slow-twitch muscles respectively. Frozen sections (10 /<m) were taken
from the mid-belly of each muscle and processed for the following three histochemical
techniques: (1) myosin ATPase {EC 3.6.1.32) with pre-incubation at either pFl 10-6
(BATPase) or pH 4-6 (AATPase) (Guth & Samaha, 1970), (2) succinate dehydrogenase
(SDH; EC 1.3.99.1) (Nachlas et al. 1957) and (3) glycogen phosphorylase (GP;
EC 2.4.1.1) (Takeuchi, 1956). Fibres were classified as positive or negative (and, in some
cases, intermediate) for each reaction. Proportional counts of fibre 'types' were based on
analysis of approximately 100 fibres for each muscle sample. Samples were also taken from
three newborn animals for this analysis.

Fibre size

Fibre area estimations were made on frozen sections using 100 fibres of each type and from
each muscle. Measurements were performed on a digital pad attached to a computer
package (VIDS; Analytical Measuring Systems Ftd, Saffron Walden, Essex).

Biochemistry
Protein and nucleic acid content was estimated for the semitendinosus muscles. Samples
were taken from the middle two-thirds of the muscle.
RNA and DNA. Nucleic acids were extracted using a modified Schmidt Thannauser

method (Munro & Fleck 1966), with RNA and DNA concentrations being calculated from
absorbance measurements at wavelengths 260 and 268 nm respectively.
Protein. Concentrations were estimated by the method of Wigmore (1982), based on

those of Helander (1957) and Millward (1970). Protein was separated into sarcoplasmic
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and fibrillar fractions using salt extraction. A commercial dye reagent (Biorad) was added
to the extractions and readings were taken from a spectrophotometer (LKB) at 595 nm.
Protein concentration was then calculated using a standard curve of bovine serum albumin.

RESULTS

Gross body variables
Measurements on gross body variables served to illustrate that both the cross-fostering
technique (up to 2 weeks) and the 60 % of ad lib. intake dietary regimen (2-6 weeks) was
exerting a significant effect on body growth (Fig. 1). Body weight was increasingly affected
in the undernourished animals over the 6 week period. By 6 weeks the percentage difference
from the control was 35 (Student's t test; P < 0-05). Liver weight was reduced by 40%
(P < 0 001), whereas brain weight was not significantly different. Bone lengths were also
reduced (tibia by 11 % and humerus by 15%).

Muscle fibre size
Biceps brachii. A paired t test revealed that, on average, the positive BATPase fibres were
46% smaller (P < 0-001) and the negative BATPase fibres were 35% (P < 0 005) smaller
in the undernourished group.

Soleus. Both BATPase positive and negative fibres were on average 27% smaller in the
60% of ad lib.-fed animals (P < 0-01).
It is thought that the degree to which tissues and organs are affected by undernutrition

is dependent on their relative growth rate at the time of dietary restriction. For this reason
logarithmic regressions of fibre area v. body weight were calculated. If fibre area (Y) is
increasing in line with body weight (X) then the expected relationship is Y = K.X066. The
regression coefficients were, therefore, compared with 0-66 (Table 1).
It can be seen from Table 1 that both muscles studied had a high relative growth rate in

ad lib. situations. This growth rate was largely reduced by restricted nutrition. The
implication from this finding is that muscle tissue is more affected by undernutrition than
overall body weight.

Histochemistry
Biceps brachii. (/) Myosin ATPase. The number of negative BAPTPase fibres was counted
in the deep region of the muscle and expressed as a percentage of the total number in the
deep area. There was no change in the ratio of fibres with age and there was no significant
difference between the groups (ad lib. 12-2%, 60% of ad lib. intake 12-4%).
(2) SDH. Fibres were classified as positive, intermediate or negative for the reaction. In

the superficial area of the muscle all fibres were positive until 2 weeks of age in the ad lib.-
fed group and 4 weeks in the undernourished when there was a swift transition to 60%
negative in the ad lib.-kd animals (Plate 1) and 55% in the restricted group. The difference
between the two groups was not significant.
In the deep area of the muscles the number of positive fibres remained constant with age

and formed about 75% in both groups. The remaining 25 % were intermediate fibres until
3 weeks in the ad lib. and 5 weeks in the restricted group. About half the intermediate fibres
then became negative leaving approximately 12% intermediate fibres in the deep area of
the muscle. These intermediate fibres corresponded to the negative BATPase fibres in this
area. They could now be classified as slow oxidative (Peter et al. 1972).
(J) GP. GP staining was inversely related to SDH staining. There was no staining at all

for the initial postnatal period until the appearance of the first SDH negative fibres. The
biceps then rapidly became increasingly GP positive.
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Fig. 1. Body weights of all guinea-pigs used in the study. Computed regression lines are shown for each
group. (#), Control group; (O), 60% of ad lib.-fed group. For details of dietary regimen, see p. 142.

Table 1. Regression coefficients for the relationship between fibre cross-sectioned area and
body weight in guinea-pigs fed ad lib., or at 60% ad lib. intake*

(Mean values with their standard errors)

Ad lib.
60%
ad lib.

Muscle fibre type Mean SE Mean SE

Statistical
significance of
difference
between

groups :P <

Statistical significance of
difference from

0-66 :P<

60% of
Ad lib. ad lib.

Biceps
BATPase +
BATPase—

Statistical significance of
difference between
BATPase + and
BATPase — :P<

Soleus
BATPase +
BATPase —

Statistical significance of
difference between
BATPase + and
BATPasc — :P<

0-94 0-3
1-23 0-2

005

1-0 0-4
0-85 0 19

005

0-92 0-1
0-65 0-4

005

0-61 0-27
0-5 0-26

NS

NS
0-001

0-01
0-005

0-025
0-001

0-001
0-05

0-005
NS

NS
NS

BATPase, myosin ATPase (EC 3.6.1.32) pre-incubated at pH 10-6; NS, not significant.
* For details of dietary regimen, see p. 142.

Soleus. (1) Myosin ATPase. The soleus had a mixed population of fibres at birth in terms
of their staining with myosin ATPase. The number of positive BATPase fibres was constant
at approximately 45 % between birth and 2 weeks of age and then fell steadily to 6 weeks
postnatally (Fig. 2). There was no difference between the nutritional groups in the rate of
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Fig. 2. Disappearance of immature reactions with ATPase {EC 3.6.1.32) histochemistry in the soleus muscle of
guinea-pigs, (a) Positive ATPase pre-incubated at pH 10-6 (BATPase) fibres; (b) negative ATPase pre-incubated
at pH 4-6 (AATPase) fibres. Points represent the means with their standard errors represented by vertical bars for
three animals. (#), Control; (O), 60% of ad lib.-fed group. For details of dietary regimen, see p. 142.

Age (weeks)

Fig. 3. Concentration of DNA extracted from the semitendinosus muscle of guinea-pigs. Points represent the
means with their standard errors represented by vertical bars for three animals. (#), Control; (O), 60 % of ad lib.-
fed group. For details of dietary regimen, see p. 142.

disappearance of these fibres. Negative AATPase fibres also fell with age, such that from
an average of 55% at birth there were none by 3 weeks postnatally (Fig. 4). Initially the
number fell more rapidly in the control group so there were less AATPase negative fibres
than the undernourished muscle at 1 week (P < 0 001). At 2 weeks, however, the number
of AATPase negative fibres was similar in the two groups.
The immature fibres were the smallest in the muscle so that the negative AATPase and

positive BATPase populations were overlapping. The adult muscle was 100% BATPase
negative and AATPase positive.
(2) SDH. There was no change in the SDH staining pattern with age. In both groups

fibres remained 100% intermediate.
(J) GP. The muscle fibres were very weakly positive and corresponded to the number of

BATPase positive fibres present.
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Fig. 4. Concentration of RNA extracted from the semitendinosus muscle of guinea-pigs. Points represent means
with their standard errors represented by vertical bars for three animals. (#), Control; (O), 60% of ad lib-fed
group. For details of dietary regimen, see p. 142.
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Fig. 5. Protein extracted from the semitendinosus muscle, (a) Total fibrillar protein per muscle; (b) total
sarcoplasmic protein per muscle. Points represent the means with their standard errors represented by vertical bars
for three animals. (#), Control; (O), 60% of ad lib.-fed group. For details of dietary regimen, see p. 142.

Biochemistry
Nucleic acids and protein fractions were expressed as concentrations throughout the
postnatal period under study. Protein fractions were also expressed as total amounts per
muscle. The results are shown in Figs. 3-5. Generally, the tendency in control animals was
for concentration of all variables to increase initially during growth with DNA declining
after about 4 weeks (Fig. 3), and all other variables declining after 5 weeks (Figs. 4 and 5).
In the 60 % of ad lib.-fed group, concentrations of DNA and RNA fell with age after 2

weeks (Figs. 3 and 4). There was no demonstrable difference between the nutritional groups
in protein concentrations but total amounts of both sarcoplasmic and fibrillar fractions
were reduced in the undernourished muscles (Fig. 5). Ratios that have been commonly used
to reveal nutritional effects on variables associated with protein synthesis were calculated
for each age. Differences were investigated using a paired t test. The results (Table 2)
showed a difference between nutritional groups for RNA:DNA and for protein:DNA
ratios but not for the sarcoplasmic: fibrillar protein ratios. None of the ratios showed any
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Table 2. Mean values for ratios of biochemical variables associated with protein synthesis
in guinea-pigs fed ad lib. or at 60 % of ad lib. intake*

(Mean values with their standard errors)

Sarcoplasmic:
RNA:DNA Protein :DNA fibrillar protein

Dietary regimen Mean se Mean se Mean se

Ad lib. 2-3 001 468 12 0-58 0-001
60 % ad lib. 1-3 0-2 283 9 0-7 0-001
Statistical significance 0-005 0-001 NS
of difference: P <

NS, not significant.
* For details of dietary regimen, see p. 142.

marked change with age. The values given in Table 2 mean values for the entire period
under study.

DISCUSSION

It was clear from the results of the present study that undernutrition acted on the muscles
by delaying some processes of differentiation. Aspects of fibre histochemistry which had
been established before birth, such as myosin ATPase in the biceps brachii and SDH in the
soleus muscles, were unaffected.
The metabolic profile of the biceps brachii changed in the perinatal period. Changes in

the 60% of ad lib-fed group were delayed by approximately 2 weeks. The controlling
mechanism for fibre transitions is thought to be weight specific (Ashmore et al. 1972) and
is supported by the work presented here. At 2 and 3 weeks in the control and 4 and 5 weeks
in the dietary-restricted groups (which is when the transitions occurred) there were no
significant differences in body weights.
Goldspink & Howells (1974) suggested that fibre size was the main determinant of

metabolic type. A fibre grows by proliferation of sarcoplasmic and myofibrillar material
which increasingly dilutes the mitochondria. They are no longer able to survive on the
reduced 02 levels available by diffusion across the cell surface. 02 levels are further eroded
by the now inadequate capillary bed (Sillau & Banchero, 1977). Energy demands are met
by a switch to glycolysis, the enzymes for which multiply rapidly. There is, therefore, an
inverse relationship between oxidative and glycolytic metabolism (Dubowitz & Pearce,
1960).
In Table 1 it can be seen that fibre area and body-weight were related. Undernutrition

might, therefore, delay metabolic enzyme alterations via body weight. While this
explanation holds for the biceps brachii, it seems from the soleus muscle that there was no
direct relationship between fibre size and metabolic type. For example, the smallest fibres
in the soleus were glycolytic. At the point of conversion (which occurred at the same time
in soleus of the two nutritional groups), fibres in the undernourished groups were always
smaller than those in the control muscle. The relationship between fibre size and enzyme
transformations (at least during differentiation) may be purely a reflection of the
immaturity of smaller fibres. The smallest fibres in the soleus muscle were also those with
immature myosin ATPase characteristics.
The adult guinea-pig soleus is 100% myosin ATPase acid stable and alkaline labile. In

the present study it was found that AATPase lability was lost before BATPase lability was
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gained in some of the fibres. Alkaline stability is bestowed by fast myosin alkaline light
chain 1 and acid stability by slow alkaline light chain 1 (Baldwin, 1984). This suggests that
for the period of a few weeks slow and fast myosin types were coexistent in the same fibres.
Before the attainment of acid stability at 3 weeks postnatally, some of the fibres were only
expressing a fast type of isozyme. Undernutrition did not affect the rate of elimination of
basic stability, i.e. the disappearance of fast myosin types (which may have been adult or
neonatal). On the other hand, it seemed that there was an effect on the appearance of the
mature slow myosin isoform in the undernourished animal.
In the rat soleus muscle, from a prenatal expression of four foetal and neonatal (fl-4) and

two adult slow isozymes (SMI and SM2) which differ in both light and heavy chains, there
is a progressive elimination of all but one of the two adult slow isozymes (SM2) (Lyons
et al. 1983). In the present study the number of AATPase negative fibres rose in the control
muscle at 2 weeks postnatally. This suggested that a slow myosin isoform was briefly lost
in some fibres. This might occur by a slight delay between SMI being suppressed and SM2
being produced in a few of the fibres. For a while, therefore, there was no slow myosin in
individual fibres which would be acid labile. In the dietary-restricted soleus muscle there
was no such decline in acid-stable fibres. This could be explained simply by SM2 being
manufactured before SMI decreased, i.e. the elimination of SMI was delayed in the
undernourished animals.
It is thought that the progression of fast-type isoenzymes is controlled by thyroid

hormone and slow ones by the intervention of tonic innervation (Butler-Browne &Whalen,
1984). However, it is known that fibres begin differentiating while still polyneuronally
innervated (Hoh et al. 1988). Unless nervous input is homogeneous there must be a control
which ensures that only one nerve type (i.e. slow or fast twitch) is perceived by the muscle
fibre. It has been suggested that load directs fibres to express slow myosin isoforms (Noble
et al. 1983). Delaying effects of undernutrition on the appearance of adult slow myosin
isoforms might, therefore, be associated with a reduction in body weight.
There was an effect of undernutrition on all biochemical variables measured. Although

there must be a gradual increase in total DNA in a given muscle due to satellite cell
proliferation (Moss & Leblond, 1971), a decrease in DNA concentration reflects growth in
cell size or tissue volume (Prior et al. 1979; Wigmore, 1982). The general tendency in the
present study was for DNA concentration to fall with age after 2-3 weeks, except initially
when total DNA was rapidly increasing. The concentration of DNA in the undernourished
muscle was higher than that of the control because the cells were smaller. Later, although
there was no difference in DNA concentrations between the groups, this is clearly not due
to equivalence in fibre size between the groups (note the effects on fibre size in the biceps
and soleus muscles). It has already been shown that fibre size reduction is greater than
muscle cross-sectioned area reduction in undernourished muscles (Ward, 1989). The
extracellular compartment must have diluted the DNA fraction in the malnourished animal
to the same extent that increased fibre size reduced concentrations in the control muscle.
RNA concentration increased with age in the control group, whereas in the malnourished

muscle it decreased. The low rate of RNA increase in the undernourished semitendinosus
was not sufficient to offset the reduction in RNA concentration which would occur with
increase in muscle size. Not only was there an apparent effect of undernutrition on
transcription but there also appeared to be a reduction in translation. This was seen in the
lower total levels of protein in the malnourished muscle.
There was no difference in the extent to which the fibrillar and sarcoplasmic proteins

were affected by postnatal malnutrition. Prenatally the structural proteins are more at risk
(Aziz-Ullah, 1974; Wigmore, 1982) which leads to a rise in the sarcoplasmic:fibrillar ratio.
The difference in the developmental periods is presumably related to the diverse activity of
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Plate 1. Superficial area of the control guinea-pig biceps brachii reacted for succinate dehydrogenase
(EC 1.3.99.1) at 6 weeks of age. For details of procedures, see p. 142.

S. S. WARD and N. C. STICKLAND (Facing p. 150)
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Plate 2. Control guinea-pig soleus reacted for ATPase (EC 3.6.1.32) in a basic medium. (A), neonatal;
(B), 5 weeks; (C), 6 weeks. For details of procedures, see p. 142.
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the muscle fibres at these times. The fibres are less contractile before birth so the metabolic
proteins are preserved at the expense of the myofilaments. Postnatally both components are
equally important and their roles are interdependent.
RNA concentration in the control semitendinosus muscle exhibited a change at about 5

or 6 weeks. This is the watershed between the rapid growth phase and a slower growth
period. At 5 weeks postnatally guinea-pig weight is only half its adult level, so that
maximum muscle size is still to be achieved. However, in the intervening growth period to
maturity protein synthesis must be occurring at a lower rate than previously. The greatest
increase is sustained by lower rates of protein degradation. Furthermore, 5 weeks may
mark the end of a developmental process. The semitendinosus muscle has a mixed-fibre-type
population, with many slow oxidative fibres in the deep region of the muscle. It is possible
that enzyme transitions similar to those in the soleus muscle were occurring. These enzyme
changes were complete by 5-6 weeks postnatally. The achievement of metabolic maturity
might coincide with a decline in RNA levels at this time.
To conclude, it has been shown that undernutrition delays the process of metabolic

enzyme conversion in the fast-twitch biceps brachii. Myosin ATPase reactions were already
mature by the time of birth and were not affected by inadequate nutrition. Conversely, in
the soleus muscle there were effects on myosin ATPase properties which can be explained
by the fact that these properties were maturing up to 6 weeks postnatally in this muscle.
Some of the effects were due to reductions in fibre area, although it was apparent that size
was not the only cause. The depression in RNA concentrations and protein:DNA ratios
in the 60 % of ad lib.-fed group points to lowered rates of protein synthesis in these animals.

The authors would like to thank Glynn Hammond for help with some of the biochemistry
and Catherine Sutton for technical assistance. The work was supported by the Agricultural
and Food Research Council.
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oes the anatomical location of a muscle affect the influence
undernutrition on muscle fibre number?
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STRACT

itritional restriction during muscle fibre number development invariably has a more detrimental effect on
: biceps brachii than on the soleus. The difference may be due to the relative proportions of fibre types in
: muscles or the anatomical location of the muscles. To distinguish between the effects of location and
re type the biceps (fast, cranial and proximal), soleus (slow, caudal and distal), and extensor digitorum
Lgus (EDL) (fast, caudal and distal) were examined from control and undernourished guinea pig neonates.
40 % reduction in maternal intake resulted in a reduction in neonate body and muscle weights (P <

05), biceps (P < 0.05) and EDL fibre numbers (P < 0.005), but did not affect soleus fibre number. At
th the ratio of fast fibres to slow was 7.5 for the biceps, 7.0 for the EDL, and 1.5 for the soleus. The
;ct of undernutrition on muscle fibre number therefore seems to be a function of the fibre types in that
scle.

PRODUCTION

the guinea pig, a 40% reduction in maternal feed
ake has been shown to cause a decrease in muscle

-e numbers in the biceps brachii but not in the
eus of the progeny (Ward & Stickland, 1991). It
ms that developing muscles with a relatively high
w-twitch content invariably suffer a smaller deficit
nuscle fibre number than more fast-twitch muscles

h maternal undernutrition (Howells et al. 1977;
li et al. 1982). This suggests that the effect of
:rition on muscle fibre development may be a
ction of the relative proportions of the fibre types,
wever, an alternative explanation may be the
domical location of the muscles in the body,
immalian development proceeds in a cephalocaudal
1 proximodistal direction with the head being most
'anced, the trunk in advance of the limbs, and
elimbs in advance of the hindlimbs (Fleagle et al.
'5). In addition, a proximodistal gradient can be
n within the limbs. It is possible that, being a less
ture muscle than the biceps, nutrients are preferen-
ly directed towards the soleus such that muscle
e numbers are maintained.

respondence to Dr C. M. Dwyer, Department of Veterinary Basic
I 0TU, UK.

In order to determine whether muscle fibre number
reduction is a function of fibre types or due to
anatomical location, a third muscle, the EDL, was

investigated. This muscle is located in the distal hind
limb in close proximity to the soleus, in contrast to the
biceps brachii in the proximal fore limb. The EDL is
also involved in propulsive actions and hence is a

predominantly fast muscle like the biceps brachii.
Examination of this muscle should allow a differ¬

entiation to be made between the effects of muscle
fibre types and anatomical location. This investigation
was designed to test the hypothesis that the anatomical
location of a muscle may be as important as the
proportion of muscle fibre types (and thereby the
proportions of secondary and primary fibres during
development) in influencing the effect of prenatal
undernutrition on muscle fibre number determination.

MATERIALS AND METHODS

This project involved 6 litters of neonate Dunkin-
Hartley guinea pigs. Guinea pig dams were mated
postpartum in a harem and assigned to a nutritional
treatment on d 2 of gestation. The dams of 3 litters
ences, The Royal Veterinary College, Royal College Street, London

15 ANA 181



374 C. M. Dwyer and N. C. Stick/and

Table. Comparison ofgross body weights and lengths for control and restricted neonate guinea pigs

Parameter Control 40% restricted % difference P

Number 12 13

Age (d) 67.3 ± 1.20 66.3+1.33 n.s.

Body wt (g) 84.89 + 6.12 55.71+5.53 34.37 < 0.005
Liver wt (g) 4.646 + 0.447 2.946 + 0.447 36.59 <0.05

Biceps wt (mg) 57.72 + 4.49 37.18 + 4.58 35.59 < 0.005

Soleus wt (mg) 26.10+1.52 16.44 + 2.03 37.01 < 0.005

EDL wt (mg) 25.13+1.97 16.19+1.99 35.58 < 0.005

CR length (cm) 11.02 + 0.16 9.16+ 0.30 16.88 < 0.001

Tibial length (mm) 27.23 + 0.46 23.56 + 0.75 13.48 < 0.001

Humeral length (mm) 21.53 + 0.36 19.03 + 0.51 11.61 < 0.001

were fed a standard diet at ad lib levels throughout
gestation and formed the control group. The other 3
were pair fed to weight matched controls at a 40%
restricted feed level.

Guinea pigs littered at a mean gestational age of
66.83 + 0.76 d. Mean litter sizes were 4.00 and 4.33 for
control and restricted litters respectively. All neonates
(n = 25) were killed by an intraperitoneal injec¬
tion (1 ml/kg body wt) of pentobarbitone sodium
(Euthesate). Body weight, liver weight, crown-rump
length and the lengths of the humerus and tibia were
recorded. The biceps brachii, soleus and extensor
digitorum longus (EDL) muscles were removed,
weighed, and rapidly frozen. Whole muscle transverse
sections (10 pm) were cut and stained to demonstrate
ATPase activity using a modification of the technique
of Guth & Samaha (1970) at pH 10.3 and 4.6. Total
fibre number counts were made for each muscle and
animal using a Seescan image analyser (Seescan,
Cambridge, UK) and the ratio of fast to slow fibres
was determined. For the purposes of this study this
was taken to be the mean ratio of fibres showing high
myosin ATPase activity after preincubation at
pH 10.3 to those showing little or no staining (referred
to as the ratio of positive to negative basic ATPase
activity). Differences between control and 40%
restricted animals were determined by unpaired t
tests.

RESULTS

Body, liver and muscle weights and body and bone
lengths are given in the Table. For all weight and
length parameters measured, the control group was
significantly larger than the restricted group, demon¬
strating the effects of the 40% reduction in
maternal food intake throughout gestation. Body
weight, liver weight and muscle weights were all
reduced by approximately one third in the restricted

Fig. 1. Mean and s.E.M. of total fibre numbers for biceps, soleus and
EDL from control (H) and 40% restricted (0) guinea pig neonates.

Biceps Soleus EDL

Fig. 2. Mean ratio of basic ATPase positive to basic ATPase
negative fibres (fast- to slow-twitch fibres) for biceps, soleus and
EDL from control (H) and 40% restricted (0) neonates, Bars,
s.E.M.

group. Crown-rump, tibial and humeral lengths were
reduced by 16.9, 13.5 and 11.6%, respectively.
Muscle fibre number data are shown in Figure 1.

Biceps and EDL fibre numbers were significantly
reduced in the restricted group by 18.6% (P < 0.05)
and 15.4% (P < 0.005), respectively. The soleus fibre
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umber showed a small decrease of 5.4% in the
:stricted group; this was not significant.
The ratio of fast to slow fibres (basic ATPase
Dsitive to negative) is shown in Figure 2. The soleus
as a predominantly slow muscle with only 1.5 fast
ares per slow fibre. The biceps and EDL were both
ixed muscles of a predominantly fast nature. The
itio of fast fibres to slow was approximately 7.5 in
ie biceps and 7.0 in the EDL (Fig. 2).

1SCUSSION

hese results demonstrate the significant reduction in
rdy and organ weights of neonates caused by a 40%
striction of maternal dietary intake throughout
istation. The weight of the biceps, soleus and EDL
ere all reduced by equal amounts (approximately
le third). This was despite the known sparing of the
leus from the effects of undernutrition on muscle

>re number (Ward & Stickland, 1991). The location
the soleus and EDL, caudal and distal in relation to
e biceps, did not appear to have any influence on the
feet of undernutrition on muscle weight.
The most important results of this study was the
iding that muscle fibre numbers in the biceps and
DL of restricted neonates were reduced but that
usele fibre number in the soleus was not significantly
fected. This suggests, therefore, that the influence of
usele location in the body was not important in
termining the effect of undernutrition on muscle
ire number. The percentage reduction in the EDL is
ghtly less than in the biceps (respectively, 15.4 and
.6%) which suggests that anatomical location may

ly a small role. The biceps brachii and EDL, as fast
pe muscles, contained 7-7.5 fibres per slow bundle,
lereas the soleus contained only 1.5. It seems,

erefore, that the proportion of fibre types in a
jscle is the most important determinant of the
luence of nutritional restriction on total fibre
imber.

The disproportionate effect of nutrition on fast
jscles, in comparison with slow muscles, seems to be
e to the relationship between twitch speed of a fibre
d its generative origin, i.e. slow-twitch fibres tend to
primary fibres in origin (Kelly & Rubenstein,

86). This is true of the guinea pig soleus where the
iscle is predominantly slow and primary fibres
count for about 33 % of the total fibre number
^ard & Stickland, 1991). This is in comparison with
; biceps which is predominantly a fast-twitch muscle
d where primary fibres account for less than 10% of
fibres (Ward & Stickland, 1991). Primary fibre
mbers have been shown to be unaffected by

maternal undernutrition (Wigmore & Stickland, 1983;
Handel & Stickland, 1987; Wilson et al. 1988; Ward
& Stickland, 1991) or by denervation (McLennan,
1983; Ross et al. 1987; Harris et al. 1989). All these
studies, however, showed that the secondary fibre
population was susceptible to maternal undernutrition
or to denervation during muscle development, leading
to a reduced secondary fibre number. Slow muscles,
being composed of a relatively high proportion of
primary fibres, are therefore less susceptible to
environmental influences in terms of reduced sec¬

ondary fibre numbers.
A more severe nutritional regime, e.g. 50% of the

ad lib quantity in the guinea pig throughout gestation
(Ward, 1989), 30% throughout gestation in the rat
(Wilson et al. 1988), or 50% through gestation and
lactation in the rat (Bedi et al. 1982), does cause a
reduction in fibre number in the soleus. This reduction

was, however, to a lesser degree than the fibre number
reduction in fast muscles. The effect of nutrition on

the 2 types of muscle seen in this study was not
absolute, therefore, but reflected the lesser effect of
nutrition on slow muscles.
In conclusion, this study has demonstrated that the

effect of nutrition on muscle fibre number is a function

of the fibre types in that muscle. Fast muscles suffer a
disproportionate reduction in fibre number with
undernutrition due to their relatively high contri¬
bution to total fibre number made by the secondary
fibre population. Slow muscles, with a greater pro¬

portion of primary fibres, are less affected by
undernutrition.
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stract
al growth is known to be correlated with the size of
placenta and the exchange surface area. Reduction
;he growth of the materno-fetal exchange surface
as may be a mechanism by which the effects of
ternal undernutrition on fetal growth are medi-
d. In the compact placenta of the guinea pig the
hange surface is equivalent to the peripheral laby-
th. The effect of a 40% reduction in maternal feed
ike on the growth of the peripheral labyrinth was
estigated in pregnant guinea pigs between gesta-
lal days 25 and 65. Fetal and placental weights
■e significantly reduced in the last trimester by 32%
I 38% respectively (P<0.01). Placental efficiency in
ly gestation was significantly impaired in re-
cted animals but equivalent to ad lib. fed controls
the last trimester. The volume of the peripheral
yrinth increased as a percentage ofthe total placen-
volume with gestational age. Restricted placentae
ded to be composed of a smaller volume of periph-
I labyrinth tissue in early gestation. It is suggested
t maternal undernutrition results in an impaired
lelayed expansion of the peripheral labyrinth in
ly gestation causing a reduction in placental effi-
lcy. By the last trimester the weight of the
ipheral labyrinth ofrestricted animals was reduced
33% (P<0.05). The weight of the peripheral laby-
;h was also significantly correlated with fetal
ght during the last trimester, suggesting that fetal
ght is limited by the size ofthe peripheral labyrinth
he later stages of gestation.

roduction
ose linear relationship between fetal and placental
ghts has been demonstrated in many species (eg.
nea pig: Saintonge & Rosso, 1981; Garris, 1983;
es & Parer, 1983; pig: Wootton, McFadyean &
iper, 1977; Wigmore & Stickland, 1985; rat: Rosso,
0; sheep: Owens, Allotta, Falconer & Robinson,
5; rabbit: Bruce & Abdul-Karim, 1973). Further-

espondence: C. Dwyer, Veterinary Basic Sciences, The Royal
irinary College, Royal College Street, London, NW1 OTU.
ixton Communications Limited

more several studies, in the guinea pig, rabbit, sheep
and pig, indicate that factors influencinggrowth affect
the placenta before fetal growth is compromised (Barr,
Jensh & Brent, 1970; Bruce & Abdul-Karim, 1973;
Anderson, 1975; Mellor, 1983; Jansson, Thordstein &
Kjellmer, 1986; Madgwick, 1991). This suggests that
the growth of the placenta is a major determinant of
fetal growth rate.
In the pregnant guinea pig a strenuous exercise

programme led to a reduction in fetal and placental
weights (Nelson, Gilbert & Longo, 1983). This was
found to be associated with a reduced placental diffus¬
ing capacity and with a reduction in the total placental
surface area (Smith, Gilbert, Lammers & Longo,
1983). In the diffuse porcine placenta, fetal weight also
correlates well with placental area (Wigmore &
Stickland, 1985). Additionally, in humans, small-for-
gestational-age infants were found to be associated
with a reduced villous surface area of the placenta
(Woods, Malan & Heese, 1982). These results suggest
that the growth of the materno-fetal exchange surface
area may be an important aspect of placental growth
influencing fetal development.
The guinea pig placenta is a compact, haemo-

monochorial disc where only one layer, the
syncytiotrophoblast, seperates the maternal and fetal
circulations (reviewedby Steven, 1975). The developed
placenta is composed of two major components, the
peripheral labyrinth and the interlobium, which are
morphologically distinct (Kaufman & Davidoff, 1977).
In the peripheral labyrinth fetal andmaternal lacunae
are closely apposed and, hence, this structure func¬
tions as the main exchange area of the placenta. The
interlobar syncytial region of the placenta is charac¬
terised by an absence of fetal vessels and seems to be
primarily associated with protein metabolism and re¬
sorption from thematernal blood flow (Davidoff, 1973).
As gestation progresses the relative volume of the
interlobium declines and of the peripheral labyrinth
increases (Kaufman & Davidoff, 1977; personal obser¬
vation). If the materno-fetal exchange surface area is
an important determinant of fetal growth it would be
expected that fetal growth would be closely associated
with the growth of the peripheral labyrinth. In this
study the effects of a 40% reduction in maternal feed
intake on the growth of the placental components was
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imm

Fig. 1. Sagittal section of part of the placental disc at 35 days gestation stained to demonstrate alkaline phosphatase. The major placental
components are: IL interlobium, PL peripheral labyrinth, CL central labyrinth.

investigated. This level of undernutrition has pre¬
viously been shown to cause a 35-40% reduction in
fetal body weight by term (Ward & Stickland, 1991).
The hypothesis tested in this investigation was that
undernutrition would reduce the normal elaboration
of the peripheral labyrinth resulting in impaired fetal
growth.

Materials andmethods
In this study guinea pigs of the Dunkin-Hartley strain
were used. Guinea pigs were postpartum mated in a
harem, taking the day of littering as day 0 of the
subsequent pregnancy, and weight-matched pairs as¬
signed to a control (ad libitum) or restricted (60% ofad
libitum) feeding regime. All animals were fed Short
and Gammage SGI pellets and allowed free access to
drinking water supplemented with vitamin E (a-toco-
pherol acetate, Roche Products Ltd). Animals were not
given access to hay to ensure accurate regulation of
dietary intakes.
A control and restricted pair of animals was sacri¬

ficed at 5 day intervals from day 25 ofgestation to day
65 (term=68 days). Fetuses and placentae were then
excised, trimmed of non-placental membranes, and
blotted dry. Fetal and placental weights were re¬
corded. A sagittal section of approximately 5 mm
thickness was cut along the major radial axis of the
placenta and mounted in O.C.T. compound (BDH) on
a cork chuck. The placentae were than rapidly frozen
in Arcton 12 (ICI) cooled in liquid nitrogen. Cryostat

sections of 10 pm thickness were cut at -25°C and air
dried onto clean, glass slides for 1 hour. Different
components of the guinea pig placenta have different
enzyme functions (Kaufmann & Davidoff, 1977). Un¬
fixed cryostat sections were therefore stained to
demonstrate alkaline phosphatase (after Bancroft and
Stevens, 1982), and counterstained with neutral red,
to differentiate between placental components (Fig. 1).
The placenta could be divided into three distinct re¬
gions by this method: the central labyrinth which
stained strongly for alkaline phosphatase and was
characterised by large vessels; the peripheral laby¬
rinth which exhibited lighter staining andmany small
vessels of both fetal and maternal origin; and the
interlobium which did not stain for alkaline phospha¬
tase and contained only maternal lacunae. The
transitional region between the interlobe and laby¬
rinth was also characteristically stained strongly for
alkaline phosphatase associated with intense carbohy¬
drate metabolism in this region (Kaufman & Davidoff,
1977).
The relative volumes of each placental component

were determined by direct measurements of areas
using a Seescan Image Analysis machine (Seescan pic,
Cambridge, UK). The border between the interlobe and
labyrinth was defined by a marked change in staining
pattern for alkaline phosphatase. The border between
the periphery and centre of the labyrinth was taken to
be where the mean luminal width of lacunae exceeded
40 pm, as defined by Kaufmann and Davidoff( 1977).
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The weight of each placental component was also
termined for each placenta using the DeLesse prin-
)le, that is :

Wc/Wt = Vc/Vt
lere Wc is the component weight, Wt is the total
icental weight and Vc / Vt is the component volume
iction. This was used to examine the relative growth
each placental component with increasing gesta-
nal age.

;sults

icental and fetal weights
Le variations in placental weight with gestational
e are shown in Fig. 2a. Control placentae showed an
parent increase inweight throughoutgestation. The
stricted placentae appeared to have reached their
iximum growth by day 45 and did not increase in
ight thereafter. This resulted in an average deficit
placental weight of 32.5% (PcO.Ol, paired t-test) in

6 -i
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the restricted animals within the last trimester (days
50-65).
The change in fetal weight with gestational age is

shown in figure 2b. Restricted animals were 38.5%
(P<0.01, paired t-test) lighter than control fetuses in
the last trimester.

Placental efficiency
The feto-placental weight ratio was calculated for each
animal as an indirect measurement of placental effi¬
ciency (Mellor, 1983). As gestation proceeded 1 g of
placenta was able to support a greater mass of fetal
tissue in both nutritional groups, reaching amaximum
of nearly 20 g of fetus by 65 days gestation. The
regression oflog feto-placental ratio on gestational age
was calculated for both groups (Fig. 3). Regression
coefficients of 0.06 ± 0.002 and 0.07 ± 0.0024 were ob¬
tained for control and restricted groups respectively,
and were significantly different (P< 0.01). Restricted
placentae, therefore, appeared to have a significantly
reduced efficiency in early gestation (day 25), but a
similar efficiency to control placentae by the last tri¬
mester (Fig. 3).

Growth ofplacental components
The changes in relative volume of each placental com¬
ponentwith gestational age are given in Fig. 4a and b.
The relative volume of the interlobium declined with

increasing gestational age in both nutritional groups,
regression coefficients were negative and significantly
different from zero (C: b=-0.0055 ± 0.0008; R: b=-0.0072
± 0.0007, P<0.001). The relative volume of the periph¬
eral labyrinth, however, increased with gestational
age (C: b=0.0057 ± 0.0008; R: b=0.0069 ± 0.0007,
P<0.001). There was no change in the relative volume
of the central labyrinth with gestational age (Fig. 4b).
When nutritional groups were compared, the dif¬
ference in regression slopes tended towards
significance for the change in interlobium weight on

100 -i

20 30 40 50 60 70

Gestational Age in days

;. 2. Change in (a) placental weight and (b) fetal weight with
tational age ofcontrol ( • (and restricted ( o ) guinea pig fetuses,
ues are litter means ( ± SE).

PLACENTAL EFFICIENCY

4
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Fig. 3. Regression of log e feto-placental weight ratio against ges¬
tational age for control ( B ) and restricted ( □ ) fetuses.
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Fig. 4. Change in relative volume of(a) interlobium and (b) periph¬
eral ( A ) and central ( ▲ ) labyrinths with gestational age for control
(solid symbols and lines) and restricted (open symbols, broken lines)
animals.

CENTRAL AND PERIPHERAL LABYRINTHS

Gestational age (days)

Fig. 5. Change in placental component weights with age, of th
(a) interlobium, and (b) labyrinths, for control (solid symbols an
lines) and restricted (open symbols, broken lines) fetuses.

RELATIVE VOLUME OF LABYRINTH

gestational age (P=0.1), such that restricted placentae
tended to contain relatively more interlobium and
relatively less peripheral labyrinth tissue in early
gestation.
The absolute weights of components were also cal¬

culated and are shown in Figure 5a and b. The weight
of the interlobium increased similarly in both groups
up to day 45 (Fig. 5a). Thereafter it appeared to decline
in the restricted group and was maintained in the
control group. Restricted animals had a 25.9% reduc¬
tion in interlobium weight in the last trimester
(P<0.05).
The change in the weight of the peripheral labyrinth

tissue (Fig. 5b) followed a similar pattern to changes
in total placental weight (Fig. 2a). That is, there was
no increase in peripheral labyrinth weight in the
restricted group after day 45 ofgestation, whereas the

weight of the peripheral labyrinth in the control grou
continued to increase in weight with gestational age
This resulted in a significant deficit of 33.4% (P<0.0£
in restricted animals within the last trimester (day
50-65).

Relationships with fetal weight
The correlation of fetal weight with the growth of th
placenta and of the peripheral labyrinths was investi
gated. Similar relationships were noted in both contrc
and restricted groups, therefore nutritional group
were combined (Table 1). Fetal weight was consisl
ently and significantly correlated with both placentc
and peripheral labyrinth weight only after day 50 c
gestation. Fetal weight was not correlated wit
relative peripheral labyrinth volume at a given gesta
tional age, except at 30 days gestation.
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)le 1. The correlation of fetal weight with placenta weight,
;ht of the peripheral labyrinth (PL), and relative PL volume
7 gestational age.
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le 2. The correlation of placental efficiency with placenta
jht, PL weight, and relative PL volume for the second (day
15) and third trimesters (day 50-65).
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itionships with placental efficiency
relationships between placental efficiency and
:ental weight, peripheral labyrinth weight and
five volume were investigated (Fig. 6a, b & c).
sn placental efficiency was low, ie. during early to
gestation (Fig. 3), it was highly correlated with
l placental and peripheral labyrinth weights. At a
:ental weight of greater than 2 g, or a peripheral
ninthweight of 1.5 g, therewas no correlation with
tental efficiency (Fig. 6a & b). The plot of relative
ime of peripheral labyrinth against placental effi-
icy demonstrated that large changes in peripheral
ninth volume were associated with only small
ages in placental efficiency (Fig. 6c)when placental
:iency was low (mid-gestation). Additionally, a pe-
teral labyrinth volume of 70% was associated with
:ental efficiencies of 5 to 20 g foetus per g placenta
'• 6c).
ince many changes in placental function appear to
ir in the last trimester the correlation of the par¬
serswith placental efficiency were investigated for
mid trimester (days 25-45) and the last trimester
rs 50—65). These results are shown in Table 2. For
l nutritional groups increased placental efficiency
correlated with placental and peripheral laby-
h growth in the second but not the third trimester.

O O

° I

,o e
o

o 9,o
- ' 3

o <* g&cStfi I'V*
0.4 o.s 0.4 0.7

PL % volume

Fig. 6. Relationship between placental efficiency (feto-placental
weight ratio) and (a) placenta weight, (b) peripheral labyrinth
weight, and (c) relative peripheral labyrinth volume, for control ( • )
and restricted ( o ) fetuses.

Discussion
The main aim of this study was to investigate whether
the reduction in fetal weight caused by maternal
undernutrition could be attributed to restricted

growth of the placental exchange surface areas. In
addition, the relationship between the size of the ex¬
change surface areas and placental efficiency, defined
as weight of fetus supported per gramme of placenta
(Mellor, 1983), was examined.
The major period of placental growth in the guinea

pig is between days 25 and 45 of gestation (Fig. 2a;
Garris, 1983; Bjellin, Sjoquist & Carter, 1975). Growth
rate of the placenta slows or stops over the last trimes¬
ter. Maternal undernutrition, strenuous exercise or
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rine artery ligation all cause a reduction in placen-
weight in the guinea pig (Nelson et al, 1983; Jones
arer, 1983; Jansson et al, 1986; Carter & Detmer,
0;Madgwick, 1991). Reduced placental weights are
)ciated with reduced placental hyperplasia and
ertrophy (Rosso, 1980; Hastings-Roberts &Zeman,
7).
he guinea pig placenta becomes increasingly effi-
it as gestation progresses (Fig. 3) even after the
:enta has ceased to increase in weight. The effi-
Lcy ofplacentae of restricted animals was impaired
he second trimester, but was similar to control
:entae by the third trimester. Total placental blood
' in the guinea pig and rabbit increases with ad-
cing gestation (Bruce & Abdul-Karim, 1973;
lin et al., 1975; Peeters, Sparks, Grutters, Girard
attaglia, 1982). In addition, in human placentae,
i placental blood flow and ventricular output in-
ise with gestational age (Sutton, Plappert &
bilet, 1991), such that placental blood flow is one
d ofmaternal cardiac output by the last trimester,
increase in placental blood flow per g of placental
ae, however, does not occur cmtil the last trimester
le guinea pig (Peeters et al., 1982). Therefore this
ige could only account for the increased efficiency
lacental transport seen in both nutritional groups
ing the last trimester.
tie placenta shows morphological adaptations with
ational age which increase its efficiency. During
last trimester in the guinea pig the size of the fetal
;els increase, as does the surface area ofmaternal
;els by proliferation of microvilli (Firth & Farr,
7). There is also an expansion in the materno-fetal
lange surface area with gestational age in the
tea pig as shown by the increase in relative volume
Le peripheral labyrinth with gestational age (Kauf-
m & Davidoff, 1977; Fig. 4b). The relative
jortion ofinterlobial volume declines from 100% at
12 (Kaufmann & Davidoff, 1977) to about 20% by
65 (Fig. 4a). There is a corresponding increase in
relative volume of the peripheral labyrinth from
it day 12 (Kaufmann & Davidoff, 1977) to 75% by
65 (Fig. 4b). The large vessels of the central laby-
h occupy about 2% of the total placental volume
ughout gestation. The peripheral labyrinth of the
ricted placentae tended to account for a greater
>ortion of the placental volume, and the peripheral
rinth proportionally less volume, than in control
entae in early gestation (Fig. 4). This may be due
itarded development of the restricted placentae,
i that they were less mature at an equivalent age.
:ental efficiency was correlated with placental
^ht, peripheral labyrinth weight and relative pe-
eral labyrinth volume before day 50 only (Table 2).
refore, during the second trimester, expansion and
vth of the exchange surfaces were responsible for
eased placental efficiency, even though they wore
related to fetal weight gain during this time
>le 1).

Uterine blood flow, in the guinea pig, increases
between gestational days 5 and 20, peaking at day 15
(Garris, 1984a). This is thought to be associated with
the early establishment and development of the feto¬
placental unit (Garris, 1984a) and with the observed
increase in uterineweight up to day 15 (Garris, 1984b).
Dietary restriction, however, causes a reduction in
blood flow to the placenta and uterus (Rosso & Kava,
1980; Ahokas, Anderson & Lipshitz, 1983) and a re¬
duction in the normal expansion of maternal cardiac
output with pregnancy (Ahokas et al., 1983). This
suggests that the impaired early placental develop¬
ment and efficiency of restricted placentae may have
been caused by a reduced uterine blood flow which
affected the exchange surface areas.
The weights of all placental components increased

with gestational age as the weight ofthe total placenta
increased (Fig. 5). The growth of the peripheral laby¬
rinth followed a similar pattern to the growth of the
placenta, reaching a plateau at day 45-50 (Fig. 5b).
Smith et al. (1983) demonstrated in exercised guinea
pigs that fetal weight is correlated with placental
diffusing capacity and hence with both maternal and
fetal exchange areas. In the guinea pig the main ex¬

change area ofthe placenta is the peripheral labyrinth
(Davidoff, 1973), therefore the correlation of fetal
weight with placental weight and the relative volume
and weight of the peripheral labyrinth was investi¬
gated (Table 1). Fetal weight was consistently
correlated with placental and peripheral labyrinth
weights only after day 50. This time point corresponds
to an increase in fetal growth rate (Fig. 2b), a decrease
in placental growth rate (Fig. 2a; Bjellin et al., 1975;
Garris, 1984b) and a second peak in uterine blood flow
(Garris, 1984a). Other studies in the guinea pig and
rabbit have shown that there is no correlation between
fetal weight and placental blood flow until the last
trimester (Bruce & Abdul-Karim, 1973; Peeters et al.,
1982; Jansson et al., 1986; Jansson & Persson, 1990).
In addition a linear correlation of placental blood flow
and oxygen usage with gestational age is seen only
after day 50 (Block, Johnson, Sparks & Battaglia,
1988). Since placental blood flow is correlated with
placental weight (Wootton et al., 1977; Saintonge &
Rosso, 1981; Garris, 1983; Carter & Detmer, 1990), it
seems that a small placenta becomes growth-limiting
for the fetus in the last trimester due to a reduced

capacity for placental blood flow. Fetal growth rate is
known to be limited by placental blood flow rate in late
gestation (Jansson et al., 1986). In the second trimes¬
ter (days 25-45) placental weight does not appear to
be a major factor limiting fetal growth. The relative
weight of the exchange area also appears to be an
important determinant of fetal growth only in the last
trimester.
The results of Smith et al. (1983) were from adequ¬

ately nourished animals, therefore the concentration of
substrates in thematernal plasmawould not have been
a factor limiting fetal growth in their study. In the
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isentstudy, however, the supplyofnutrientsover the
icenta would be an important determinant of fetal

iwth. The supply ofamino acids to the fetus ismainly
ected by placental blood flow (Lasuncion, Lorenzo,
lacin & Herrera, 1987; Jansson & Persson, 1990).
e transfer ofglucose is related predominantly to the
icentration in thematernal plasma (Lasuncioneial.,
87), up to amaximum defined by thematernal blood
w (Rrauer, Joyce & Young, 1973). In fetuses of 50
ys or older fetal growth is rapid (Fig. 2b) with a high
juirement for amino acids (reviewed byJones, 1976),
irefore theplacental perfusion rate and areaofthe ex-
ange surface are likely to be the most important
terminants offetalgrowth, as was the case.
In conclusion, the early growth of the peripheral
jyrinth appeared to be compromised by maternal
dernutrition (Fig. 4b) causing a reduced placental
iciency (Fig. 3). This may have been caused by a
luced uterine blood flow resulting in delayedmatur-
on ofthe placentae from restricted dams. During the
:ond trimester (days 25—45) placental efficiency was
•related with the relative volume and weight of the
icental exchange surface areas (Table 2). By the last
mester, growth of the placenta and exchange areas
s virtually complete (Figs. 2a & 4b), yet the effi-
ncy of the placenta continued to increase (Fig. 3).
is may have occurred by increased placental blood
w per gramme of tissue, which is known to occur in
3 last trimester (Peeters et al., 1982), and by a
luction in the effective distance between maternal
d fetal blood vessels (Firth & Farr, 1977). Although
icental efficiency of the restricted placentae im-
ived over the last trimester, fetal growth was

paired by the smaller weight ofperipheral labyrinth
sue and hence the reduced exchange surface area.
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Abstract
rhe insulin-like growth factors (IGF-I and -II) are
)otential mediators of the effects of maternal under-
lutrition on fetal growth and muscle development,
rhe effects of a 40% reduction inmaternal feed intake
in serum levels of the IGFs, the thyroid hormones and
:ortisol, were investigated for the last two trimesters
day 25 to birth). This level ofundernutrition is known
o cause a 35% reduction in fetal and placental
veights, and a 20-25% reduction in muscle fibre num-
ier. Maternal IGF-I level was greater than
ion-pregnant levels on day 25 gestation, in both con-
rol and restricted dams, and declined with gestational
ige. The increase in IGF-I level in the 40% restricted
p-oup was approximately two-thirds that of control
tnimals. Fetal serum IGF-I was also reduced in under-
lourished fetuses throughout gestation. Maternal
GF-II did not change with gestational age and was
maffected by undernutrition. Fetal IGF-II reached a
ieak at day 55 of gestation, this peak was greatly
liminished by maternal feed restriction. Both IGF-I
md IGF-II tended to be related to fetal, placental and
nuscle weights at day 65 of gestation.
Thyroid hormone concentration declined in
naternal serum and increased in fetal serum with

ncreasing gestational age. Levels were not
ignificantly affected by undernutrition. Both triiodo-
hyronine (T3) and thyroxine (T4) were correlated
vith IGF-I in maternal serum (P<0.05), but not in
gtal serum. Cortisol levels were elevated by under-
mtrition in both maternal and fetal serum, and
ncreased with gestational age. Cortisol was inversely
orrelated with serum IGF-I in both maternal and
gtal serum.
Maternal serum IGF-I may mediate the effects of
.ndernutrition on fetal growth by affecting the growth
nd establishment of the feto-placental unit in mid-
estation. Fetal IGF-I may mediate the effects on
ruscle growth, whereas IGF-II seems to be related to
epatic glycogen deposition. Cortisol may play a role

orrespondence to: C. Dwyer, Dept. of Veterinary Basic Sciences,
he Royal Veterinary College, Royal College Street, London NW1
ru
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via its effect on the IGFs, but the thyroid hormones are
unlikely to be important until the late gestation/early
postnatal period.

Introduction
Restriction of maternal dietary intake to 60% of ad
libitum intake throughout pregnancy results in a 35%
reduction in fetal and placental weights and a 20-25%
reduction in fibre number of fast muscles (Ward &
Stickland, 1991; Dwyer & Stickland, 1992). Liver
weight is also reduced by approximately one third, and
body and bone lengths by 12-17% (Dwyer & Stickland,
1992). Uterine artery ligation in the rat and guinea
pig, or maternal undernutrition of the rat and pig,
results in preferential growth of the brain and heart
at the expense of liver and muscle (Widdowson, 1971;
Lafeber, Rolph & Jones, 1984; Ogata, Bussey,
Labarbera & Finley, 1985; Fernandez, Menendez,
Fernandez & Patterson, 1985). The insulin-sensitive
tissues are, therefore, more affected by undernutrition
than other organs.
The insulin-like growth factors (IGFs) may be medi¬

ators of the effects of undernutrition on muscle fibre
number development. Fetal plasma levels of IGF-I are
correlated with fetal body weight in late gestation
(human: Gluckman & Brinsmead, 1976; Gluckman,
Johnson-Barrett, Butler, Edgar & Gunn, 1983; Ash-
ton, Zapf, Einschenk & MacKenzie, 1985; pig:
Hausman, Campion & Buonomo, 1991; guinea pig :
Jones, Lafeber, Rolph & Parer, 1990). IGF-II, however,
has been reported to be both correlated (Bennett, Wil¬
son, Liu, Nagashima, Rosenfeld & Hintz, 1983;
Hausman et al., 1991), and not correlated (Gluckman
etal., 1983;Ashtonef al., 1985; Lafeber, Jones & Price,
1987; Jones et al., 1990), with birth weight. However,
IGF-II does seem to be an important fetal growth
regulator since an IGF-II-deficient mouse mutant
yielded heterozygous progeny which were 40% smaller
than the wild type (Dechiara, Efstratiadis & Robert¬
son, 1990). This provides the first direct evidence of a
physiological role for IGF-II in embryonic growth.
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ra-uterine growth retardation (IUGR) by carun-
my or artery ligation causes reduced
;omedin activity measured by bioassay (Fal-
, Forbes, Hart, Robinson & Thorburn, 1979;
et al., 1990). This is associated with reduced

1 IGF-I and elevated IGF-II (Lafeber, Price &
, 1987; Jones, Gu, Harding, Price & Parer, 1988;
et al., 1990). Maternal fasting in the guinea pig,
itein restriction in the rat, cause a depression of
IGF-I and IGF-II (Pilistine, Moses & Munro,
Jones et al., 1990). However, fasting in the
ant rat causes a decrease in fetal serum IGF-I
oes not affect IGF-II (Davenport, D'Ercole &
rwood, 1990a). Fetal levels ofthe IGFs are, there-
iffected by maternal dietary manipulation.
'-II mRNA in fetal and neonatal rat muscle and
s known to be depressed by glucocorticoids (Beck,
ni, Senior, Byrne, Morgan, Gebhard & Bram-
1988; Levinovitz & Norstedt, 1989) and the
d hormones have also been suggested as poten¬
tiators of IGF levels (Gaspard, Wondergem,
.mdzic & Klitgaard, 1978; Fagin, Fernandez-
& Melmed, 1989; Ikeda, Fujiyama, Takeuchi,
i, Mokuda, Tominga & Mashiba, 1989). Growth
)ne is related to levels of IGF-I and growth in
ital animals (eg. Eigenmann, Zanesco, Arnold &
:h, 1984; and others). However, it does not seem
in important factor in the maternal response to
ancy (Merrimee, Zapf& Froesch, 1982) or in fetal
h in the guinea pig (Jones, Rolph, Lafeber, Gu,
ng & Parer, 1985). A short fast has been shown
ct plasma IGF levels in themid-gestation guinea
mes et al., 1990), however, a study of the effects
inicmaternal undernutrition on fetal IGF levels

.ing. The current study was designed to examine
fects of a 40% reduction in maternal dietary
throughout gestation, on the plasma levels of

(Fs in both fetal and maternal serum. Cortisol
and the levels of triiodothyronine (T3) and thy-

■ (T4) were also measured in this study, due to
potential role in influencing the IGFs. Growth
me, however, was not considered to be a Con¬
or to muscle development and was notmeasured
; study.

-ials and methods

reject involved 20 Dunkin-Hartley guinea pigs
ing between 700 and 900 g at the start of the
Guinea pigs were post-partum mated and ran-
assigned to a nutritional regime two days after
ition. Weight matched pairs of animals were fed
Short & Gammage) pellets at control {ad libitum,
els or pair-fed at 60% of ad lib. intake (R).
ds were housed individually without hay and
unlimited access to clean, fresh drinking water
ning vitamin E (Roche products Ltd). A control
stricted pair of animals was sacrificed at 5 day
als from 25 days gestation until term. The time
of 25 days was chosen as this is immediately

before the appearance of primary myotubes (Ward &
Stickland, 1991). Somite formation (41 pairs) is al¬
ready completed approximately 5 days before the start
of animal selection (Evans & Sack, 1973). Animals
were killed by an overdose injection of sodium pento¬
barbitone (Euthesate), which also killed the fetuses. In
a few cases older fetuses (days 60 and 65) were also
given supplementary Euthesate. The fetuses were ex¬

posed by a midline abdominal incision. Blood samples
were immediately collected from the mother and,
where fetal size permitted, from the fetuses by cardiac
puncture using heparanised syringes. Samples were
left on ice for 1 hour, then spun in a centrifuge at
2000 g at 4°C for 15 min. Plasma samples were stored
at -70°C until assayed. Fetal weights, and the weights
of the biceps brachii and soleus muscles were recorded.
Prior to the IGF radioimmunoassays plasma

samples were extracted with formic acid/acetone
(Bowsher, Lee, Apathy, O'Brien, Ferguson & Henry,
1991) to remove binding proteins. Samples were
measured against a serum standard obtained by ser¬

ially diluting serum from healthy, young, male, guinea
pigs. The assay procedures were modified after Buon-
omo, Grohs, Baile and Campion (1988) and Morrell,
Dadi, More, Taylor, Dabestani, Buchanan, Holder and
Preese (1989). The IGF-I antibody was a gift from the
Institute ofChild Health, and was a rabbit-antihuman
polyclonal with a cross-reactivity with IGF-II of ap¬
proximately 4% (Morrell et al., 1989). The IGF-II
antibody was a mouse anti-rat monoclonal (Sera-Lab)
with a published cross-reactivity of 10% with IGF-I.
However other researchers report a cross-reactivity
for this antibody of less than 3% (Daughaday, Kapadia
&Mariz, 1987). Cross-reactivity for each antibodywas
therefore assumed to be less than 5%. Briefly, 100 pi
extracted sample, 200 pi assay buffer [0.03 M sodium
phosphate, 0.01 M EDTA, containing 0.05% (v/v)
Tween 20 and 0.02% (w/v) sodium azide, adjusted to
pH 7.5] and 100 pi antibody were incubated at room
temperature for 1 h. 100 pi 125I-IGF-I or IGF-II
(Amersham) were added and samples were incubated
at 4°C for 16-18 h. The bound fractionwas precipitated
with SAC-CEL second antibodies (IDS Ltd) and pellets
were counted in a gamma counter.
Cortisol, triiodothyronine (T3) and thyroxine (T4)

were measured with specific radioimmunassays using
kits and reagents supplied by IDS Ltd.

Results

Maternal weight gain
The net and overall changes in maternal weight are
shown in Fig. 1, expressed as a percentage of weight
at conception. Control animals showed a net weight
gain of approximately 30% in the second trimester
(days 25-45). In the restricted animals there was no
increase in net weight. Net body weight gain declined
in the last trimester in both nutritional groups. Con¬
trol dams remained in a positive energy balance
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CONTROL DAMS

Gestational Stage (days)

40% RESTRICTED DAMS

Gestational Stage (days)

1. Change in maternal weight as a percentage of conception
it for (a) control, and (b) 40% restricted guinea pig dams. For
solid lines indicate overall weight change (ie. maternal plus
iptus weights), and broken lines net weight change (ie. exclud-
mceptus weight).

ughout gestation and had a net average gain of
g per day. Restricted dams had a net loss of 0.80 g
day.

I growth
regression of the square root of fetal body weight
gestational age is shown in Fig. 2. Restricted
ses grew significantly slower than control ani-
3 (regression slopes were significantly different,
.001) resulting in a 38.5% deficit in the last
ester (P<0.01, paired t-test). Regression coeffi-
ts for the log (biceps brachii weight) and log
lus weight) on log (gestational age) were signifl-
ly different between nutritional groups for the
ds (C: b=3.809 ± 0.191, R: b=2.867 ± 0.393,
01) but not for the soleus. The weights of both
cles were significantly reduced in the restricted
ses in the last trimester by approximately 45%
1.05).

FETAL BODY WEIGHT

0 -I . —T . 1 ' 1 ' 1 ' 1
20 30 40 50 60 70

Gestational Age (days)

Fig. 2. Regression of fetal body weight on gestational age for control
( ■ ) and restricted ( □ ) fetuses.

Serum IGF concentrations
Serum levels of IGF-I and -II are shown in Figs. 3 and
4. At day 25 of gestation control maternal IGF-I levels
were approximately 3-fold, and restricted levels 2-fold,
higher than IGF-I levels in non-pregnant serum (Fig.
3a). In both nutritional groups IGF-I levels declined
between gestational days 25 and 65 (regression coeffi¬
cients were significantly less than zero; C: P<0.001, R:
P<0.05). By day 50 of gestation IGF-I concentrations
were similar in both nutritional groups and in non¬
pregnant animals. When nutritional groups were
compared, the difference between regression coeffi¬
cients approached significance (C: b= -3.274 ± 0.457,
R: b=-1.767 ± 0.738, P=0.1). The correlation ofmater¬
nal serum IGF-I with litter weight is shown in Table
1. Maternal serum IGF-I was inversely related to
mean fetal weight. In addition IGF-I was negatively
correlated with litter weight and mean placental
weight for all animals and in the control group. Mater¬
nal serum IGF-I was also correlated with maternal net

weight gain or loss (r=0.4569, P<0.06).
Fetal serum was pooled for analysis at all ages

except day 65 when sufficient plasma was obtained to
permit analysis of individuals. Fetal levels of IGF-I
were considerably lower thanmaternal levels (Fig. 3b).
There was no obvious temporal variation with advanc¬
ing gestation. Restricted levels tended to be lower than
in controls, mean values to day 65 were 9.423 + 1.314
and 12.761 + 1.260 respectively (P=0.085, paired t-
test). At day 65 IGF-I tended to be correlated with

Table 1. Correlation of maternal serum IGF-1 with fetal weight
and placental weights for all animals and in nutritional groups.
Parameter All Control Restricted

Litter weight r=-0.687 r=-0.9318 r=-0.5049
P<0.005 P<0.005 NS

Mean fetus weight r=-0.6933 r=-0.9406 r=-0.7610
P<0.001 P<0.001 P<0.005

Placental weight r=-0.5362 r=-0.9652 r=-0.4323
P<0.01 P<0.001 NS
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MATERNAL IGF-I

30 40 50 60 TERM

Gestational age (days)

a) MATERNAL IGF-II

3
E

* NP

3
40 50 60 TERM

Gestational age (days)

FETAL IGF-I b) FETAL IGF-II

3
E

Gestational age (days)

t. Change in IGF-I concentration of (a) maternal, and (b) fetal
with gestational age, for control ( • ) and restricted ( o )
les. NP=non-pregnant female concentration.

mtal weight (r=0.6709, 0.05<P<0.1), fetal weight
.5477, P=0.16) and the weights of the biceps bra-
>=0.5926, P=0.12) and soleus (r=0.5929, P=0.12).
tere were no significant effects of nutrition or

nancy on maternal serum IGF-II concentrations;
s were similar to one another, and to non-preg-

. levels, throughout gestation (Fig. 4a). There was
irrelation betweenmaternal IGF-II and total litter
ht, fetal weight or placental weight. In addition,
3 was no correlation between maternal serum
II and changes in maternal weight with gestation,
tal serum levels of IGF-II were only slightly
er than maternal levels until day 55 gestation
i there was a characteristic 8-fold increase in the
rol animals (Fig. 4b). This peak was also seen in
restricted animals but was markedly reduced,
I only a 2-fold rise. The correlation of IGF-II with
I levels and fetal parameters at 65 days ofage was
stigated. IGF-I levels were significantlycorrelated
IGF-II levels (r=0.7402, P<0.05). IGF-II levels
tended to be correlated with placenta weight
6681, 0.05<P<0.1), fetal weight (r=0.5922,

Gestational age (days)

Fig. 4. Change in IGF-II concentration of (a) maternal, and (b) fetal
sera with gestational age. Key as Fig. 3.

P=0.12), and the weight of the biceps (r=0.5976,
P=0.12) but not the weight of the soleus.
There was no relationship between maternal and

fetal levels of IGF-I or IGF-II.

Thyroid hormones
Serum levels ofthe thyroid hormones are shown in Fig.
5 and 6. Maternal T3 levels were considerably reduced
in both control and restricted dams when compared to
non-pregnant levels (Fig. 5a). The regression ofT3 on
gestational age was significantly less than zero for the
restricted group (b=-0.00487, P<0.01) but not for con¬
trols. There were, however, no significant differences
between nutritional groups when regression slopes
were compared. Maternal levels of T4 were similar to
non-pregnant levels at day 25 ofgestation (Fig. 6a) and
declined with increasing gestational age (C: b=-0.82 ±
0.33, 0.05<P<0.1; R: b=-0.68 ± 0.18, P<0.01). Both T3
and T4 were inversely correlatedwith increasing litter
weight throughout gestation (r=-0.6913 and r=-0.7466
respectively, P<0.001).
Fetal levels of T3 and T4 were very low in mid-

gestation (Fig. 5b and 6b) but increased rapidly from
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MATERNAL THYROXINE

40 50 60

Gestational age (days)

FETAL TRIIODOTHYRONINE

50 60 TERM

Gestational age (days)

5. Changes in T3 concentration of (a) maternal, and (b) fetal
vith gestational age. Key as Fig. 3.

50 onwards. Serum T3 and T4 increased signifl-
ly with gestational age in fetal serum (C: b=0.0076
)014, P<0.001 and b=0.58 ± 0.22, P<0.05; R: b=
31 ± 0.0036, P<0.05 and b=0.85 ± 0.40, 0.05<P<0.1
sctively). At term there was 3-fold increase in T3
T4 in control serum which was not seen in the
m from restricted neonates. The peak levels seen
rm exceeded concentrations seen in adult serum,
rum T3 and T4 were significantly correlated with
I in maternal serum (r=0.5488, P<0.05 and r=

36, P<0.005, respectively). However, there was no
dation between thyroid hormone levels and IGF-II
entrations in maternal serum, or between thyroid
lones and either IGF-I or IGF-II in fetal serum,
vas related to fetal body weight at day 65
6758, P=0.096), but there was no relationship
een T4 and fetal weight.

Isol
effects of maternal undernutrition on serum cor-

is shown in Fig. 7. Serum Cortisol levels in
icted pregnant animals were higher than non-
nant levels at day 25 gestation and were
itained at this level throughout gestation. Control
s were similar to non-pregnant levels until day 50

£ 60

b)

40 50 60

Gestational age (days)

FETAL THYROXINE

20 30 40 50 60 TERM

Gestational ace (days)

Fig. 6. Changes in T4 concentration of (a) maternal, and (b) fetal
sera with gestational age. Key as Fig. 3.

of gestation when they began to rise, equalling levels
seen in restricted dams by day 60. Calculation of
regression coefficients revealed a significant dif¬
ference between control and restricted dams (P<0.05).
Fetal Cortisol levels were very low when first measur¬
able, on day 40 of gestation, and rose to reach levels
seen in non-pregnant adults by birth. Serum Cortisol
concentrations of both restricted dams and fetuses
tended to be higher than controls.
The correlation of Cortisol levels with serum IGF

levels was investigated. In maternal serum Cortisol
was negatively correlated with IGF-I levels in controls
(r=-0.8114, P<0.05) and when all animals were con¬
sidered (r=-0.6967, PcO.001). Cortisol was not
correlated with levels of IGF-II. A similar pattern was
seen in fetal serum where there was a negative corre¬
lation with IGF-I (r=-0.5478, P<0.05), but no
correlation with IGF-II levels.

Discussion

Maternal and fetal weights
In ad lib fed animals net maternal body weight in¬
creases until approximately day 45, or the end of the
second trimester. Maternal voluntary feed intake also
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MATERNAL CORTISOL restricted animals (Berg, 1965), suggesting maternal
fat mobilization occurs with nutritional restriction.
A 40% reduction in maternal intake in this study

resulted in a similar degree ofreduction in fetal growth
as seen in other studies (Ward & Stickland, 1991;
Dwyer & Stickland, 1992). Calculation of regression
lines (Fig. 2) indicated that this occurred by a lower
growth rate in the restricted fetuses throughout
gestation. Muscle weights seemed to be disproportion¬
ately affected by undernutrition being reduced by
approximately 45% by late gestation whereas body
weight was reduced by only 38%.

40 50 60

Gestational age (days)

FETAL CORTISOL

TERM

3000 -

1000 -

40 50 60

Gestational age (days)

Changes in Cortisol concentration of (a) maternal, and (b)
era with gestational age. Key as Fig. 3.

ases immediately after conception reaching a pla-
at day 45 (personal observation). Conceptus
ht, however, has a negligible impact until about
>5 ofgestation, accounting for less than 1% of total
rnal body weight at day 25 (Fig. la). This early
ase in weight and food consumption seems to be
iated with enhanced fat deposition in the mater-
body in the first half of gestation (Flint,
ett-Smith, Clegg & Vernon, 1979). This is mo¬
id in the latter stages of gestation (Morgan &
mith, 1977; Flint et al., 1979; Close, Noblet &
^ens, 1984) to support fetal growth. In the re-
;ed dams there was no increase in net maternal
weight in the first half of pregnancy (Fig. lb)
esting that there was no extra fat deposition in
■ and mid pregnancy. This indicates that dams
ed to mobilize their own pre-pregnancy fat stores
the last halfofgestation which resulted in the loss
out 10% of their body weight. In the pregnant rat
arge retroperitoneal and perirenal fat deposits
in adequately nourished dams are absent in

Serum IGFs
In this study maternal levels of IGF-I were elevated
with respect to non-pregnant animals at day 25, the
end ofthe first trimester, and declined to non-pregnant
levels by term (Fig. 3a). Control levels were higher in
early gestation but groups were indistinguishable by
the last trimester. A similar pattern of IGF-I variation
with gestational age is seen in mouse and rat dams,
with elevated IGF-I in the first half ofgestation and a
decline in late gestation (D'Ercole & Underwood, 1980;
Sheppard & Bala, 1986; Gargosky, Walton, Owens,
Wallace & Ballard, 1990; Davenport, Clemmons,
Miles, Camacho-Hubner, D'Ercole & Underwood,
1990b; Donovan, Giudice, Murphy, Hintz & Rosenfeld,
1991). In the sheep, however, there is no change in
IGF-I level with pregnancy (van Vliet, Styne, Kaplan
& Grumbach, 1983), and in human and primate preg¬
nancy IGF-I increases with gestation (Furlanetto,
Underwood, Van Wyk & Handwerger, 1978; Bala,
Lopatka, Leung, McCoy & McArthur, 1981; Wilson,
Bennett, Adamson, Nagashima, Liu, DeNatale, Hintz
& Rosenfeld, 1982; Hall, Enberg, Hellem, Lundin,
Ottosson-Seeberger, Sara, Trygstad & Ofverholm,
1984; Styne, 1991). These differences may be related
to the size and weight of the litter carried by each
species: in humans progeny weigh 5-6% of the mater¬
nal body weight, in sheep 10-15%, in mice and rats
approximately 20-25%, and in the guinea pig as much
as 50% (figures from Leitch, Hytten & Billewicz, 1959).
This suggests that in the rodents, especially the guinea
pig, the litter is making a larger nutritional demand
on the mother, and this may explain the decline in
serum IGF-I. This is supported by the negative corre¬
lation between maternal serum IGF-I and increasing
fetal, litter and placental weights seen in this study
(Table 1).
This study has also demonstrated that control

maternal levels of IGF-I were higher than restricted
levels until the last trimester (Fig. 3a). IGF-I is known
to play a role in glucose clearance and protein
metabolism (Gluckman, Douglas, Ambler, Breier,
Hodgkinson, Koea & Shaw, 1991) and, in starvedmice,
IGF-I administration reduces weight loss (O'Sullivan,
Gluckman, Breier, Woodall, Siddiqui & McCutcheon,
1989). The reduced increase in serum IGF-I in mid-
gestation in the restricted dams, therefore, may be
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ociated with the lack of increase in net maternal

ly weight seen in these animals (Fig. lb). This is
>ported by the correlation between net maternal
ly weight and serum IGF-I. In addition to the role
um IGF-I may play inmaternal metabolism, it may
0 have an important endocrine role in affecting the
wth of the feto-placental unit. In mouse lines in-
d for high and low serum IGF-I concentrations, the
vated IGF-I in the high line dams produced heavier
il and placental weights than controls (Kroonsberg,
Cutcheon, Siddiqui, MacKenzie, Blair, Ormsby,
;ier & Gluckman, 1989). It therefore appears likely
t the reduced IGF-I in the restricted animals at

1-gestation may have a detrimental effect on
cental and fetal growth.
'etal IGF-I levels were considerably lower than both
ternal and non-pregnant adult levels and showed no
>arent temporal regulation with gestational age
g 3b). Low levels of fetal IGF-I have been seen in
ny species (Rat: Adams, Nissley, Handwerger & Be¬
rn, 1983; Guinea pig: Daughaday,Yanow & Kapida,
16; Sheep: Gluckman &Butler, 1983; Human:Gluck-
n et al., 1983; Mouse: D'Ercole & Underwood, 1980;
: Spencer, Hallett, Beerman & MacDonald, 1989;
nkey: Liu, Powell, Styne & Hintz, 1991), and there-
; seem to be a common feature offetal endocrinology,
ny studies have, however, demonstrated a positive
relation between serum IGF-I and fetal weight in
: gestation (Gluckman & Brinsmead, 1976; Jones et
1990; Hausman et al., 1991), and a tendency to-
'ds that relationshipwas seenin the day 65 fetuses in
1 study.
erum IGF-I tended to be decreased in the restricted
ises throughout gestation (Fig. 3b). IUGR by
rine artery ligation, carunclectomy in sheep,
ternal fasting or by unknown means in human
gnancy all result in reduced fetal serum IGF-I (De
is, Hill, Fekette, Robson, Fieller, van Assche &
ner, 1984; Vilesis & D'Ercole, 1986; Jones et al.,
7; 1988; 1990; Davenport et al., 1990a; Straus, Ooi,
owski & Rechler, 1991). The results presented here
gest that chronic maternal undernutrition also
ses a depression of fetal serum IGF-I.
laternal serum IGF-II concentration was similar to

-pregnant levels throughout gestation and showed
ipparent change with gestational age or nutritional
;us (Fig. 4a). Other studies in the rat, guinea pig
human have shown that maternal IGF-II is low
similar to, or slightly higher than, non-pregnant
ils (Bala et al., 1981; Daughaday, Parker, Borow-
, Trivedi & Kapadia, 1982; Daughaday et al., 1986;
•gosky et al., 1990). In the pregnant rat a three day
causes reduced maternal serum IGF-I, but not
'-II (Davenport et al., 1990a), and in the non-preg-
t animal a similar fast also leaves serum IGF-II
ffected (Davenport, Svoboda, Koerber, Van Wyk,
mmons & Underwood, 1988). Maternal protein re-
ction, however, is reported to reduce maternal
'-II in the pregnant rat (Pilistine et al., 1984). It is

possible that the degree of undernutrition used in the
present studywas not severe enough, or of long enough
duration, to cause a depression ofmaternal IGF-II.
Fetal serum IGF-II concentration was similar to

maternal levels for much of gestation, except for the
period between gestational days 50 and 65 when there
was a large increase in IGF-II in the control group and
a smaller peak in the restricted group (Fig. 4b). Peak
levels of IGF-II around day 55 in the guinea pig have
been seen by other groups (Daughaday et al., 1986;
Lafeber et al., 1987) and seem to coincide with the time
of maximum hepatic glycogen deposition (Jones,
1976). The depression of the peak seen in the restricted
fetuses may be associated with reduced glycogen de¬
position in the livers of these animals. Maternal
fasting for 5 days in the rat or 2 days in the mid-
gestational guinea pig causes a reduction in fetal
serum IGF-II (Jones et al., 1990; Straus et al., 1991),
as does maternal starvation in the late gestation ewe
(Gluckman & Butler, 1985) and prolonged protein
deficiency in the rat (Pilistine et al., 1984). IUGR by
artery ligation or carunclectomy in sheep and guinea
pig, however, have been found to cause an elevation of
fetal IGF-II (Jones et al., 1987; 1988; 1990) as does
artery compression or adrenaline infusion (Jones et al.,
1988). IGF-II levels, therefore, seem to be elevated by
conditions causing hypoxia in the fetus, and depressed
by a reduced nutrient supply.
The precise role of IGF-II is not known, however

there is some evidence that IGF-II may be closely
involved in glucose metabolism. Glucose infusion into
sheep or guinea pigs causes an increase in fetal IGF-II
(Gluckman & Butler, 1985; Jones et al., 1990), and
fetal IGF-II is correlatedwith hepatic glycogen concen¬
tration (Jones et al., 1990). In the day 65 guinea pigs
in this study serum IGF-II tended to be related to fetal,
placental and biceps weights. In addition, IGF-II defi¬
cient mouse mutants were 40% smaller than the wild

type at birth (Dechiara et al., 1990), indicating a sig¬
nificant influence of IGF-II on fetal growth. It is
possible that IGF-II plays a permissive role in fetal
growth by mediating glucose availability; this would
explain the apparently greater influence of IGF-II in
the fetus which has a greater requirement for glucose
(Jones, 1976) than the adult.

Thyroid hormones
Maternal T3 was lower than non-pregnant levels and
declined slightly with gestational age (Fig. 5a). Mater¬
nal T4 also declined with gestational age, from
non-pregnant levels at day 25 (Fig. 6a). Control levels
tended to be higher than restricted levels. In the pig
and human a similar decline in maternal serum T4 is
also seen with increasing gestational age (Atinmo,
Baldijao, Pond & Barnes, 1976; Geissler, Margen &
Calloway, 1979). These decreases probably reflect the
increasing nutritional burden placed on the mother by
the developing fetuses, since amajor role of the thyroid
hormones is to regulate metabolic rate and preserve
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»rall body tissues (reviewed by Danforth & Burger,
39). This is supported by a significant negative
relation between litter weight and serum T3 or T4.
Lai serum T3 and T4 were very low in mid gestation
L began to rise during the last trimester reaching
;h levels at term (Fig. 5b & 6b). Control levels of T4
ided to be higher than restricted, especially at term,
e passage of T4 over the placenta is known to
rease with gestational age in the sheep, guinea pig,
•bit and man (Osorio & Myant, 1960; London,
ney & Rawson, 1963; Comline, Nathanielsz & Sil-
•, 1970), however T3 is not thought to be transferred
mdon et al., 1963). Maternal transportmay account
some of the increase in T4 in late gestation fetal
um seen here and in many species (Pig: Atinmo et
1976; Human, sheep, cow, horse: Parker, Williams,
erne & Young, 1980; Rat: Wrutniak & Cabello,
33; Nathanielsz, 1975). This may also reflect the
•-dependent increase in thyroid hormone depend-
:y for growth seen inmany species (Osorio & Myant,
30). The thyroid hormones seem to be important late
'etal growth (Cooke, Yonemura & Nicoll, 1984).
Tie thyroid hormones have also been implicated in
regulation of IGFs. They are reported to affect the
[- stimulation of IGF-I (Wolf, Ingbar &Moses, 1989)
to act directly in tissue culture systems (Binoux,
vre-Bauman, Lassarre, Barret & Tixier-Vidal,
35; Ikeda et al., 1989). Several studies have shown
t T4 alone, or with GH, can stimulate IGF-I to
mal levels in hypophysectomised adult rats (Gas-
d etal., 1978; Faginet al., 1989). However, cultured
nan fetal fibroblasts did not produce IGF-I in
ponse to thyroxine treatment (Clemmons, Under-
id & Van Wyk, 1981). Results presented here also
nonstrate a difference between fetal and maternal
a, since T4 and T3 were correlated with IGF-I in the
ilt, but there was no correlation in the fetus. This
y be related to the late dependency of fetal growth
the thyroid hormones (Cooke et al., 1984).

um Cortisol levels
um Cortisol from control guinea pig dams was simi-
to non-pregnant concentrations until the last
nester when levels increased (Fig. 7a). Serum cor-
il was elevated in restricted dams on day 25 of
tation andwasmaintained at that level throughout
tation. In the human and guinea pig maternal
Lisol is known to rise towards the end of gestation
issler et al., 1979; Rosenthal, Slaunwhite & Sand-
g, 1969; Jones, 1974). Fasting or malnutrition also
ses a rise in plasma Cortisol in humans and sheep
lith, Bledsoe & Chhetri, 1975; Bassett & Madill,
4). These results are consistent with the known
cts of Cortisol in simulating gluconeogensis, mobi-
ig fat from adipose tissue and promoting
agenesis. If the serum Cortisol levels seen in this
iy reflect the degree ofmobilization of fat reserves,
appears that considerable mobilization of fat
jrves was already occurring at day 25 in restricted

dams, and these levels weremaintained through preg¬
nancy. In the control animals metabolic changes to
support fetal growth only occurred in late gestation.
Fetal Cortisol was low at day 40, particularly in the

control group, and increased to term (Fig. 7b). Levels
from restricted fetuses were always higher than con¬
trols. A prepartum rise in Cortisol is classically seen in
many species (Sheep: Bassett & Thorburn, 1969; Ro¬
binson, Hart, Kingston & Jones, 1980; Rabbit: Mulay,
Giannopoulos & Solomon, 1973; Guinea pig: Jones
1974; Rat: Ota, Ota & Yokoyama, 1974; Pig: Spencer
et al., 1989), and is implicated in the initiation of
labour and parturition (Bassett & Thorburn, 1969).
The elevated levels of Cortisol in the restricted fetuses

may, therefore, explain the early littering which some¬
times accompanies maternal food restriction (personal
observation). Glucocorticoids are also thought to be
involved in glycogen deposition in the guinea pig liver
(Jones, 1974) and induction of lung surfactant in the
rabbit (Mulay et al., 1973). In addition, a low birth
weight in the pig is associated with high serum Cortisol
(Wise, Stone & Vernon, 1991). This may be related to
the influence of the glucocorticoids on IGF levels, since
glucocorticoid treatment causes a reduction in IGF-II
mRNA in the neonatal rat liver (Beck et al., 1988;
Levinovitz & Norstedt, 1989). In this study maternal
and fetal serum IGF-I were inversely correlated with
serum Cortisol, suggesting that there may be a rela¬
tionship between levels of Cortisol and the IGFs.
In conclusion, in this study a reduction in maternal

feed intake of 40% throughout gestation had a similar
effect on fetal and muscle development to that seen
elsewhere (Ward & Stickland, 1991; Dwyer & Stick-
land, 1992). The effect of undernutrition on maternal
serum IGF-I suggests that thismay have an important
effect on placental growth, and indirectly on fetal
growth. Maternal IGF-II seems less likely to mediate
the effects of undernutrition on fetal development.
Fetal serum IGF-I, and to some extent IGF-II, may
also mediate maternal undernutrition. This may indi¬
cate a mechanism by which myoblast proliferation is
reduced in these animals since the IGFs stimulate

myoblast proliferation in vitro (Ewton & Florini,
1980). Fetal IGF-II seems to be mainly related to
hepatic glycogen deposition, but may also have a role
to play in the increase in muscle cell number. Thyroid
hormones do not appear to be important for muscle
growth of the fetal guinea pig until late gestation or

early in postnatal life. This is consistent with the
negative proliferative effects obtained by adding thy¬
roid hormones to myoblast cells in culture (Florini,
1987). Levels of the glucocorticoids, however, were
correlated with serum IGF levels and may serve to
regulate expression of IGF mRNA. However, serum
levels aremainly a reflection ofhepatic IGF production
(D'Ercole, Stiles & Underwood, 1984) and, hence, the
endocrine action of the IGFs. Since the IGFs are also
thought to have a major paracrine activity this may
not be an accurate representation of the effects of
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ltrition on IGF action at the muscle itself. Measure-
ent of the tissue levels ofthe IGFs in undernourished

rveloping muscle may help to give a fuller picture of
ie effects ofmaternal undernutrition on fetal muscle

rvelopment. In addition, nutrition and glucocorticoid
vels are known to affect maternal and fetal levels of
Le IGF binding proteins (Gallaher, Breier, Oliver,
arding & Gluckman, 1992; Price, Stiles, Moats-
;aats & D'Ercole, 1992). This will have an influence
i the circulating levels of the IGFs, and may act as a
gulatory mechanism.
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Supplementation of a restricted maternal diet with protein or
carbohydrate alone prevents a reduction in fetal muscle fibre

number in the guinea-pig
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A 60 % reduction in maternal feed intake is known to cause a reduction of approximately 20 % in biceps
brachii fibre number in the guinea-pig fetus. This investigation was designed to isolate the dietary
component responsible by reducing all dietary components to 60% of the ad lib. level and supplementing
the protein, carbohydrate or fat component to the level of the ad lib. intake. Fetal muscles were examined
at 50 d gestation to determine numbers of primary and secondary fibres, and at term to determine total
fibre number. Fetal and neonatal weights were reduced in all restricted groups {P < 0 05) when compared
with ad lib. controls. At term this reduction was significantly less {P < 0 05) in the protein-supplemented
group (20%) than in the 60 %-restricted and fat-supplemented groups (43%) and the carbohydrate-
supplemented group (34%). Biceps brachii fibre numbers were reduced in the 60 %-restricted and fat-
supplemented groups by 14-16%, but fibre numbers were similar in control, protein-supplemented and
carbohydrate-supplemented groups. Any reduction in fibre number was in the secondary fibre component
of total fibre number. Therefore, biceps brachii fibre numbers were reduced only when maternal diets
were deficient in both protein and carbohydrate.

Protein: Carbohydrate: Malnutrition: Fetal myofibre development: Guinea-pig

A 60% reduction in maternal feed intake is known to cause a reduction of approximately
20% in muscle fibre number in fast muscles (Ward & Stickland, 1991; Dwyer & Stickland,
1992). This reduction is in the secondary fibre component of total fibre number (Ward &
Stickland, 1991). Secondary myotubes form as the second generation ofmuscle fibres, using
the primary fibres as a framework on which to develop, and are considered more labile to
nutritional influence than primaries (Handel & Stickland, 1987). The purpose of the present
study was to determine which component of the maternal diet is most important in affecting
the development of muscle fibre numbers.

Severe restriction of the protein component of the maternal diet (to 5 g/kg) in pigs results
in a reduction of fetal weights, piglet birth weights, weaning weights and postnatal weight
gains (Pond et al. 1968, 1987, 1991; Atinmo et al. 1974) and this stunting seems to be
permanent (Pond & Wu, 1981; Pond et al. 1990). In the rat severe protein restriction caused
smaller carcase and organ weights in late gestation fetuses (Zeman & Stanbrough, 1969).
Mild protein restriction, however, has no effect (Pond, 1973). Energy restriction alone, with
normal levels of protein, causes a greater reduction in fetal rat body weight than protein
restriction alone (Anugwa & Pond, 1989), although this is not consistently the case in the
pig (Pond et al. 1987). When non-protein energy restriction causes a reduction in piglet
birth weight, this is associated with a low postnatal growth rate (Pond et al. 1987).
These findings, however, do not provide much information about the effect of these diets

on the muscle cellularity of the developing fetuses. The effects of protein or carbohydrate
8-2
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restriction in postnatal rats and children suggest that a low-protein diet leads to a reduced
protein synthetic capability (Young & Alexis, 1968), therefore affecting cellular
hypertrophy. A low-carbohydrate diet, however, causes reduced DNA levels but almost
normal protein:DNA values (Cheek & Hill, 1970; Winick, 1970), therefore affecting
hyperplasia of cells.
The present hypothesis was that the carbohydrate portion of the diet would affect the

hyperplastic phase and, hence, myofibre number; the protein portion would affect only the
hypertrophic phase, and not myofibre number. In the present experiment the diets were
designed to supplement the individual component under study to ad lib. levels whilst all
other nutritional components were reduced to 60% of an ad lib. intake. It should be
emphasized, therefore, that supplemented dietary components were high only in relation to
the other restricted components and did not exceed the levels eaten by the control animals.

MATERIALS AND METHODS

This project involved thirty-one pregnant Dunkin-Hartley guinea-pigs obtained from
Bantam and Kingman Ltd (Aldbrough, Humb.). Guinea-pigs were in their second parity
and weighed between 700 and 900 g at the start of the experiment. On day 2 of gestation
females were housed individually in plastic cages and assigned to a nutritional treatment.
Diets were based on SGI pellets (Grain Harvesters, Wingham, Kent) which provide
(g/kg): protein 190, starch and sugars 232-5, oil 42-5, fibre 112-5, digestible energy 9-60 MJ.
Three test diets were formulated which were designed to provide control levels of the
component under study and 60 % of ad lib. (negative control) levels of all other components
(Table 1). The compositions of these diets were as follows (g/kg): R + P, protein 273, starch
and sugars 232-5, oil 42-5; R + C, protein 190, starch and sugars 335, oil 42-5; R + F, protein
190, starch and sugars 232-5, oil 91.
All diets were enriched with vitamin C. Pregnant guinea-pigs were randomly assigned to

treatments as follows: (1) Controls, ad lib. access to SGI pellets, n 6; (2) 40R, pair-fed with
SGI pellets at 60% of ad lib. intake, n 6; (3) R + P, protein supplemented, n 7; (4) R + C,
carbohydrate supplemented, n 6; (5) R + F, fat supplemented, n 6.
All animals were given unlimited access to clean, fresh drinking water containing

vitamin E (30mg/l; Roche Products Ltd, Welwyn Garden City, Herts.) since they were
not allowed access to hay for the duration of the experiment.
Three randomly selected pregnant animals from each nutritional group were killed at

50 d gestation by an intraperitoneal injection of sodium pentabarbitone (1 ml/kg body
weight; Euthesate; Willows Francis Veterinary, a division of A. H. Robins, Crawley, West
Sussex), and the remainder were allowed to litter and neonates were killed at term. Stillborn
animals or pups which died within 24 h of birth were counted and weighed. Muscles were
not always available from these animals, therefore, for consistency, muscles were analysed
only from those animals which were alive at the time of sampling. Biceps brachii muscles
were removed from all fetuses and neonates (n 99), mounted on cork chucks and rapidly
frozen in hexane cooled in liquid N2. Whole muscle transverse sections (10 //m) were cut at
— 25° in a cryostat and stained for myosin ATPase (EC 3.6.1.32) activity after the method
of Guth & Samaha (1970). At 50 d gestation all biceps muscle fibres are present but it is
still possible to determine which fibres developed as primary and secondary fibres on the
basis of their ATPase staining pattern (Ward & Stickland, 1991). Muscles from fetuses
(n 57) were used to determine values for secondary: primary (S:P) fibres, and total fibre
numbers. Neonates provided information about growth rate throughout gestation and
muscles from neonates (n 42) were used to determine total myofibre numbers only, since
cell lineages could no longer be distinguished at this age. All fibres were counted blind to
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Table 1. Example of the composition of diets eaten by different dietary groups, matched to
a control animal eating 50 g feed ad lib.*

Total feed Protein Carbohydrate Fat Total ME

Dietary group (g/d) (g) (g) (g) (KJ)

Control (n 6) 50 9-5 11-63 2-13 477-5
40R (n 6) 30 5-7 6-98 1-28 286-5
R + P (n 7) 33-8 9-23 6-98 1-28 363-2
R + C (n 6) 34-7 5-7 11-52 1-28 358-8
R + F (n 6) 30-9 5-7 6-98 2-90 345-4

ME, metabolizable energy; Control, ad. lib. access to SGI pellets (Grain Harvesters, Wingham, Kent).
40R, pair-fed with SGI pellets at 60% of ad lib. intake; R + P, protein-supplemented; R + C, carbohydrate-

supplemented; R+F, fat-supplemented.
* For details of diets, see p. 174.

diet groups using a Seescan Image Analysis system (Seescan Pic, Cambridge). Nutritional
groups were compared using Newman-Keul ANOVA statistics.

RESULTS

Maternal and fetal weight
The effect of nutritional treatments on maternal and fetal weight gain is shown in Table 2.
At both 50 d gestation and term, control dams tended to gain more weight than any
restricted group. Variations between individuals were, however, quite large. By term only
the 40R group and the R + C groups showed a mean net weight loss when the influence of
conceptus weight was removed (— 23 and — 3g respectively). This was significantly
different from controls only in the 40R group. Fetal and placental weights were reduced by
undernutrition in all restricted groups. The greatest reductions were seen in the 40R and
R + F groups (33%) and the least in the R + P group (16%). By birth the R + P group was
intermediate between the control group and the remaining restricted groups. Neonatal
mortalities also followed the same pattern and were restricted to the smallest neonates in
each group; mean body weight of neonatal mortalities was 45-28 g (range 29-7-52-5 g, n 16).

Fibre numbers

Biceps brachii primary fibre number and mean S: P ratio were determined from 50 d fetal
muscles and are shown in Fig. l(a and b). Total muscle fibre numbers were counted in both
50 d fetuses and neonates. Results from fetuses and neonates could be combined since
ANOVA tests revealed no significant difference in myofibre number between the two ages
for any nutritional groups.
Primary fibre number did not differ between groups (P > 0 05). However, mean S: P ratio

was similar for control, R + P and R + C groups and significantly greater than those for 40R
and R+F groups (P < 005) by approximately 13-5%. Combined total fibre number data
(Fig. 1(c)) demonstrate a similar pattern to that ofmean S:P ratio, with total fibre number
being reduced by 14-16% in the 40R and R + F groups (P < 0 05).

DISCUSSION

In the present study it has been shown that a restricted maternal diet supplemented with
either protein or carbohydrate was sufficient to maintain levels of secondary fibre
hyperplasia (Fig. 1(£)) in the fetus at those of ad lib. controls, resulting in no reduction in
biceps brachii fibre number (Fig. 1(c)). Primary fibre number is unaffected in any group
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Table2.Effectofnutritionaltreatmentson
maternalweightgain,and
onfetal,placentalandneonatalweightsinguinea-pigs*

(Valuesaremeanswiththeirstandarderrors)
Dietarygroup...

Control

40R

R+P

R+C

R+F

Mean

SE

Mean

SE

Mean

SE

Mean

SE

Mean

SE

50dgestation Dailymaternalwtgain(g)
5-6

1-3

0-2

1-8

3-4

0-8

1-8

1-4

-0-7

4-1

No.ofdams

3

3

3

3

3

No.offetuses

9

13

13

10

12

Term
Dailymaternalwtgain(g)
7.5*

1-1

0.7"

0-9

39*b

1-9

3*3ab

01

2-6"b

0-5

No.ofdams

3

3

4

3

3

No.ofyoung

12

13

11

13

14

Littersize:Median

3-5

4-5

3

4

4

Range

2-5

3-5

2-5

2-6

2-6

Fetalwtat50d(g)

36-6*

2-8

24-2b

1-8

30-6"

1-4

29-0b

1-5

24-6"

1-5

Percentagereduction

00

33-8

16-4

20-7

329

Placentalwt(g)

5-7*

0-4

3-6b

0-2

4-3b

0-2

4-5b

0-3

3-6"

0-2

Percentagereduction

00

37-6

24-9

21-3

36-5

Birthwt(all)(g)

904*

4-6

511°

3-1

71-8b

3-7

59.4c

4.9

52-lc

3-6

Birthwt(live)(g)

90-4*

4-6

56-2c

3-4

73-3b

3-8

66-6c

5-1

67-5°

5-6

Percentagereduction

00

37-8

18-9

26-3

25-4

Percentagemortality

00

46-15

910

30-86

46-15

abcMeanvalueswithunlikesuperscriptlettersweresignificantlydifferent(P<005). Control,adlib.accesstoSGIpellets(GrainHarvesters,Wingham,Kent);40R,pair-fedwithSGIpelletsat60%ofadlib.intake;R+P,proteinsupplemented;R+C, carbohydratesupplemented;R+F,fatsupplemented. *Fordetailsofdietsandprocedures,seep.174.
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(a)
2000

-Q

E
3
C

<u

E
'l.
Q_

1000

Control 40R R + P R + C R + F

(b)

Control 40R R + P R+C R+F

(c)
20 000

Control 40R R + P R + C R + F

Fig. 1. Effect of nutritional treatments on mean biceps brachii myofibre numbers of guinea-pigs, (a) Primary fibre
number, (b) secondary:primary fibre number (S:P) ratio, and (c) total myofibre number. Control, ad lib. access
to SG1 pellets (Grain Harvesters, Wingham, Kent); 40R pair-fed with SG1 pellets at 60% of ad lib. intake; R + P,
protein supplemented; R + C, carbohydrate supplemented; R + F, fat supplemented; for details of diets and
procedures, see p. 174. Values are means with their standard errors represented by vertical bars. a,b, Mean values
with unlike superscript letters were significantly different (P < 0 05).
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(Fig. 1(a)). However, none of the restricted diets, despite supplementation, was able to
maintain fetal growth at the same rate as that seen in the control ad lib.-fed fetuses (Table
2). The birth weights of the R + P protein-supplemented group were intermediate between
those of the controls and other restricted groups. A high level of neonatal mortality was
seen in the 40R (60%-restricted) and R + F (fat-supplemented) groups (Table 2), which was
restricted to the smallest neonates. In general, it seems that a body weight of less than 50 g
severely compromises the survival of the neonatal guinea-pig. A low birth weight tends to
be associated with a reduced myofibre number (Handel & Stickland, 1987), therefore, it is
likely that these animals possessed a low fibre number. Thus, it is likely that the mean total
fibre numbers of the 40R and R + F groups are an overestimation of the true values. This
would explain the reduction in fibre number of only 15% in these groups; reductions of
20% have been reported for this level of undernutrition (Ward & Stickland, 1991; Dwyer
& Stickland, 1992). However, these groups still had a significant reduction in fibre number
(Fig. 1(c)). Furthermore, Fig. 1(&) demonstrates a significant reduction in secondary fibre
proliferation in the 40R and R + F groups only, determined at day 50 when all animals were
included. Therefore, despite the 30% neonatal mortality in the R + C group (Table 2), it
is likely that the estimate for total myofibre number in this group is accurate and that fibre
development in only the 40R and R + F groups was affected by the nutritional treatment.
The 9 % neonatal mortality in the R + P group is within the normal preweaning rate found
in the guinea-pig (Sutherland & Festing, 1986).
Placental weight was reduced also in all restricted fetuses at 50 d gestation (Table 2). This

tended to be by a similar amount to fetal weight, except in the R + P group where the
decrease in placental weight seemed to exceed the decrease in fetal weight (respectively 25
and 16%). This suggests that the placentas of protein-supplemented animals may be more
efficient than those of other groups such that a heavier weight of fetus is supported per unit
weight of placenta. Evidence from the pig suggests that maternal protein levels at the time
of implantation may be important for the early establishment and growth of the placenta
(Pond et al. 1969).
The important metabolic fuels in the fetus are glucose, amino acids, lactate and fatty

acids (Jones & Rolph, 1985). The fetus has high plasma and tissue levels of amino acids
which are actively transported over the placenta from the maternal circulation (Jones &
Rolph, 1985). Amino acids may supply as much as 25 % of the oxidative needs of the ovine
fetus (Gresham et al. 1972). Thus, amino acids make an important contribution to fetal
oxidative metabolism, and a decrease in glucose supply can cause a shift to increased amino
acid degradation (Battaglia & Meschia, 1978). This suggests that under conditions of low
maternal plasma glucose there may be an increased fetal dependence on amino acids for
oxidative metabolism at the expense of protein accretion. This may explain why R+ P
fetuses were lighter than controls despite similar maternal protein intakes. R+ P fetuses
were, however, significantly heavier than those of the other nutritional groups; thus, some
of the extra protein must have been available to the fetuses for tissue accretion.
Amino acids may also act as precursors for gluconeogenesis. The placenta is incapable

of gluconeogenesis (Bossi & Greenberg, 1972); therefore, any newly synthesized glucose
must be of fetal or maternal origin. The gluconeogenic enzymes are present in the guinea-
pig liver from day 40 of gestation (Jones & Ashton, 1976), but gluconeogenesis itself does
not take place until late gestation (Jones & Ashton, 1976; Faulkener & Jones, 1976).
Although there is some evidence that undernutrition may lead to an early initiation of
gluconeogenesis (Jones, 1982), endogenous production of glucose by the fetus is unlikely to
affect fibre numbers since the very early stages of gestation, the first trimester, appear to be
the critical period for determination of fibre numbers (Dwyer et al. 1993). However, there
may have been some maternal synthesis of glucose.
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Proteins may also be involved in the maintenance of fetal fibre numbers in an indirect
manner by altering or maintaining the endocrine status of the fetus, particularly via insulin
and the insulin-like growth factors (IGF). Plasma insulin is reduced in the porcine fetus
when the sow is fed on a diet deficient in protein (Atinmo et al. 1976), and in children with
kwashiorkor (Soliman et al. 1986). Secretion of insulin has been shown to be sensitive to
dietary protein (Jepson et al. 1988). Protein restriction of pregnant rats causes a decrease
in circulating somatomedin levels in both fetal and maternal serum (Pilistine et al. 1984).
Protein restriction of young postnatal rats also causes a reduction in serum IGF-1 and liver
and muscle IGF-1 mRNA (Moats-Staats et al. 1989; Yahya et al. 1990; Vandehaar et al.
1991). IGF-1 appears to be linearly related to protein levels when energy levels are kept
constant (Dardevet et al. 1991). Therefore, IGF-1 levels appear to be maintained
independently by carbohydrate and protein levels. Thus, both the levels of glucose and
amino acids may act via an insulin pathway, involving insulin and the IGF, to affect fibre
number.
The role of fats in fetal muscle development appear fairly minor since plasma levels of

fatty acids in the fetus are usually low until late gestation (Jones & Rolph, 1985). In
addition, higher levels of fat in the maternal diet seemed ineffective at preventing low birth
weight and postnatal mortality (Table 2).
In conclusion, the hypothesis that the carbohydrate portion of the diet would be

sufficient to maintain control numbers of muscle fibres was confirmed. However, the
protein portion of the maternal diet was also found to be equally effective. The extra
protein in the diet may have been used as a supply of amino acids for oxidative metabolism,
as precursors for gluconeogenesis, and/or may have played a role in the maintenance of
fetal endocrinology, such that fibre number development was not impaired.

This work was supported by the Agricultural and Food Research Council.
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The Influence of Maternal Nutrition on Muscle Fiber Number
Development in the Porcine Fetus and on

Subsequent Postnatal Growth1
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iTRACT: In the pig, undernutrition in utero
;es low birth weight, a decrease in muscle fiber
iber, and a reduction in postnatal growth rate. The
:t on fiber number is mediated via a reduced
ndary fiber population. Within a litter of pigs,
ter-weight pigs have probably suffered some deficit
luscle fiber number. In an attempt to improve the
tber of fibers in the lighter-weight pig fetuses, four
ernal feeding regimens were used, one serving as
control. Maternal feed intake was doubled for one
iree time periods during pregnancy: 1) d 25 to 50
1) immediately before fiber hyperplasia; 2) d 50 to
HL) during fiber hyperplasia; or 3) d 25 to 80
') covering both developmental events. Controls
2 fed at levels routinely used for pregnant sows on
farm. Sows farrowed normally and pig birth
jhts were recorded. Estimates were made of total
fiber number, total primary fiber number, and
n secondary:primary fiber number ratio (S:P) for

the semitendinosus of each pig at 5 wk postnatal or 80
kg (HT and two control litters only). The progeny of
all supplemented sows had a significantly greater
mean S:P ratio (P < .05), and the HE pigs tended to
have a greater number of muscle fibers than control
pigs (403,840 ± 8,197 vs 370,970 ± 12,720). Postnatal
growth rate to 80 kg was also investigated for the HT
group of pigs. The HT pigs had a faster growth rate
from d 70 to slaughter at 80 kg (924.4 ± 18.75 g/d vs
840.1 ± 17.48 g/d, P = .017) and an increased gainrfeed
ratio (.433 ± .011 vs .401 ± .007, P = .025) compared
with controls. These results suggest that the mean
number of secondary fibers formed in a fitter of pigs
can be improved by increasing maternal feed intake
during d 25 to 50 of gestation. This may have
additional benefits in terms of improved growth rate
and growth efficiency in the latter stages of pig growth
to 80 kg.

Key Words: Pigs, Nutrition, Fetus, Myofiber, Growth
_ _

^ gcL ig94^ 72;911_917

Introduction

[uscle fiber number is an important determinant
tuscle mass in the pig (Miller et al., 1975), and,
efore, is of importance in the rearing of animals
:ommercial purposes. Muscle fiber hyperplasia is
plete by d 90 of gestation (Wigmore and Stick-
., 1983) and is made up of contributions from
lary and secondary fibers. Primary fibers develop
, by the rapid fusion of primary myoblasts,
wed by a longer period of secondary fiber develop-
t on the surface of the primary fibers (Kelly and
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lly, and then by the Agricultural and Food Research Council,
luthors wish to thank Catherine Sutton and Andrew Crook for
ical assistance.
'o whom correspondence should be addressed.
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Zacks, 1969; Duxson and Usson, 1989). Primary fiber
numbers are resistant to environmental influences,
but the number of secondary fibers that develop is
susceptible to many factors, including nutrition (Wig-
more and Stickland, 1983), and is responsible for most
of the variation in fiber number seen within fitters
(Dwyer and Stickland, 1991). Factors affecting the
development of secondary fibers occur in the prenatal
period and are permanent thereafter.
Litters of pigs tend to show a wide distribution of

birth weights, growth rates, and muscle fiber numbers
(Handel and Stickland, 1987; Dwyer and Stickland,
1991). This variation has been shown to be due to in
utero undernutrition (Wigmore and Stickland, 1983;
Handel and Stickland, 1987), termed "natural under¬
nutrition," which causes a reduction in muscle cel-
lularity in the smallest pigs by affecting the secondary
fiber population.
This study was designed to test the hypothesis that

increasing sow feed intake at specific times during

911



I DWYER ET AL.

itation would result in an increase in muscle fiber
mber in the fetuses by affecting the developing
Dulation of secondary fibers. Secondary fiber hyper-
.sia begins at approximately d 50 of gestation in the
; (Wigmore and Stickland, 1983) and continues
til d 85 to 90. Three time periods were examined in
s study: up to the onset of secondary fiber
perplasia (gestational d 25 to 50), during fiber
oerplasia (d 50 to 80), and covering both time
iods (d 25 to 80). If it is assumed that the largest
;s in a litter had achieved their maximum potential
fiber development, the improvement in fiber

mber of those pigs that would have formed the
rer birth weight group should also lead to narrow-

; in the distribution of pig muscle fiber numbers.

Materials and Methods

Twenty-three Large White x Landrace pregnant
vs (weight range at mating 164 to 194 kg, mean =
3 kg), in their third parity, were mated and
.intained under identical commercial conditions
til d 20. Boars were randomly selected from a pool
three. At d 20 of gestation, sows were randomly
igned to a nutritional treatment. All sows were fed
tandard commercial sow feed (5% oil, 17% protein,
% fiber, 12.5 MJ of energy/kg of feed) throughout
1 experiment. Experimental groups differed in the
mtity of feed during specific periods of gestation,
atrol sows (n = 7) were fed 2.5 kg/d throughout the
>erimental period (d 21 to 90 of pregnancy), as
ommended by the feed manufacturer. There were
ee additional experimental groups: 1) HE sows (n
) were fed 5 kg/d from d 25 to 50; 2) HL sows (n =
were fed 5 kg/d from d 50 to 80; and 3) HT sows (n
) were fed 5 kg/d from d 25 to 80. Target intakes
re achieved over 5 d by .5-kg steps up or down in
d offered (e.g., HE sows received 3 kg on d 21 and 5
by d 25). Sows returned to control levels of dietary
ake (2.5 kg/d) after the experimental period. Feed
s offered in two equal-sized meals daily. Sows were
intained in large, well-ventilated straw yards (15
20°C, 12 h light/d) and entered individual stalls at
i times. Five days before farrowing sows were
ced in farrowing crates in individual pens,
'n the pig, secondary myofiber hyperplasia begins
approximately d 50 of gestation (Wigmore and
:kland, 1983) and is thought to be essentially
lplete by d 85 to 90. The time periods were selected
coincide with the period of maximum secondary
ir hyperplasia (HL), or immediately prior to the
;et of hyperplasia (HE). The HT treatment was

igned to evaluate the overall effect of elevated
;rient intake during both time periods. From d 80 of
tation to farrowing all sows were fed and handled
ntically (i.e., 2.5 kg/d from d 80 to 90, 3.0 kg/d from
'0 to 112, and 2.3 kg/d until farrowing). Feeding
ing lactation was also similar for all sows (i.e., 4

kg/d plus 200 g per pig suckled). All feed was readily
consumed. Pigs were weighed at birth and at weaning.
The fitters from the HE and HL groups and five fitters
of control pigs were killed at 5 wk of age by an
overdose injection of pentobarbitone sodium (Euthe-
sate) into the heart. Pigs were killed at 5 wk of age
because, in the pig, maturation of muscle fiber type
differentiation by myosin ATPase staining is not seen
until 4 wk postnatal (Cooper et al., 1970; Handel,
1984). The two remaining control fitters and the five
HT fitters were grown to approximately 80 kg in
weight, to assess the effect of maternal nutrition on

postnatal growth to commercial slaughter weight. Pigs
were housed in small groups of three to four pigs of
similar weight in straw pens at a density of one pig
per square meter. Pigs were fed a weaning diet (8%
oil, 21.5% protein, 2% fiber, 15.4 MJ/kg of diet) to 5 kg
in weight, a growing diet (5.5% oil, 22% protein, 3%
fiber, 14.4 MJ/kg of diet) to 26 kg, and a finishing diet
(4.5% oil, 20% protein, 3.5% fiber, 13.9 MJ/kg of diet)
to slaughter weight of 80 kg. Pigs were weighed at
1-mo intervals after weaning. Boars were raised as
intact males. Pigs were killed at approximately 130 d
of age by standard abattoir procedures.
For all pigs (n = 224) the left semitendinosus

muscle was removed, trimmed of fat and connective
tissues, and weighed. A complete cross-section from
the center of the muscle, of approximately 5 mm in
depth, was frozen in dichlorodifluoromethane cooled to
freezing (-158°C) in liquid nitrogen. Sections of
10-^m thickness were cut at -25°C in a cryostat and
stained for myosin adenosine triphosphatase (AT¬
Pase) activity, using the method of Guth and Samaha
(1970). Estimations were made from these sections
for the total muscle fiber number, total primary fiber
number, and the mean ratio of secondary fibers:
primary fibers (S:P ratio) as previously described
(Dwyer and Stickland, 1991). Briefly, the total cross-
sectional area of the muscle was measured, then
estimations of total muscle fiber number and primary
fiber number were calculated after counting between 3
and 5% of the total number in randomly selected
areas, using a Seescan image analysis system (Sees-
can pic, Cambridge, U.K.). Mature pigs exhibit a
unique arrangement of muscle fibers, with central
groups of slow fibers surrounded by large numbers of
fast fibers. From previous studies (Wigmore and
Stickland, 1983) it is known that one of the central
slow fibers in each cluster was a primary myofiber,
whereas all others developed as secondary fibers. This
means, therefore, that the number of primary and
secondary fibers that formed dining development
prenatally can be determined in the postnatal pig. The
total number of secondary fibers is dependent on the
number of primary fibers because they form on the
surface of the primary fibers during muscle develop¬
ment (Kelly and Zacks, 1969). The S:P ratio is,
therefore, used in this study because it provides an
index of the effect of nutrition on the susceptible
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Table 1. Effect of level of sow feed intake on litter size, mean pig birth weight,
and mean weaning weight (21 days)3

Level of feed

11 Control HEb HLC HTd SEMe Probability

of litters 7 5 6 5 —

of pigs 67 49 61 47 — —

born/sow 11.4f 14.6 11.2 11.8 .57 NSg
live/sow 10.0f 12.8 10.3 10.8 2.63 NS
weaned/sow 9.6f 9.8 10.2 9.6 2.20 NS
er wt (d 0), kg 15.55f 17.74 15.41 15.93 1.68 NS
;h wt/pig, kg 1.57f 1.41 1.50 1.51 .18 NS
er wt (d 21), kg 58.5 64.4 66.1 62.6 13.44 NS

ming wt/pig, kg 6.16 6.66 6.50 6.60 .80 NS

'ANOVA tests.
'HE = High intake d 25 to 55.
TIL = High intake d 50 to 80.
JHT = High intake d 25 to 80.
;SEM = pooled standard error.
Based on five litters of pigs only, n = 48.
>NS = not significant (P > .05).

nponent (the secondary fibers), while excluding the
luence of the genetic component (the primary
ers).
Nutritional treatment groups were compared by
OVA and Newman-Keuls tests at 5% probability
el, following a significant F-test, using sows as the
>erimental unit to compensate for genetic effects. In
lition, the distribution of muscle fiber numbers for
pigs within a treatment group was investigated,
ng Bartlett's test for the homogeneity of variance,
:ause, as suggested in the introduction, improved
v nutrition may lead to a narrowing of the
tribution of fiber numbers. The growth rates and
ciencies of the 80-kg pigs (control and HT pigs)
re compared by /-tests, using the pen as the
>erimental unit.

Results and Discussion

Weight and Survival

rhe numbers of pigs born and surviving and pig
th and weaning weights are given in Table 1. Two
ers of control pigs were not weighed at birth;
refore, the first comparison involving every animal
it weaning. Nutritional treatments had no signifi-
it effect on litter size or on pig mortality.
Average pig birth weights were not significantly
icted by the nutritional treatments (Table 1). All
;ritional treatments ceased before the third trimes-
and sows were fed equally during the last third of
tation and during lactation. In the rat, restricting
ternal intake in the second half of pregnancy only
3 found to have an effect on pup birth weight
iderson et ah, 1980). Similarly, in the pig,
ternal feed intake was found to affect birth weight
y after d 80 of gestation (Noblet et ah, 1985).

Maternal feed intake during the last one-half to one-
third of gestation, therefore, seems to have the
greatest effect on the birth weight of offspring. The
sows used in this study were fed similarly over the
last half of gestation, and therefore it is not surprising
that mean birth weights of the nutritional groups
were similar.

Muscle Fiber Number Data

The mean data for total fiber number, total primary
fiber number, and S:P ratio for each nutritional group
are given in Figure 1. Muscle cellularity data from
5-wk-old pigs and 130-d-old pigs can be combined
because total muscle fiber number is determined
before birth in the pig (Wigmore and Stickland,
1983). It has been suggested, for the porcine sartorius
muscle (Swatland and Cassens, 1972), that intrafas-
cicularly terminating fibers may grow into the plane of
section, such that the number of muscle fibers,
determined by the method used here, show an age-
and weight-dependent increase (Swatland, 1976).
However, in the semitendinosus muscle, no evidence
has been found of intrafascicularly terminating fibers
(Wigmore and Stickland, 1983). Furthermore, muscle
fiber number remains constant for this muscle with an

increase in age and live weight (Handel and Stick¬
land, 1987). Finally, there was no significant differ¬
ence (ANOVA) in muscle cellularity between
5-wk control pigs and 130-d control pigs in the present
study. For these reasons it was considered valid to
combine data from pigs of different ages, and that
calculated fiber number differences represent real
differences between pigs.

When compared by ANOVA and Newman-Keuls
tests there were no significant differences between
nutritional treatments in total muscle fiber number
(Figure la). However, total fiber number tended to be
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ire 1. Means (+ SE) of semitendinosus fiber
;r of pigs for each nutritional group of sows: (a)
:iber number (C - 370,970 ± 12,720, HE =

•0 ± 8,197, HL = 360,430 ± 15,088, HT = 389,950
>7); (b) mean secondary:primary fiber number
D = 23.17 ± .37, HE = 26.16 ± .50, HL = 24.60 ±
T = 25.20 ± .57); and (c) primary fiber number (C
305 ± 409, HE = 14,960 ± 484, HL = 14,270 ±
IT = 14,908 ± 275). Significance (P < .05) was
lined by Newman-Keuls ANOVA and is indicated
bring letters. Control = sows fed 2.5 kg/d, d 21 to
tation; HE = sows fed 5 kg/d, d 25 to 50; HL =

ed 5 kg/d, d 50 to 80; HT = sows fed 5 kg/d, d 25

• in the HE and HT groups (HE = 403,840 ±
HT = 389,940 ± 6,067; C = 370,970 ± 12,720).
lgh none of the high intake groups differed from

another in S:P ratio, the HE, HL, and HT groups had
larger mean ratios compared with the control group
(HE = 26.16 ± .5; HL = 24.60 ± .55; HT = 25.20 ± .57;
C = 23.17 ± .37; P < .05, Figure lb) by 12.9, 6.2, and
8.8%, respectively. There was no significant difference
between nutritional treatments in primary fiber num¬
ber (Figure lc).
In pigs the distribution of fetal weights in a litter

suggests that the smaller littermates have ex¬

perienced some degree of undernutrition in utero in
sows fed at commercial levels (Wigmore and Stick-
land, 1983). Low birth weight pigs have smaller and
lighter muscles with less DNA (Widdowson, 1971;
Campbell and Dunkin, 1982) and a low muscle fiber
number (Powell and Aberle, 1980, 1981). Examina¬
tion of the semitendinosus muscle from large and
small pig fetus littermates and in postnatal animals
has revealed that muscles from smaller animals have
a reduced total fiber number caused by a reduced
secondary fiber population (Wigmore and Stickland,
1983; Handel and Stickland, 1987). This study
extends these conclusions by suggesting that it may be
possible to increase the number of secondary fibers in
the developing pig fetuses by improving the nutri¬
tional status of the sow.

The two feed groups that included the early time
period (d 25 to 55; i.e., HE and HT) seemed to effect
the greatest increase in mean number of secondary
fibers formed per primary fiber. Increasing feed intake
during fiber hyperplasia, the HL group, produced only
a small increase in secondary fibers. Increasing the
time period of extra intake (HT) gave no increased
benefit in terms of an improved secondary fiber
population over that achieved in the HE group. This
suggests, therefore, that nutrition level in the period
immediately before the appearance of secondary
myotubes may be more important than that during
the actual appearance of myofibers. A recent study in
the guinea pig (Madgwick, 1991) has suggested that
the cause of a low secondary fiber population is
reduced nuclear proliferation in the undernourished
animals. Early nutrition may, therefore, be crucial for
the proliferation of presumptive secondary myoblasts,
creating a greater potential for secondary fiber forma¬
tion.
In this study, as in many others, the primary fiber

population was unaltered by nutritional manipula¬
tions. This may be because they form relatively early
in gestation, being present at d 38 of gestation in the
pig (Wigmore and Stickland, 1983), when the litter is
making a negligible nutritional demand on the sow. In
addition, primary fibers form a relatively small
proportion of the total muscle fiber population (i.e.,
less than 5% in the pig semitendinosus [personal
observation]). Despite the small direct contribution
made by the primary fiber population to the total fiber
number, primary fiber number does have an impor¬
tant indirect influence because it forms the framework
on which the secondary fibers form (Kelly and Zacks,
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); Duxson and Usson, 1989). The influence of
lary fiber number variations seems to be sufficient
iminate any significant effect on total muscle fiber
iber caused by an increase in the S:P ratio,
nous work (Dwyer and Stickland, 1991) suggests
total fiber number and primary fiber number

v a much greater variation between fitters than
i S:P ratio. With a larger sample size than the
ent experiment, variations in primary fiber num-
would be reduced, and the increased production of
ndary fibers would cause an increase in total
cle fiber number.
; has been suggested that a further consequence of
easing the sow feed intake in gestation would be to
ease the distribution of muscle fiber numbers
dn a fitter, by increasing the fiber numbers of the
•itionally disadvantaged pigs without affecting the
er pigs. Within the same treatment group the
ance of muscle fiber numbers about the mean for
3 was homogeneous (Bartlett's tests). However,
n treatment groups were compared, the distribu-
of HE and HT group fiber numbers were

ificantly smaller than in the HL group (HE, P <
HT, P < .05; Bartlett's test for the homogeneity of
ance), and the variance in the HE group was also
ller than that in the control group (P < .05). For
e tests data from all pigs were used because the
ithesis was that the distribution within the fitter
Id be affected. The distribution of muscle fiber
ibers is shown in Figure 2 and demonstrates that
groups had representatives in the higher fiber

number categories. It therefore seems that the original
assumption, that the largest pigs had achieved their
maximum growth potential in terms of fiber number,
was valid. Comparison of the largest pigs from each
sow by ANOVA demonstrated that there was no

significant difference between groups (C = 451,671 ±
10,971; HE = 467,480 ± 9,127; HL = 453,800 ± 11,933;
HT = 465,740 ± 4,298). However, the smallest fiber
number classes were seen only in pigs from the control
group, and in a few from the HL group (Figure 2).
Comparison of the smallest pigs from each sow by
ANOVA demonstrated a significant difference between
groups (C = 296,390 ± 18,204; HE = 343,740 ± 16,700;
HL = 277,050 ± 10,630; HT = 315,560 ± 5,451; P <

.05). This suggests that, although the number of
fibers cannot be increased above a maximum by
increasingmaternal nutrition, it is possible to improve
muscle fiber number at the lower range, and this leads
to a narrower distribution of fiber numbers.

Growth Rate Data

The growth rates of the HT pigs (47 pigs, n = 12
pen) and of the two control fitters (19 pigs, n = 5
pens) could be divided into three main phases, as
previously described (i.e., birth to weaning, weaning
to 70 d, and 70 d to slaughter; Dwyer et al., 1993).
There were no significant differences between the two
groups in mean growth rates and mean gain/feed ratio
until d 70 (Table 2). Thereafter, the growth rate of
the HT group was significantly greater than that of
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gure 2. Distribution of semitendinosus fiber numbers for all pigs and each nutritional group. Control = sows
1.5 kg/d, d 21 to 90 gestation; High-E = sows fed 5 kg/d, d 25 to 50; High-L = sows fed 5 kg/d, d 50 to 80; High-
sows fed 5 kg/d, d 25 to 80.
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Table 2. Average daily gain (ADG) and gain/feed ratios of
130-day-old pigs for linear growth phases3

Level of feed

Item Control HTb Probability

ADG

Weaning to d 70, g/d 467.4 ± 18.35 465.4 ± 14.59 NSC
Days 70 to 130, g/d 840.1 ± 17.48 924.4 ± 18.75 .017
Gain/feed ratio, g/g .401 ± .007 .433 ± .011 .025

aStudent's /-tests.
bHT = High intake at d 25 to 80.
'TIS = not significant (P > .05).

mtrol litters (10%, P = .017, df = 15). This study
both intact boars and gilts. There were more

; than gilts in both treatment groups (1.4:1 in
ols; 1.6:1 in HT). Sex is known to have no effect
ascle fiber number in mice (Rowe and Goldspink,
) and did not affect muscle fiber number in pigs
is study. Gilts grew more slowly than boars in
control (11.2%, P < .005) and HT groups (6.8%,
05). However, this difference could not account
fferences between treatment groups because HT
had a higher growth rate than control boars

52 ± 18.24 vs 879.5 ± 17.26; P < .01), and HT
grew faster than control gilts (889.33 ± 13.01 vs
0 ± 13.75; P < .001). The mean gain/feed ratio of
igs was also increased (8%, P = .025, df = 15)
g this period. It, therefore, seems that the effects
enatal nutrition are felt in the later growth
i. This period has been identified as the time
growth is determined by the pig's own genotype
in et al., 1953). In addition, this growth phase is
icantly correlated with muscle fiber number of
semitendinosus (Dwyer et al., 1993), unlike
:r growth, which is correlated with birth weight,
ular, but opposite, effect on growth rate has been
by restricting maternal intake in pregnant sows,
ig to a reduction in progeny ADG from wk 10
atal onward (Pond et al., 1985; Pond and
mann, 1988). Rat pups restricted by maternal
-nutrition had a lower mature weight than
ols (Pond and Wu, 1981) due to a lower growth
regardless of postnatal feed level (Cha and Oh,
). Under conditions of natural undernutrition
er littermates have lower live weights at a given
han their larger littermates (Handel and Stick-
1988). Runt pigs also grow more slowly and less
:ntly than their larger littermates (Powell and
e, 1980) and are smaller at maturity (Wid-
m, 1971). A constant feature of in utero under-
bion, whether natural or caused by maternal feed
ction, therefore, seems to be a reduction in
h rate, growth efficiency, and mature size. In
study it has been demonstrated that improved
-nal nutrition during pregnancy can cause an

improved growth rate and efficiency of gain in the
postnatal progeny. Mean S:P ratio has been shown to
be correlated with growth rate (Dwyer et al., 1993),
and in the present study an increased maternal intake
caused an increased S:P ratio (Figure lb) and an

improved growth rate (Table 2). It is possible that the
increase in the number of secondary fibers and the
increased growth rate may be independent conse¬
quences of increasing maternal feed intake, perhaps
via an effect on growth factor levels. Fast-growing
strains of pigs have a high myofiber number (Ezekwe
and Martin, 1975) but also tend to have higher serum
insulin-like growth factor I levels than do slow-
growing pigs (Buonomo et al., 1987). Thus, it is
impossible to distinguish the causal factor resulting in
an increased postnatal growth rate.
In conclusion, this study has demonstrated that an

increased maternal feed intake, for approximately 30
d, timed to occur immediately before muscle fiber
hyperplasia results in an increase of 9 to 13% in the
production of secondary myofibers. The increased
muscle fiber number has a significant effect on growth
rate and feed conversion efficiency in the latter stages
of pig growth to 80 kg. These results suggest,
therefore, that increasing sow feed intake in early
pregnancy may improve the mean postnatal growth
rate of the litter in the later growth phases to
slaughter.

Implications

This work has demonstrated that increased mater¬
nal nutrition during early to midgestation in the pig
can lead to an increased production of secondary
myofibers in the fetus. Pigs resulting from pregnancies
during which sows received an increased amount of
feed during early gestation had faster growth rates
and greater gain/feed ratios than control pigs. This
suggests a possible strategy to increase muscle per¬
centage in pigs and to improve growth rate to
slaughter that needs to be assessed in terms of
economic viability.
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Abstract. A 40% restriction in maternal feed intake throughout gestation in the guinea-pig
results in a 35% reduction in fetal body weight at term and a 20-25% reduction in muscle fibre
number. To investigate the effect of maternal undernutrition in early gestation, four nutritional
treatments were used: controls—pregnant females fed ad libitum throughout gestation; TR—fed
60% ad libitum intake throughout gestation; ER—fed 60% ad libitum for the first third of
gestation (until Day 25), then ad libitum to term; LR—fed ad libitum for the first 25 days,
then 60% of ad libitum to term. The LR group were complicated by a high degree of fetal
resorption and early littering of viable litters. The biceps brachii and soleus muscles were
removed from neonates and total muscle fibre numbers determined. In a second experiment a
further 8 pregnant guinea-pigs were fed 60% ad libitum until Day 15 of gestation only, and
then rehabilitated onto an ad libitum diet (VER). Of these, 5 guinea-pigs were killed at term
and the remaining 3 at 45 days gestation. Fetuses and placentae were obtained from all VER
animals and compared with TR and controls of a similar age.

Body weights were reduced in all restricted groups at term when compared with controls
(P< 0 05) by 12, 40 and 50% for VER = ER, TR and LR groups, respectively. Biceps fibre
number was reduced (P< 0 05) in ER, TR and LR groups by 28, 20 and 25%, respectively,
but was not affected in the VER group. Soleus fibre number was not significantly affected by
any nutritional treatment. Restriction for 15 days in early gestation caused a significant 20%
increase in fetal weight at 45 days' gestation compared with controls, but muscle and placental
weights were not affected. Analysis of placental components at Days 45 and 65 suggested that
underfeeding in early gestation and subsequent refeeding caused some placental adaptations to
increase the exchange-surface area.

A short period of maternal undernutrition in the first third of gestation alone (ER), therefore,
resulted in a biceps brachii fibre number deficit similar to that caused by restriction throughout
gestation only if the period of restriction extended as far as Day 25. Furthermore, fetal weight
at term was impaired by short-term nutritional restriction in early gestation. Restriction in the
last two-thirds of gestation, following an ad libitum diet in the first third, caused a reduction in
biceps fibre number and had a severe effect on the maintenance of pregnancy. It is probable
that undernutrition in early gestation had an indirect effect on muscle fibre number by affecting
the development of the placenta. This could be avoided by nutritional rehabilitation before Day
25 of gestation, but appeared to be permanent thereafter. Undernutrition after Day 25 may have
had a direct effect on the development of secondary fibres.

Introduction

The increase in muscle fibre numbers is an early
developmental event, occurring before birth in precocious
species, and is complete by Day 50 of gestation in the
guinea-pig (term is 68 days). Primary myotubes are
first seen in the fetal guinea-pig at gestational Day 30,
and secondary myotubes start to appear between Days
30 and 35 (Ward and Stickland 1991). Restriction of
maternal feed intake to 60% of ad libitum throughout
gestation results in a 35% reduction in body weight and

a 20-25% reduction in fibre number of fast muscles

(Ward and Stickland 1991; Dwyer and Stickland 1992a).
The reduction in fibre number is known to be due to a

reduction in the secondary fibre component of total muscle
fibre number (Wigmore and Stickland 1983; Handel and
Stickland 1987; Wilson et al. 1988; Ward and Stickland
1991). Secondary fibre formation is limited by the
availability of secondary myoblasts (Penney et al. 1983;
Madgwick and Stickland 1988) which suffer impaired
proliferation with undernutrition (Madgwick and Stickland
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988). This suggests that the early period of myofibre
evelopment, when proliferation of secondary myoblasts
ccurs, may be the critical time for the development of
ormal numbers of myofibres.
Recent work in the pig has shown that administration

f exogenous growth hormone to pregnant sows within
le first third of gestation results in an increase in
;mitendinosus muscle fibre number in piglets at birth
^ehfeldt et al. 1992). Muscle fibre number was not
Efected by treatment later in gestation. Furthermore, in
uman pregnancy, interest has centred on the role of first
imester nutrition in preventing low birth weight (Wynn
' al. 1991), and for adequate fetal development of, for
cample, the immune system (Chandra 1991). These
:sults indicate that factors acting during the first third
f gestation may be important for establishing optimum
;tal growth.
The aim of this investigation was to test the hypothesis

lat the early period, the first third of gestation, is the
ost important time for the development of muscle fibre
rmbers. This was achieved by assessing muscle fibre
rmber in the offspring of guinea-pigs undernourished
ir the first 25 days of gestation, and comparing them
ith fetal guinea-pigs undernourished after Day 25, or
roughout gestation. A preliminary communication of
ime of these results has already appeared (Dwyer et
'. 1993). A second experiment was carried out to
:amine whether a shorter early period of nutritional
striction would affect fibre number development, and
investigate the effect on placental development as a
tssible mechanism.

Materials and Methods

This project involved female Dunkin Hartley guinea-pigs weighing
tween 700 and 850 g, obtained from a commercial breeder. Guinea¬
's were post-partum mated in a harem, where they remained for
days. On Day 2 of gestation animals were removed and housed
tividually in plastic cages. All animals were fed SGI pellets
rain Harvesters, Wingham, Kent, UK) enriched with vitamin C,
d received a vitamin E supplement daily in their drinking water
3mgL~'; Roche Products Ltd). In the first experiment, pregnant
nales were randomly assigned to one of four nutritional treatments:
ntrols (C)-ad libitum access to feed throughout gestation; TR-pair-
i to a weight-matched control at 60% of the ad libitum intake
oughout gestation; ER-pair-fed at a 60% ad libitum intake until
ly 25 of gestation, then ad libitum to term; LR-ad libitum until
ly 25, then 60% ad libitum to term.
The gestation period of the Dunkin-Hartley guinea-pig is 68 days.
25 days' gestation the muscle anlage can be distinguished, but
:ondary myotubes have not started to form and are not seen until
ys 30-35 (Ward and Stickland 1991). Dams were allowed to litter
i neonates (n = 52) were immediately killed by an intra-peritoneal
ection of sodium pentobarbitone (Euthesate, lmLkg"' body
ight). Body weight, and the wet weights of the biceps brachii,
eus and liver were determined. In addition, the lengths of the
merus and tibia and the crown-rump length were measured. The
t biceps brachii and soleus muscles were exposed in each neonate
1 fixed in situ with 2-5% giutaraldehyde. Muscles were then

removed and post-fixed in 0 -6% osmium tetroxide in 0 -4% potassium
ferrocyanide. Muscles were dehydrated through graded acetones and
embedded in araldite resin (TAAB Laboratories Ltd, Aldermaston,
Berks, UK). Resin sections allowed accurate measurements into the
muscle to be made so that all sections were taken from the same

region in the mid belly of the muscle. l-//m thick semithin transverse
sections were cut and stained with 1% toluidine blue in 1% borax
solution. The total number of muscle fibres in each muscle was

determined by direct counting of all fibres.
In a second experiment, 8 pregnant guinea-pigs were fed at 60%

of ad libitum until Day 15 of gestation and then rehabilitated to
an ad libitum regime (VER). The body weight of these dams was
recorded at weekly intervals. Five dams were killed at term, by an
i.p. injection of Euthesate, and full-term fetuses and placentae were
obtained. The remaining 3 pregnant guinea-pigs were killed at Day
45 of gestation, and fetuses and placentae were removed. Placental
efficiencies (fetal weight supported per g of placenta, Mellor 1983)
were calculated at each age. Fetal parameters were measured as
above for neonates and fetal muscles were prepared as described. In
addition, cryostat sections (10/xm) of Day-45 muscles were stained
to demonstrate myosin ATPase, after Guth and Samaha (1970), to
allow the histochemical determination of primary and secondary
fibres (as described by Ward and Stickland 1991). The mean ratio
of secondary fibres to primary fibres was estimated for each animal.
Sagittal sections through the widest part of the placental discs of
placentae from Day-45 and term pregnancies were prepared for
analysis of structural components as previously described (Dwyer
et al. 1992). Placentae from VER animals were compared with
placentae from control and TR animals at a similar gestational age.
Nutritional groups were compared by Newman-Keul ANOVA.

Results

Results from the two experiments outlined above are
combined for full-term animals unless otherwise stated.

Pregnancies in the VER, ER and TR groups appeared
essentially normal and resulted in mean litter sizes of
3-5 pups. The LR group was complicated by a drastic
reduction in maternal weight when feed restriction was

imposed at Day 25, and by a high level of fetal
resorptions such that only 3 of 12 litters were carried to
term, yielding 8 neonates. The results obtained from this
small group of neonates are included; caution, however,
must be exercised in the interpretation of these results.
In addition, the viable litters in this group littered on

average 6 days earlier than other groups (P < 0-05;
Newman-Keul ANOVA).

Gross Parameters

Term. The reduction in body and organ weights and
lengths is shown in Fig. 1 and Table 1. All restricted
groups were significantly smaller than control neonates. In
general, the size order was C > ER = VER > TR > LR.
LR neonates tended to be 50% smaller than controls,
TR were 40% smaller and ER and VER 12% smaller.

Lengths were also reduced to the order of 5, 8, 20 and
27% for VER, ER, TR and LR neonates respectively.
Owing to the premature littering of the LR group, these
neonates were also compared with a group of fetuses
of a similar chronological age (approximately 62 days
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length of the long bones and muscle weights were similar
in control and VER fetuses.

Muscle Fibre Numbers

The reduction in biceps brachii fibre numbers at term
is shown in Fig. 2. Fibre numbers were significantly
reduced by 28%, 20% and 25% for ER, TR and LR groups
respectively, but fibre number was not affected in the
VER group. Soleus fibre numbers were not significantly
affected by any of the nutritional treatments (data not
shown). At 45 days' gestation VER fetuses had biceps
and soleus fibre numbers and secondary-to-primary fibre
number ratios similar to those of control animals (Table 3),
but biceps fibre number and secondary-to-primary fibre
number ratio were reduced in the TR fetuses.

Effects on Maternal Weight
The changes in maternal weight of control, VER and

TR dams, as a percentage of their weight at conception,
are shown in Fig. 3. During the first third of gestation
there was little change in maternal weight in the control
group, whereas both restricted groups showed a loss of
approximately 10% of their pre-pregnancy body weight.
During the last two-thirds of gestation, control and TR
dams showed a continuous, approximately linear growth
rate (Fig. 3). The VER group, however, gained weight

Table 1. Body lengths and organ weights of control and restricted neonates of guinea-pigs
Values are means, with standard errors in parentheses. Significant differences (P < 0 05), determined by Newman-Keul ANOVA, are

indicated by differing superscript letters. CR, crown-rump; for treatment codes see Materials and Methods
Control VER ER LR TR

Number 27 15 15 8 30

Biceps wt (mg) 56 16 (2-63)" 50 15 (4-34)" 48 60 (1 -99)" 24 75 (4 99)b 29 21 (1 89)h
Soleus wt (mg) 24 07 (0-91)" 19 14 (0 • 94)h 19 60 (1 -61)b 11 71 (2 32)c 14 06 (1 00)c
Liver wt (g) 4 48 (0 • 19)" 4 46 (0-40)" 3 79 (0-I0)"b 3 09 (0 53)^ 2 89 (0 19)"
CR length (mm) 110 58 (IT)' 105 30 (0 • 26)b 102 0 (1 -13)b 80 88 (3 96)d 87 80 (1 33)c
Humerus length (mm) 22 15 (0 • 62)" 19 82 (0 • 36)b 18 87 (0 • 66)b 14 75 (0 82)c 18 16 (0 49)h
Tibia length (mm) 27 53 (0-30)" 24 14 (0 • 38)h 24 73 (0 • 68)b 19 75 (0 84)c 23 77 (0 37)b

Table 2. Body lengths and organ weights of control and restricted guinea-pig fetuses at 45 days of
gestation

Mean (s.e.). Significant differences (P < 0-05), determined by Newman-Keul ANOVA, are indicated by
differing superscript letters. CR, crown-rump; for treatment codes see Materials and Methods

Control VER TR

Number 11 12 16

Body wt (g) 20 53 (1 -01 )b 24 78 (0-82)" 16 58 (0 33)"
Placenta wt (g) 3 68 (0-24)" 3 00OO,CDto 3 69 (0 22)"
Fetal: Placental wt 5 72 (0 • 32)'' 7 00 (0-19)" 4 68 (0 23)"
Biceps wt (mg) 16 55 (1 ■ 31 )"b 18 93 (0 ■ 99)" 13 88 (1 56)b
Soleus wt (mg) 9 55 (0-80)" 9 28 (1-08)" 4 97 (1 00)b
Liver wt (g) 1 46 (0 ■ 07)b 2 OOWDO 1 15 (0 04)c
CR length (mm) 66 09 (1 -66)" 72 33 (1 -10)" 60 O0000 73)"
Tibia length (mm) 15 84 (1 -32)" 15 48 (0 - 25)a 13 31 (0 55)"
Humerus length (mm) 14 16 (1 11)'1 13 77 (0-14)" 11 16 (0 39)b

of gestation) that had been undernourished throughout
gestation. Mean fetal body weight was 47 ■ 90 g, which
did not differ significantly from mean LR neonate weight
of 41-35 g {P - 0-128, unpaired f-test).

Fig. 1. Mean and standard errors for neonatal body weight for
guinea-pig nutritional groups. Significant differences (P < 0-05) are
indicated by differing letters.

45 days. The weights, and other parameters, of
fetuses obtained at 45 days of gestation are shown in
Table 2. Surprisingly the VER fetuses at this age were
significantly heavier than both similarly aged control
(20%) and TR (40%) fetuses (P < 0-05). Body lengths
were also longer in the VER group by 9-5%, but the
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Table 3. Muscle fibre number and secondary-to-primary fibre number ratio (S:P) data of 45-day-old
guinea-pig fetuses from control, VER and TR dams

Mean (s.e.). Significant differences (P<0-05) are indicated by differing superscript letters. For treatment
codes see Materials and Methods

Muscle Control VER TR

Biceps fibre number 11385 (848)!l 12256 (728):l 8362 (566)b
Biceps S:P ratio 8-21 (0-42)" 7-57 (0-33)" 6 • 14 (0 • 14)h
Soleus fibre number 2221 (862)a 3313 (153)" 2339 (720)a
Soleus S:P ratio 1 -67 (0-15)" 1-61(0-12)" 1 -63 (0 • 06)a

ily in the second third, at a rate comparable to
rol dams, but showed a significantly slower gain over
last third of gestation (Table 4). By term, control
s showed a mean net weight gain of 16-23% (1-82
y_1) when the conceptus weight was removed. VER
TR dams showed a mean net weight loss of 6-39%
9 g day-1) and 13-68% (1-62 g day-') respectively.

!. Mean and standard errors for neonate biceps brachii fibre
er for guinea-pig nutritional groups. Significant differences
0-05) are indicated by differing letters.

14 21 28 35 42 49 56 63 70
==3

Gestation length (days)

Mean changes in maternal weight for control, TR and VER
i-pig dams throughout gestation expressed as a percentage of
pre-pregnancy body weight. Bar represents the duration of
tion in the VER group.

ts on Placental Components
te effect of undernutrition on placental component
ne is shown in Fig. 4 and on weight in Fig. 5. At 45

days of gestation, 30 days after the period of restriction in
the VER group, placenta weights were similar in all three
groups (Fig. 5). However, in the VER group the placenta
was composed of a larger volume of peripheral labyrinth
(PL) tissue (Fig. 4) than the other groups (14%, P < 0 -05).
This was largely at the expense of the interlobium compo¬
nent which was 40% smaller in VER placentae compared
with control and TR placentae. The volume of the central
labyrinth (CL) was also increased to 4% of the placental
volume, compared with 2% in other groups, though large
variation between individuals meant this did not reach

significance (P = 0-18). Thus, at 45 days' gestation, the
interlobium weight was reduced in VER placentae, and
peripheral and central labyrinth weights were similar to
controls and heavier than TR placentae (Fig. 5).

Table 4. Maternal average daily weight gains throughout gestation
for control, VER and TR guinea-pigs

Mean values in g day-1. For treatment codes see Materials and
Methods

Stage of gestation Control VER TR

Days 0-25 0-85 -2-19 -2-20

Days 25-45 9 03 9-77 6-28

Day 45-term 10-91 4-44 6-36

Bl CL volume

□ IL volume
H PL volume

45 Term

CONTROL

45 Term

VER

45 Term

TR

Fig. 4. Relative volumes of placental components at 45 days'
gestation and at term for control, TR and VER guinea-pig pregnancies.
CL, central labyrinth; PL, peripheral labyrinth; IL, interlobium. See
text for significant differences.
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b b
5.0 H T

C VER TR ' C VER TR

45 days Term

Fig. 5. Mean (and standard error bars) placental component weights
at 45 days' gestation and at term for control, TR and VER guinea-pig
placentae. Significant differences (P < 0 05) between groups and
ages for each component are indicated by differing letters.

At term, placental weight had increased by approx¬
imately 30% in the VER and control groups but was
unchanged in TR placentae. PL weight was also increased
in control and VER by an increase in proportional volume
and weight of tissue in control, but by an increase in
weight alone in VER (Figs 4 and 5). Both control
and TR groups showed an increase in PL proportional
volume (10%) at the expense of the interlobium from
Day 45, but the VER group was unchanged.

Placental efficiencies were elevated in the VER group
at Day 45 (Table 2) compared with both control and
TR groups. The TR placentae were significantly
less efficient than both control and VER placentae.
At term, efficiencies were similar in the VER and
restricted TR placentae (16-43±0-62 and 17-48±0-45,
respectively), and significantly lower than in the control
group (19-71±0-81; P < 0-05).

Discussion

In this study the hypothesis that the early period of
gestation, the first 25 days in the guinea-pig, is critical
for the development of fetal muscle fibre numbers was
initially tested by investigating the effects of a 40%
reduction in maternal feed intake imposed before or after
25 days of gestation. All restricted groups were found
to be significantly smaller than controls fed ad libitum
(Fig. 1 and Table 1) and had fewer muscle fibres in the
biceps brachii (Fig. 2). If the period of undernutrition
was imposed only for the first 15 days of gestation (the
VER group) body weight was reduced at term by a
similar degree to the ER group (Fig. 1), but biceps fibre
number was unaffected (Fig. 2). The soleus muscle was
found to be unaffected by any of the nutritional treatments
used. This is probably due to the low ratio of secondary
fibres to primary fibres of this slow-twitch muscle. Slow

muscles are never as affected by undernutrition as fast
muscles (Bedi et al. 1982; Ward and Stickland 1991;
Dwyer and Stickland 1992a), since slow muscles contain
a greater relative proportion of primary fibres (Kelly and
Rubenstein 1986), and primary fibres are unaffected by
undernutrition (Handel and Stickland 1987). Restriction
of maternal feed intake for the first 25 days alone (ER)
was sufficient to reduce biceps fibre numbers by a similar
degree to restriction throughout gestation. There was,
therefore, no evidence that nutritional rehabilitation, after
Day 25, had an effect on fibre numbers in the guinea-pig
fetus. Some recovery of fibre number has been reported
on refeeding before the end of fibre hyperplasia in the
rat (Wilson et al. 1988). This does not appear to be
the case in the guinea-pig since biceps fibre numbers
were preserved only when rehabilitation occurred well
before the onset of myofibre hyperplasia, from 15 days'
gestation onwards (VER). It is assumed that the deficit
in fibre numbers was in the secondary fibre component,
since undernutrition throughout gestation has been shown
to cause a decrease in secondary fibres only (Ward and
Stickland 1991).

In the guinea-pig the maximum rate of secondary
myofibre formation in the biceps occurs between Days
35 and 45 of gestation (Ward and Stickland 1991). The
rate of fibre formation, and the ultimate number of fibres
formed, is dependent on the availability of myoblasts
(Penney et al. 1983). In double-muscled cattle, myoblasts
undergo a prolonged proliferative phase (Quinn et al.
1990), which results in a greater number of terminally
differentiated myoblasts and, hence, a greater number of
muscle fibres than in control cattle (Shahin and Berg
1985). In addition, maternal undernutrition throughout
gestation in the guinea-pig is known to reduce myoblast
proliferation (Madgwick and Stickland 1988) leading to
a reduction in the number of muscle fibres formed in the
fetus (Ward and Stickland 1991; Dwyer and Stickland
1992a). In the present study, nutritional insufficiency
before fibre formation (ER) caused a reduction in secondary
fibre numbers (Fig. 2). Undernutrition, therefore, may
have affected secondary myoblast proliferation thereby
reducing the potential number of secondary fibres which
could form. However, a recent study (Madgwick and
Stickland 1988) suggested that there was no deficit in
myonuclear numbers before Day 40 of gestation in the
undernourished guinea-pig fetus. Therefore, a reduction
in the number of secondary myoblasts seems unlikely to
have occurred at Day 25 of gestation in the ER group.

An alternative hypothesis is that early undernutrition
had a detrimental effect on the establishment and growth
of the feto-placental unit. This is supported by the
significantly reduced size of the ER and VER neonates
compared with the controls. The most rapid phase of
fetal growth is in the last half of gestation (Block et
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1988; Ward and Stickland 1991) and well after the
od of nutritional restriction in the ER group, yet ER
lates were unable to achieve growth rates similar to
e of controls. This may have been due to a reduced
ental size which may have led to impaired fetal
ition throughout gestation. Maternal undernutrition
;es a reduction in placental mass, DNA content and
tange surface area in rats and guinea-pigs (Rosso 1980;
ter et al. 1992). This results in reduced placental
sfer to the fetus (Saintonge and Rosso 1981). In
■evious study, maternal feed restriction throughout
ation causod impaired placental efficiency in tho
ea-pig by Day 25 of gestation (Dwyer et al. 1992),
impanied by a reduced exchange surface area. In the
t. group, changes in placental structure were seen at
45 (Figs 4 and 5): the relative volumes of the PL
CL had increased and of tho IL had decreased. Fig. 1
onstrates the similarity of the proportional changes in
ental component volumes between Day 45 and term
te control and TR groups, such that any differences
rmponent weights at term were due to the increase in
veight of the control placenta (Fig. 5). The changes
in the VER group, however, suggest that some

itation of placental function occurs with nutritional
iction and subsequent rehabilitation. Tho placenta
;ases in size until approximately Day 50 in the
ea-pig (Dwyer et al. 1992). Cell numbers, however,
i a maximum and plateau before placental weight in
nouse (Iguchi et al. 1993) and rat placenta (Winick
Noble 1966). Changes in placental morphology are
plete by Day 35 in the guinea-pig (Kaufmann and
doff 1977), which may coincide with the end of
division. This suggests that nutritional restriction
ends on Day 15 of gestation may permit adequate
sntal rehabilitation and adaptation such that no loss
lyofibre number occurs (VER). However, in the ER
p the restoration of an ad libitum diet may bo too
to allow adequate placental compensation. Hence,
: may be a critical period for the development of
ulacenta.
he effect ofmaternal undernutrition on the development
le placenta also explains why there is no effect of
tional rehabilitation on muscle fibre numbers in the

ca-pig, unlike the rat (Wilson et al. 1988). In the
ea-pig, secondary fibre hyperplasia is completed in
> such that the fetus is permanently stunted by a
eed placental size, despite maternal rehabilitation,
te rat, secondary fibre proliferation continues into
postnatal life; therefore, early placental stunting

not have a permanent effect on muscle fibre number
habilitation occurs after birth,

espite placental adaptations which allow normal, or
accelerated, fetal growth at mid term (Table 2),

ull term the VER group were significantly smaller

than controls, and their placentae were significantly less
efficient at supporting fetal growth. A possible explanation
may lie in the inability of the early-restricted dams to
deposit fat in the early stages of gestation (Fig. 3),
Pregnant guinea-pigs rapidly increase their feed intake
within 5 days of conception, reaching a plateau at Day
45 of gestation (unpublished observation). Unfortunately,
feed intake in the VER group after rehabilitation was
not measured, but it is likely that there was some

compensatory increase in intake, at least in the early
stages of refeeding. The VER group dams showed a

woight Iogg during the first third of goGtation Gimilar to
that in the TR group (Fig. 3), and a reduced weight gain
over the last third (Table 4). In the guinea-pig, total litter
weight may be as much as 50% of the pre-pregnancy
body weight of the dam (Leitch et al. 1959) and it is
unlikely that tho dam can support thin nutritional burden
without drawing on her own body resources. The VER
and ER groups, with inadequate early gestational fat
deposition, were probably unable to support rapid fetal
growth in late gestation, regardless of their feed intake,
resulting in a reduction of fetal body weight.

Restriction of maternal intake from Day 25 onwards
caused a large number of fetal resorptions, and severe
growth retardation in those animals which wore carried to
term. Conclusions drawn from these data are necessarily
limited, because of the drastic effects the imposition
of undernutrition had on the maintenance of pregnancy.
The very small size of the LR neonates was mainly
due to the premature birth and younger chronological
age of these animals. However, comparison of these
neonates with undernourished fetuses of a similar age
suggests that other factors may also be involved. A
good level of maternal nutrition in the first third of
gestation IcadG to good placental growth and development
(Dwyer et al. 1992), which cannot then be supported on
a lower nutritional plane without Iogg of nutrient supply
to the fetus. It is possible that the LR fetuses had
an exceptionally low feto-placental weight ratio, which
may have compounded the restriction felt by the LR
animals. This may have also induced the high degree
of fetal resorptions seen in this group. An additional
factor may have been maternal and fetal stress, caused
by undernutrition following previous good nutrition, and
this situation merits further investigation.

Those LR animals that did reach term had a reduced

biceps brachii fibre number when compared with control
animals (Table 2). Restriction during the period of
secondary fibre hyperplasia (Ward and Stickland 1991),
therefore, also appears to cause a reduction in the
number of myotubes that are formed. This may have
been mediated by actions of the inculin like growth factors
(IGF-I and-II).-Receptors for the IGFs have been seen as
early as the morula stage of the mouse embryo (Heyner
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et al. 1990), and IGF-I and-II are known to stimulate
proliferation of L6 myoblasts in vitro (Ewton et al.
1987). Maternal fasting, intra-uterine growth retardation
by uterine artery ligation or maternal undernutrition of
rats and guinea-pigs cause a reduction in fetal serum
IGF-I (Davenport et al. 1990; Jones et al. 1990; Bernstein
et al. 1991; Dwyer and Stickland 1992b). It is possible,
therefore, that maternal undernutrition, after Day 25 of
gestation, caused a reduction in fetal IGF-I, which in
turn led to a reduced proliferation of secondary myoblasts
between Days 35 and 50 when secondary myotubes are
formed (Ward and Stickland 1991). The same mechanism
for a reduction in myofibre number probably operates in
the ER group, but the causes of undernutrition, during
the period of fibre formation, are different.

In conclusion, maternal feed restriction for the first
25 days of gestation alone caused a reduction in neonate
myofibre number equal to that seen in animals restricted
throughout gestation. However, restriction for only the
first 15 days of gestation did not prevent the development
of the normal number of myofibres. Restriction from Day
25 onwards also caused a reduction in myofibre number,
and a severe retardation of fetal growth. Undernutrition
before Day 25 probably exerts its main effects on the
development of the placenta and, therefore, indirectly
on secondary fibre proliferation owing to the consequent
undernutrition of the fetus later in gestation, caused
by impaired placental nutrient transfer. Undernutrition
imposed after Day 25 appears to be at near-fatal severity,
owing to the well developed placenta formed earlier in
gestation when ad libitum feed access was permitted.
The effect on fibre development in the LR group is likely
to be a direct consequence of maternal undernutrition
occuring at the time of fibre production.
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[From the Proceedings of the Anatomical Society of Great Britain and Ireland,
1-3 April 1981. J. Anat., (1981), 133, 1, p. 132)

49. Prenatal muscle development in the pig: a comparison of the largest and smallest litter mates.
By P. M. C. Wigmore and N. C. Stickland. Department ofAnatomy, Royal {Dick) School
of Veterinary Studies, Edinburgh

The semitendinosus muscle was removed from both sides of the largest and smallest fetus in
litters ranging from 38 days gestation to full term. One muscle was used to obtain frozen trans¬
verse sections for histological examination and the other muscle was used for biochemical
analyses.

Measurements on the frozen sections showed that cell diameter in the small fetuses was

smaller than that in the large, but this difference was largely correlated with the considerable
fetal weight differences. The biochemical analyses showed that protein, RNA and DNA contents
were also weight-related rather than age-related parameters.
Histological examination of the muscle sections revealed the expected biphasic development

of muscle fibres, with primary myotubes being present at 38 days, and secondary fibres forming
between 50 and 55 days gestation. In large and small fetuses the myotubes showed an increase
in diameter of 144 % and 90 % respectively from the 38 days stage, before decreasing. As well
as the difference in the amount of increase, it was noted that the maximum myotube diameter
was attained significantly later in the small fetuses. Although myotubes from the large fetuses
had the greater myofibrillar content they had also a significantly greater proportion of intra¬
cellular space (or non-myofibrillar content). The effect of these factors on myotube diameter
may be important since secondary myofibres are known to form on the surfaces of myotubes.
The reduced myotube surface area in the small fetuses may therefore be a factor contributing
to their reduced fibre number at full term.

Work supported by an ARC grant.



[From the Proceedings of the Anatomical Society of Great Britain and Ireland,
10-11 December 1981. J. Anat., (1982), 134, 3, p. 607-608]

18. A scanning electron microscopic study of prenatal muscle development in vivo. By N. C. Stick-
land. Department of Anatomy, Royal (Dick) School of Veterinary Studies, Edinburgh
(Fig. 8).

Early stages of myoblast fusion have been studied in tissue culture preparations and some of
these studies have employed scanning electron microscopy. Structural aspects of muscle de¬
velopment in vivo, however, have been studied almost exclusively using sectioning techniques.
Theories of muscle development, based on these latter studies, include deductions about the
longitudinal arrangement of cells and fibres in developing muscle. Scanning electron microscopy
of muscle tissue in vivo provides a method whereby our knowledge of the three dimensional
arrangement of developing muscle may be extended.
Mouse fetuses (C57 strain) were obtained at daily intervals from 12 days gestation to almost

full term (18 days). Whole forelimbs were dissected off the fetuses and fixed in 3 %glutara!dehyde.
In the older fetuses (> 15 days) m. biceps brachii was then removed entirely whereas in the
younger fetuses the muscle was left in situ. The muscles were pulled apart to expose the developing
muscle fibres and then processed and critical point dried. Freeze-drying techniques were also

Fig. 8

attempted but did not produce such good results. The muscles were viewed on an ISI-60 scanning
electron microscope.
At 12 days muscle tissue is difficult to distinguish whereas at 13 days long fibres are evident.

Spindle shaped cells (myoblasts) can be seen in the crevices between adjacent fibres. At 16 and
17 days a population of secondary smaller fibres (Fig. 8, S) can be seen forming on the surfaces
of the primary fibres (Fig. 8, P). At 18 days the fibres are more compact, with some fibres appear¬
ing more intimately associated with one another, possibly as the basal lamina enveloping
adjacent primary and secondary fibres becomes more pronounced.
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D. 12. Backscattered electron imaging of nuclei in prenatal muscle development. By S. C. Brown
and N. C. Stickland. Department of Anatomy, The Royal Veterinary College, London
(Fig. 3).

Prenatal development ofm. biceps brachii in the mouse was investigated from 15 days gestation
up until 19 days (full term), using both secondary and backscattered electron imaging. Secondary
electrons provide information on the surface of the specimen whereas the backscatter mode used
in conjunction with a metal stain detects density differences from just below the surface (Fig. 3).
A silver stain specific for nuclei (De Nee et al. Scanning Electron Microscopy 1974 (Pt 1),
Proceedings of the Seventh Annual Scanning Electron Microscope Symposium, April 1974) was
used to visualise nuclei within the developing myotubes. This technique, together with transmission
electron microscope studies, has enabled nuclear distribution to be evaluated in developing primary
and secondary myotubes.
At 15 days gestation irregularly spaced mononucleated cells align on the surfaces of the primary

myotubes and subsequently fuse to form the secondary myotubes by 16 days. After fusion the
nuclei in the secondaries become evenly distributed but with greater spacing than that seen in the
primaries at this stage. With subsequent increase in size of the secondary myofibres mononucleated
cells fuse along their length so that at birth all fibres are of a similar size and exhibit similar
nuclear spacing. Differences in density of nuclei at this stage (Fig. 3) may be related to the different
types of nuclei present.

This work was supported by the Wellcome Trust.
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D. 11. The effect of undernutrition on fibre number in myogenesis. By S. S. Ward and N. C.
Stickland. Department of Anatomy, The Royal Veterinary College, London

Myogenesis is a biphasic process in which myoblasts fuse to form an initial population of
myotubes (the primary fibres) upon which further populations develop (secondary fibres). It has
been suggested that malnutrition operates to reduce total fibre number in a muscle during this
prenatal, hyperplastic period by limiting the number of secondary fibres formed. Until now this
has not been proved in a nutritionally controljed experiment.
In the present study, groups of pregnant guinea-pigs were pair-fed on a reduced diet of 60% of

ad lib. through gestation and killed at 5 day intervals from 30 days gestation to term (68 days
average). The biceps brachii muscle of each fetus was prepared for analysis of fibre number, size
and secondary to primary fibre ratio using electron microscopy and enzyme histochemistry.

Fetuses of reduced diet mothers were progressively lighter in weight than their ad lib. con¬
temporaries with advancing gestational age. This was reflected in the effect on the muscle which
becomes more acute towards parturition. Initial results support previous findings on the mode of
decreased fibre number. There is a reduced secondary to primary fibre ratio in the nutritionally
disadvantaged muscle at every age examined, together with a reduction in primary fibre size of
about 27%.
This reduction helps to explain the decrease in fibre number at birth which is in the order of

30% in the biceps brachii muscle of the nutritionally deficient animal.

This work was supported by the Agriculture and Food Research Council.
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SYMPOSIUM: THE GROWTH AND DEVELOPMENT OF SKELETAL
MUSCLE

1. Prenatal muscle development and its effect on postnatal growth. By N. C. Stickland.
Department of Veterinary Basic Sciences, the Royal Veterinary College, University of
London

The biphasic theory ofmuscle development is that myoblasts line up and fuse to form an initial
population of large primary myofibres. A larger population of small secondary myofibres then
forms on their surfaces. In most muscles of mixed fibre types the primary myofibres take on slow
fibre characteristics and the secondaries take on fast characteristics (although some secondaries
may become slow either prenatally or postnatally).
The effects of genetic and nutritional factors on the above process of myogenesis have been

investigated in several species. The genetic control of muscle size has been studied in large and
small strains of animals including mice and pigs. The major genetic influence on muscle size
appears to be during primary myofibre formation. This is in contrast to the nutritional situation
where low levels of maternal nutrition cause a marked reduction in the number of secondary
myofibres associated with each primary. The number of primary myofibres is not affected except
in very severe cases of runting in the pig. The reduction in secondary myofibre formation is
associated with several factors including a reduction in primary myofibre surface area and in
nuclear proliferation.
There are several consequences of the effects in prenatal muscle development mentioned above

on postnatal muscle growth. An alteration in the ratio of secondary to primary myofibres formed
during development has an effect on muscle fibre type ratios in postnatal growth. Work on pigs
has shown that animals which develop fewer muscle fibres by the time of birth remain
disadvantaged throughout postnatal growth. Small pigs at birth which exhibit catch-up growth
contain relatively high numbers of muscle fibres in their muscles. This situation is possible when
there are low nutritional levels in only the later part of gestation; this would affect the size but not
the number of muscle fibres.
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8. The effect of undernutrition on the myogenesis of fast and slow twitch muscles of the guinea-pig.
By S. S. Ward and N. C. Stickland. Department of Veterinary Basic Sciences, Royal
Veterinary College, University of London

Myogenesis is a biphasic process in which secondary fibres form on primary fibres. It has been
suggested that undernutrition operates during prenatal muscle development to reduce fibre number
by limiting the number of secondary fibres formed. Muscles in which presumptive slow twitch
fibres predominate, appear to be exempted from fibre number reduction. The mechanism which
spares slow twitch muscles had not yet been investigated in a nutritionally controlled experiment.
In the present study, pregnant guinea-pigs were pair-fed on a reduced diet of 60% of ad lib.

throughout gestation and killed at 5 day intervals from 30 days' gestation to term (average 68
days). The biceps brachii and soleus muscles (a fast and slow twitch muscle respectively), of each
fetus were prepared for analysis of fibre number, size and secondary to primary fibre ratio using
electron microscopy and enzyme histochemistry.
The results show clear differences between the muscle types. Biceps brachii muscle fibre number

was reduced by approximately 27 % at birth, while there was no significant reduction in soleus fibre
number. From 40 to 45 days of gestation the secondary-to-primary fibre ratio is lower in the
undernourished than in the control animals in both muscle types. Since there was no difference in
primary fibre number from the control this result was indicative of a slower rate of secondary fibre
formation in the undernourished muscles. Calculations reveal that whilst the rate of fibre
formation was reduced, secondary fibres continue to form over a longer period of time in the
nutritionally stressed group. This limited the severity of fibre number reduction in the biceps
brachii muscle and prevented it in the soleus muscle. Delayed maturation of the undernourished
muscles was further illustrated by immature histochemical fibre staining and continuing presence
of the central myofibrillar free area (which is a feature of the hyperplastic phase).
Relative sparing of slow twitch muscle from fibre number reductions in response to

undernutrition during development is a consequence of the low ratio of secondary to primary
fibres which exists in these muscles. Since secondary fibres form a low proportion of the total
number, the full complement of fibres can be achieved in the period of delayed secondary fibre
formation. This is not possible in the fast twitch biceps brachii muscle where secondary fibres
contribute more than 80 % of the total number.

This work was supported by the Agricultural and Food Research Council.
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9. The effect of undernutrition on nuclear populations in fast and slow twitch muscles during
myogenesis in the guinea-pig. By A. J. A. Madgwick and N. C. Stickland. Department of
Veterinary Basic Sciences, Royal Veterinary College, University of London

Myogenesis is a biphasic process where an initial population of myoblasts fuse to form primary
fibres upon which secondary fibres develop by further myoblast fusion. A previous study has
shown that prenatal undernutrition results in reduced fibre numbers at term by reducing the
number of secondary fibres in the biceps; no such reduction in fibre number is seen in the soleus.
It is not clear to what extent these results can be explained by the effect of nutrition on nuclear
proliferation in these two muscles.
This study investigated the effects of a reduced diet of 60 % ad lib. throughout gestation on pair-

fed pregnant guinea-pigs. Pairs of animals were killed at 5 day intervals from 35 days' gestation
to term (mean 68 days). The biceps brachii (fast) and soleus (slow twitch) muscles were removed
from each fetus and processed for light and electron microscopy so that nuclear compartments in
the developing muscles could be quantified.
An initial investigation into the partitioning of nuclei into those within fibres, mononuclear cells

(predominantly myoblasts), fibroblasts and endothelial cells suggested that each compartment was
equally affected by undernutrition. It is therefore reasonable to assume that an estimate of the total
number of nuclei is an indicator of the behaviour of nuclei associated with fibre formation.
During the period of primary fibre formation in the biceps, there was no significant difference

in total nuclear number. During the period of secondary fibre formation, however, the nuclear
population was reduced by 25% at 45 days of gestation and by 10 % at term in the undernourished
animals. This difference at the two ages can be attributed to the addition of nuclei persisting at a
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lower rate, for a longer period of time in the diet restricted animals. This is reflected in a slower
rate of secondary fibre formation resulting in a 27% reduction in fibre number at term (Ward el
at. J. Anal. 1988). Further analysis shows that there is no significant difference between the ratio
of fibre number:nuclear numbers in ad lib. and restricted animals. These results suggest that the
availability ofmyoblasts to form secondary fibres is one of the limiting factors during myogenesis
in the biceps.
Events in the biceps contrast markedly with those in the soleus in which there is no significant

difference between nuclear numbers and fibre numbers at term. This effect may be related to the
lower rate of nuclear proliferation in the soleus of a well fed animal such that a similar proliferative
rate can be maintained at lower nutritional planes.
This work was supported by the Agricultural and Food Research Council.
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The effect of maternal undernutrition on the developmentof placental components in the guinea pig. ByC. M. Dwyer, A. J. A. Madgwick, A. R. Crook andN. C. Stickland. Department of Veterinary BasicSciences, the Royal Veterinary College, University ofLondon

Fetal growth is known to be correlated with the increase insize of the placenta and the exchange surface area.Reduction in the growth of the materno-fetal exchangesurface area may be a mechanism by which the effects ofmaternal undernutrition on fetal growth are mediated. Inthe compact placenta of the guinea pig the exchange surfacearea is the peripheral labyrinth. The effect of a 40%reduction in maternal feed intake on the growth of theperipheral labyrinth was investigated between gestationaldays 25 and 65. Sagittal sections of placentae were stainedto demonstrate alkaline phosphatase which allowedmeasurements to be made of the relative volumes of eachplacental component.
Fetal and placental weights were significantly reduced inthe last trimester by 32% and 38% respectively (P < 0.01).Placental efficiency in early gestation was significantlyimpaired in restricted animals but equivalent to ad lib-fedcontrols by the last trimester. The volume of peripherallabyrinth increased as a proportion of the total placentalvolume with gestational age. Restricted placentae tended tobe composed of a smaller volume of peripheral labyrinth inearly gestation. It is suggested that maternal undernutritionresults in an impaired or delayed expansion of the peripherallabyrinth in early gestation, resulting in a reduced placentalefficiency. By the last trimester the weight of the peripherallabyrinth of restricted animals was reduced by 33 % (P <0.05). The weight of the peripheral labyrinth wassignificantly correlated with fetal weight during the lasttrimester, suggesting that fetal weight is limited by the sizeof the peripheral labyrinth in the later stages of gestation.
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The effect of maternal undernutrition, imposed before
or after the first trimester, on muscle fibre number
development in the guinea pig fetus. By C. M. Dwyer,
A. J. A. Madgwick, S. S. Ward and N. C. Stick-
land. Department of Veterinary Basic Sciences, the
Royal Veterinary College, University of London

Muscle fibre hyperplasia occurs early in development in the
guinea pig and is complete by d 50 of gestation. A 40%
reduction in maternal intake throughout gestation results in
a 35% reduction in body weight at term, and a 20-25«/
reduction in muscle fibre number in fast muscles (Ward £
Stickland, Muscle Nerve 14, 1991). The present investigate
was designed to test the hypothesis that the first trimester'
the most critical period for fibre number determination
when undernutrition exerts an influence.

Pregnant dams were assigned to one of the followin
nutritional treatments on d 1 of gestation: C, ad lib
throughout gestation; TR, 60% of ad lib. throughout; ER
60% to d 25 when ad lib.; LR, ad lib to d 25 then
60%. Neonates (n = 52) were killed, by an overdose
injection of sodium pentobarbitone, and body and muscle
wet weights were recorded. The left biceps brachii and soleus
muscles were fixed and resin-embedded for fibre number
counting.
Body and muscle weights and lengths were significantly

reduced in all restricted groups when compared to controls
(P < 0.05). In general C > ER > TR > LR to the order of
15%, 35% and 50% reductions for ER, TR and LR
respectively. Biceps fibre number was reduced in all
restricted groups by 25%, 28% and 22% for ER, TR and
LR groups (P < 0.05). Soleus fibre number was unaffected.
Thus, nutritional restriction in the first trimester resulted

in a similar deficit in fibre number to that which resulted
from restriction enforced throughout gestation. Restriction
in the second and third trimesters also caused a fibre number
deficit and the most severe reduction in fetal growth. These
results may be explained by reduced myoblast proliferation
and/or the effects of nutrition on placental growth.
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Muscle development in mice selected for large and
small body weight. By S. C. Brown and N. C.
Stickland*. Department of Biochemistry, Royal
Holloway College, London and * Department of
Veterinary Basic Sciences, The Royal Veterinary
College, London

Differences in fibre number may contribute up to two thirds
of the divergence in muscle mass shown by mice selected for
high (QL) and low (QS) body weight. Fibre number is
determined around the time of birth in mammals and

consequently myotube formation during the prenatal period
is one of the single most important events influencing adult
muscle size. The present study describes a quantitative
assessment of muscle development in biceps brachii of the
QL and QS from 15 to 19 d of gestation. Primary myotube
number was higher in the QL relative to the QS, but the
secondary to primary myotube ratio was lower. Nuclear
density did not differ between the lines for either muscle at
any stage. Although muscle girth at 19 d gestation was not
significantly different between the lines, crown rump length
and the length of the humerus showed a significant difference
at this stage. Furthermore the differences between the
strains in bone length were evident before any differences in
the muscle. These observations lend support to the hy¬
pothesis that longitudinal bone growth acts as a 'pace¬
maker' for muscle growth.
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Immunohistochemical localisation ofMvod and Myogenin in developing fast and slow
muscle fibres of the foetal mouse. E. H Walters, N.C. Stickland and P.T Loughna.
Department of Veterinary Basic Sciences, The Royal Veterinary College, London

Muscle development is describes as being a biphasic process; during the first phase
multinucleate primary fibres are formed by the fusion of mononucleate myoblasts. This is
followed by the formation of secondary fibres at which time the muscle becomes innervated.
A group of basic helix-loop-helix transcription factors (bHLH) known as the myogenic
regulatory factors have been shown to be integral to normal muscle development and
differentiation. Their role has been investigated using mutants lacking one or more of the
transcription factors and by utilising mRNA and protein localisation techniques including in
situ hybridisation in whole embryos. MyoD has been shown to be expressed in proliferating,
undifferentiated myogenic cells in vitro, while myogenin has been shown to be expressed only
upon the induction ofmuscle differentiation. In postnatal muscle, re-innervation experiments
have shown that myoD and myogenin are selectively expressed in fibres converting to fast and
slow types respectively. Cellular localisation of these factors within muscle tissue has not been
investigated in prenatal muscle. By using immunohistochemistry we have localised both myoD
and myogenin at 14,16 and 18 days, while slow myosin heavy chain is present at 16 and 18
days gestation. At 18 days myogenin is only expressed in the secondary fibres that have a fast
myosin phenotype, while myoD is expressed in the proportion of primary fibres that have a
fast phenotype and in all secondary fibres. We therefore suggest that myoD is involved in the
conversion of primary fibres that express slow myosin early in development, to primary fibres
that express fast myosin heavy chain later in gestation. In conclusion this data suggests that
these two bHLH proteins may play a crucial role in the determination of adult muscle fibre
phenotype.
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Distribution ofMyoD and myogenin in developing fast and slow muscle fibres of the
foetal mouse. E. H. WALTERS, N. C. STICKLAND, P. T LOUGHNA. Department
of Veterinary Basic Sciences, The Royal Veterinary College, London.

The four myogenic regulatory factors (MRFs) MyoD, myogenin, Mrf-4 and Myf-5 are
known to have vital roles in the proliferation and differentiation ofmyoblasts, which when
fully differentiated form skeletal muscle. Myf-5 and MyoD are expressed in proliferating
undifferentiated myoblasts whereas myogenin is expressed when muscle differentiation has
been initiated. MRF-4 is usually expressed in mature skeletal muscle. The multiple roles of
MRFs during muscle development suggests that each member may regulate a distinct group
of genes, and that differential expression ofMRFs may contribute to the diversity of the
myogenic cells (Weintraub et al, Science, 251, 1991), namely the expression of fast and
slow myosin isoforms. Work on rabbit muscle satellite cells has shown that MyoD and
myogenin are present in slow satellite cells on day 6 of culture whereas fast satellite cells
express MyoD from day 8 and, myogenin is expressed from day 12. Hughes et al
(Development, 118, 1993) have shown in adult muscle that muscle fibres expressing fast
myosin isoforms preferentially accumulate MyoD transcripts and slow fibres accumulate
myogenin. The purpose of this investigation was to investigate whether MyoD and
myogenin distribution was related to the expression of specific myosins in prenatal muscle.
Pregnant Balb C mice were time mated and the foetuses removed at specific time points
from El 3 until El 8. The foetuses were snap chilled and 10pm sections of the upper
forelimb were cut on a cryostat. The sections were incubated with the primary antibody in
1% BSA in PBS for 2-3 days at 4°C. Anti-MyoD and Anti-myogenin polyclonal antibodies
were used as well as an antibody to Slow MyHC. The sections were washed in 3 changes of
PBS with 0.1% Tween 20. The FITC labelled secondary antibody in PBS with 1% BSA
was applied for 3-5 hours at room temperature, and the staining was visualised using
fluorescence microscopy. At day 13 Slow MyHC is present in newly formed primary fibres,
MyoD and myogenin are present in the nuclei of cells in discreet areas of the limb bud,
corresponding to those areas expressing slow MyHC. At 15 days Slow MyHC is present in
all primary fibres while MyoD and myogenin are present in all muscle fibres. At 18 days
slow MyHC is present in a proportion ofmuscle fibres whereas MyoD and myogenin are
again present in all muscle fibres. From these observations we conclude that there is no
evidence ofMyoD or myogenin distribution being related to the development of specific
fibre types, as determined by the distribution of slow MyHC.
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A POSSIBLE INDICATOR MUSCLE FOR THE FIBRE CONTENT
AND GROWTH CHARACTERISTICS OF PORCINE MUSCLE

N. C. Stickland and G. Goldspink;

Muscle Research Laboratory, Department ofZoology, University ofHull

summary

Fibre number and fibre size were measured in the flexor digiti
V brevis muscle and other muscles in pigs of different breeds. A
large variation in fibre number (200%) was found among the
breeds. However, the fibre number in the flexor digiti V brevis was
closely correlated with fibre number of other muscles in the same
animal. Fibre number and size measurements were also carried out
on animals at different ages taken from a relatively pure breed of pig.
Fibre size was found to increase to differing extents in different
muscles, although the increase in the flexor digiti V brevis was
almost the same as in the longissimus dorsi. Fibre number did not
change during growth. On the basis of these findings it is suggested
that the flexor digiti V brevis is a suitable indicator muscle for
genetic experiments.

introduction

Research into the mechanism of muscle fibre growth in laboratory animals
has shown that the increase of muscle during growth is the result of an
increase in the fibre size and is not due to an increase in the total number of
fibres (Rowe and Goldspink, 1969). Although physiological conditions such
as exercise and nutrition can affect the size ofmuscles (Goldspink, 1964), the
number of fibres in the muscle is the more important factor in limiting
ultimate muscle size. The total number of fibres in a given muscle is appa¬
rently genetically determined and fixed at or near birth (Luff and Goldspink,
1967). It would seem therefore that selection of animals for meat-bearing
potential for breeding may have unwittingly been a selection of animals with
greater fibre number (Luff and Goldspink, 1967). If a measurement of fibre
number could be obtained from animals at a young age then this could be
used for progeny testing, instead of waiting for the animals to mature.
Staun (1968) suggested taking a small muscle sample by biopsy from the
longissimus dorsi, while the area of the muscle is found by ultrasonics so that
the total number of fibres in the muscle cross-section may be calculated.
This biopsy method has been employed by Livingston, Blair and English
(1966) who attempted to relate mean fibre diameter to indices of lean meat
content of a range of bacon pig carcasses. Poor correlations were obtained
and from this they concluded that more structural knowledge of the longissi¬
mus dorsi was required. The problem is that only relatively small samples of
longissimus dorsi can be removed and so it is difficult to obtain a representa¬
tive sample. Swanson, Kline and Goll (1965) showed large fibre size variation

135



136 ST1CKLAND AND GOLDSPINK

between different locations in the longissimus dorsi muscle. The calculated
fibre number for such a large and complex muscle can therefore only be a
rough estimate. It seemed that a far better method would be to use a whole
muscle for the biopsy sample and to carry out total fibre counts.

The purpose of this investigation was to find a suitable muscle for this
biopsy technique which would have a fibre number representative of the fibre
number of other muscles in the same animal. The feasibility of the use of
this method in genetic experiments has also been investigated by comparing
the fibre number in various breeds of pigs.

A muscle biopsy method ofprogeny testing could really only work success¬
fully if the fibre number does not change with growth. Therefore a growth
study was carried out in which fibre number and size were measured in the
indicator muscle and two meat muscles of a reasonably pure breed of pig.

MATERIAL AND METHODS

Microanatomy of muscles. Six possible indicator and comparison
muscles were dissected out from several pigs. They were fixed in 2-5%
glutaraldehyde at 4°C for 18 hr, washed in phosphate buffer (pH 7-2) for 6 hr
and left in 30% nitric acid for two days (pulling fibres slightly apart after
one day) and washed again. It was then possible to tease the fibres in 50%
glycerol using fine needles. This procedure (Williams and Goldspink, 1971)
enabled the way in which the fibres run within the muscles to be determined.
Of the muscles studied four were found to be suitable for future investigation
and one suitable as an indicator muscle.

Histology. The four different anatomical muscles were removed from
several pigs which were obtained from local farms and were usually less than
4 weeks old. The muscles were removed entire, cleared of connective tissue
and weighed. They were then fixed in 2-5 % glutaraldehyde, dehydrated and
embedded in Paraplast. Glutaraldehyde was chosen because of its quick
penetrating properties which are needed when using reasonably large
muscles. All muscles were removed post-rigor, so no further fixing of the
length after removal, was necessary. Transverse sections were cut at 6 p.
on a Beck rotary microtome, stained in Heidenhain's iron haematoxylin and
fibre counts made at about five levels per muscle. Counting was accom¬
plished by projecting a complete section from a microscope on to white paper
and counting every fibre in the section using an electronic pen counter. In
some cases complete serial sections were cut in order to obtain more detailed
knowledge of the internal architecture of the muscles, so that the level where
the maximum number of fibres were included in the transverse section could
be established. On some sections fibre diameter was also measured. This
was carried out using an ocular micrometer scale in the eyepiece of the
microscope. Histological processing invariably causes shrinkage of the
fibres and the method used here was no exception. In this case it was found
that the histological processing caused the fibres to shrink by approximately
one-third. The diameter measurements were thus corrected for this, although
the measurements were used in a comparative way and therefore the exact
shrinkage was not important.

Growth study. The muscles for this investigation were all obtained from
pigs used in a study at the Department of Anatomy of the Royal (Dick)
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School of Veterinary Studies, Edinburgh. The pigs were all females from a
selected herd at Cockle Park Farm, Newcastle.

The indicator muscle (m. flexor digiti V brevis), sartorius muscle and a
slice of the Iongissimus dorsi (at the thoracicolumbar junction) were removed
from each pig (post-rigor) and transverse sections were prepared from
the belly of the muscle. The weights of the muscles were noted immediately
after dissection together with other various carcass parameters including total
muscle weight and total fat weight. The transverse sectional area of the
longissimus dorsi muscle (at thoracicolumbar junction) was determined from
the slide using a planimeter following fixation and sectioning of the tissue.
Hillers (1970) showed that planimetry was slightly more accurate in measuring
longissimus dorsi areas than grid methods. For the small indicator muscle,
total fibre counts were carried out as described above. However, for the
larger sartorius and longissimus dorsi muscles a grid was superimposed on to
the projected image so that the number of fibres per unit area could be cal¬
culated. This was multiplied by the transverse sectional area of the entire
section on the slide to obtain the total number of fibres in the muscle. Fibre
diameter measurements were also taken from these muscles at different
stages of growth.

Feasibility of indicator muscle. The four muscles found to be convenient
to use were

These muscles were chosen because their fibres run longitudinally from origin
to insertion (determined by teasing in glycerol) and all the fibres are included
in a transverse section through the belly of the muscle. They were also small
enough so that counting all the fibres was feasible. The m. flexor digiti V
brevis was chosen as the indicator muscle because of its very small size and
its easily accessible position (Figure 1): after making a suitable incision in
the skin the distal tendon of this muscle, which overlies the m. abductor
digiti V, can be lifted up in this region and the muscle dissected up to its
proximal attachment on the accessory carpal. Another important factor
considered was that removal of the indicator muscle should not unduly
impair the animal's locomotion if it were to be used as a routine biopsy
technique. Also it should preferably be of no commercial importance as its
removal must not detract from the commercial value of the carcass.

The results of the teasing investigations and the serial sectioning of the
muscles are shown in Figure 2. These investigations provided information
which enabled sections to be made which contained all the fibres of the
muscle.

The results of the fibre counts of indicator muscles from all the individual
pigs used are shown in Table 1. In some cases fibre counts were made on the
indicator muscle from both sides of the animal to ensure bilateral symmetry
and these results are summarized in Table 2. The number of fibres in the
indicator muscle was then plotted against numbers in the three comparison

RESULTS

M. flexor digiti V brevis
M. extensor digitalis communis, deephead
M. extensor digiti I longus
M. rhomboideus capitis

Indicator
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Accessory
Carpal

M.flexor digit?
Y brevis

M. abductor
digit! Y

M. abductor
digiti It
M. flexor digiti
It brevis

Fig. 1. Anatomical location of indicator muscle.

muscles and are shown in Figure 3. Each point on the graphs represents one
animal and the lines given are the computed regression lines. The correlation
coefficients of fibre number in the indicator muscle with fibre numbers in the
comparison muscles were all significant at the 0-001 probability level (Table 3).
The other correlations of muscle weights with body weight, etc. were also
significant except the correlations involving the weight of indicator muscle
itself (Table 3). This is probably due to the fact that the muscle is very small
and so any connective tissue present has a relatively large effect on its weight.
Certainly, younger animals tended to have relatively more connective tissue
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Fig. 2. Micro-anatomy of muscles.

which could not be removed from the muscle without damaging the fibres.
The variation of fibre number in the indicator muscle between different

breeds is shown in Table 1. From this Table it will be seen that the fibre
number varied by about 200% (2300 to 6500). There was considerable
variation within any particular breed, probably due to differences among
herds of the same breed; for example in the pure Large White pigs, Wi, W2
and W3 (3702, 3839 and 3863 respectively) were from one herd, W4 (6804)
and W5 (6008) from another herd. The first herd had in fact been closed
to outside blood for several years. At 18 days of age the average fibre dia¬
meter (for indicator muscle) of the first herd was 19-6 ^±0-37; that of the
second was 14-0 /n + 0-21. (Differences were significant at P< 0-001.) Hence,
in this case, it appears that large fibre number was associated with smaller
fibres and vice versa.
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TABLE 1

Muscle fibre counts
Flexor digiti
V brevis

No. Sow Boar Indicator
1 Landrace x Large White Camborough 4509
2 Large Black x Landrace Camborough 4171
3 Landrace x Large Black Landrace 4602
4 Large Black x Large White Large White 6049
5 Landrace x Large White Landrace 4675
6 Large Black x Large White Camborough 3934
7 Landrace x Large Black Camborough 5007
8 Large White x Large Black x Landrace Landrace 4448
9 Large White Landrace 5112
10 Welsh Camborough 2372
11 Landrace x Large Black x Large White Landrace 6520
12 Large White Landrace 5004
13 Welsh Landrace 3265
14 Large White x Landrace Large White 5190
15 Large White x Landrace Large White 5684
16 Welsh Large White 3180

Wi Large White Large White 3702
W2 Large White Large White 3839

w3 Large White Large White 3863
w4 Large White Large White 6804

w5 Large White Large White 6008

Li Landrace Landrace 3452

l2 Landrace Landrace 3438

l3 Landrace Landrace 3279

s Saddleback Saddleback 6013

Ci Camborough Camborough 3365

C2 Camborough Camborough 2805

C3 Camborough Camborough 3602

Pi Pietrain Pietrain 3675

Pa Pietrain Pietrain 4711

p3 Pietrain Pietrain 3721
p4 Pietrain Pietrain 4729

TABLE 2

Fibre counts from indicator muscle of both sides
Pig. no. Left muscle Right muscle Difference

1 4509 4584 Approx. 2%
2 4171 4381 Approx. 5%
3 4602 4712 Approx. 3%
4 6049 5990 Approx. 1 %
6 3934 4186 Approx, 6%

Diameters of fibres were measured in the indicator muscle for four Large
White and four Pietrain pigs. The results were as follows:

Large White Pietrain
Carcass weight (kg) 8-23 ± 1-03 8-31 ±0-34
Fibre diameter (y.M) 19-75 ± 1-66 27-53 + 1-77

(The difference in the diameters is significant at P < 0-02.)

Growth study. The muscles used were taken from 18 pigs varying in live
weight from about 1 to 64 kg (about 2 to 200 days of age). The weight of the



AN INDICATION OF PORCINE MUSCLE CHARACTERISTICS 141

Indicator muscle (fibre No.)
Fig. 3. Indicator muscle fibre number v. comparison muscles.

indicator muscle was highly correlated with the total body muscle weight
(r = 0-8394, P< 0-001).

The changes in fibre diameter associated with increase in total muscle
weight are shown in Figure 4. Correlation analyses were carried out between
indicator muscle fibre diameters and various weight parameters (Table 3).
The significance of the correlation coefficients showed that larger fibres were
associated with greater muscle mass.

In Figure 5 the mean fibre area of the longissimus dorsi is plotted against
transverse sectional area of the same muscle; there was a good linear relation¬
ship between fibre area and muscle area.
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TABLE 3

Correlations between various traitsj
r No. (pairs) P

Fibre no. 1 v. fibre no. 2 0-9856 6 ***

Fibre no. 1 r. fibre no. 3 0-8933 10 ***

Fibre no. 1 v. fibre no. 4 0-9291 5 *

Weight 1 v. weight 2 0-2438 9 NS
Weight 1 v. weight 3 0-4148 9 NS
Weight 2 v. weight 3 0-8485 9 *♦*

Weight 1 v. body weight 0-4468 10 NS
Weight 2 v. body weight 0-9343 9 ***

Weight 3 v. body weight 0-7606 10 * * *

Weight 4 (cm) v. body weight 0-8330 4 *

Fibre diameter 1 v. age 0-7824 18 ***

Fibre diameter 1 v. carcass weight 0-7959 18 ***

Fibre diameter 1 v. total muscle weight 0-8052 18 ***

(Fibre diameter)2 1 v. total muscle weight 0-8028 18 ***

|1 = M. flexor digiti V brevis—indicator,
2 = M. extensor digitalis communis, deep head,
3 = M. extensor digiti I longus,
4 — M. rhomboideus capitus.

Total body muscle weight in Kg.
Fig. 4. Fibre diameter changes with growth.
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The results of the changes in fibre number with growth are shown in
Figure 6 for the indicator muscle, m. sartorius, and m. longissimus dorsi
respectively. The computed regression lines for these plots were not signifi¬
cantly different from the horizontal which strongly indicates that fibre
number did not change during growth.
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Fig. 5. Changes in mean fibre cross-sectional area with changes in muscle cross-sectional
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DISCUSSION

It would appear that the indicatormuscle used was representative of other
muscles in the body, with respect to fibre number. The fact that the three
'comparison' muscles were from different regions of the body (fore limb,
hind limb and neck region) ensured that the musculature as a whole was well
represented. The fibre counts of the indicator muscle from each side varied
from 1 % to 6% with each given animal; this demonstrates the high degree
of bilateral symmetry. This small variation between contralateral muscles is
negligible compared with interbreed variations of up to 200 %.

The large variation in fibre number in the indicator muscles studied should
make it possible to construct breeding programmes to achieve high fibre
number, especially if a routine method of fibre number counting can be
developed using automatic counting instrumentation. Within a breed it
appeared that large fibre number was associated with smaller fibres and vice
versa. Staun (1968) found that the total number of fibres was negatively
correlated with the fibre diameter, that is to say the larger the number the
thinner the fibres. It is interesting to note that 'herd' differences in fibre
number have also been found in other animals. Luff and Goldspink (1967)
found fibre number differences in two strains of mice bred from the same

original stock. Also Walker, Burd and Pull (1972) found significant differ¬
ences in fibre number among stocks of North Sea herring.

As far as work on fibre size is concerned, significant differences between
breeds have been reported by Mauch and Marinesco (1934), Glebina (1952),
and Lawrie and Gatherum (1964). In the present study significant differences
(P<0-02) were found between the two breeds on which measurements were
made, the LargeWhite and Pietrain. Dumont and Schmitt (1970) found that
the Pietrain had larger fibres than Large Whites in certain muscles. Staun
(1963) associated large fibres of the Pietrain with poor meat quality. Possibly,
therefore, increased fibre number might result in improvements in meat
quality as well as quantity.

In the growth study, the fibre diameters of the indicator and the two meat
muscles showed similar increases with increase in total body muscle weight
(Figure 4). The indicator muscle and the m. longissimus dorsi showed fibre
diameter increases from about 10 /x at 0-2 kg total body muscle weight to
about 48 /x at 11 kg. The fibre diameters ofm. sartorius appeared to increase
to a lesser extent from about 11 n at 0-2 kg to 38 y. at 11 kg total body muscle
weight. This difference in fibre size between different muscles of the same
animal has been demonstrated by several authors (Hammond and Appleton,
1932—sheep; Joubert, 1956—sheep; Staun, 1963—pigs). This difference is
probably due to the different workloads on the muscles, which therefore
develop to different extents (Rowe and Goldspink, 1969).

The highest correlation involving fibre diameter (Table 3) was its squared
value with total body muscle weight (r = 0-8380, P< 0-001), though the re¬
lationship was still not linear. If fibre cross-sectional area is plotted against
muscle cross-sectional area (Figure 5) the variation due to changing fibre
length is not, of course, involved, and it is for this reason that a good linear
relationship and better correlation are obtained (r = 0-9835, P< 0-001). In
fact, for m. longissimus dorsi, the mean fibre area increased by 2-2 times
whereas the weight of the muscle increased by 8-8 times during the period
studied. This would indicate an increase in muscle length of about 4 times
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(assuming the m. longissimus dorsi is uniform throughout its length) in agree¬
ment with actual results for thoracic plus lumbar length increases. Increase
in muscle length, as well as muscle girth, must therefore contribute very
significantly to increase in weight of this muscle.

Perhaps the most important finding, as far as this study is concerned, is
that the fibre number in the three different anatomical muscles did not increase
during growth.

It would seem therefore that the indicator muscle could be removed at an

early age and the number of fibres counted. As the number of fibres does
not change with age, it would indicate the fibre number of other muscles,
because of the close correlations found. Since fibre number is related to

muscle mass, a muscle biopsy technique can presumably be used for progeny
testing with particular reference to increasing muscle size. Using this method,
herds with higher fibre number could be established. The selection of animals
for breeding based on cellular characteristics obviously requires more inten¬
sive study.
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A NOTE ON PORCINE SKELETAL MUSCLE PARAMETERS AND
THEIR POSSIBLE USE IN EARLY PROGENY TESTING

N. C. Stickland| and G. Goldspink
Muscle Research Laboratory, Department of Zoology, University of Hull

summary

An 'indicator muscle' (m. flexor digiti V brevis) was removed in its
entirety from several Large White and Landrace pigs of varying fat
depth (measured over the eye-muscle area). The total muscle fibre
number was measured in transverse sections for each muscle. Signi- '
ficant inverse relationships were found between this fibre number and
fat depth measurements. These and other results suggest that fibre
number is related to lean meat content. Fibre number was also shown
to be highly correlated with fibre density and as thinner fibres (i.e.
higher fibre density) are associated with more tender meat, fibre
number may be associated with quality as well as quantity of meat.

In a previous paper (Stickland and Goldspink, 1973) a muscle was described
in the pig which was indicative of other muscles in the animal with respect to
muscle fibre number. This muscle, termed the indicator muscle, was the
m. flexor digiti V brevis. The possibility was suggested of using this muscle
as an index for early progeny testing as well as for performance testing.

Selection for animals with meat-bearing potential may unwittingly be a
selection for those animals with more muscle fibres (Luff and Goldspink,
1967; Staun, 1968). Miller (1970) showed that the number of fibres in the
longissimus muscle is more related to muscle mass than is the size or type of
fibres. This was in agreement with Livingston, Blair and English (1966) who
found no correlation between fibre diameter and lean meat content. There¬
fore, in this investigation it was decided to pay particular attention to muscle
fibre number, using the indicator muscle, and to relate this to conventional
methods of carcass assessment.

The animals used were from the Meat and Livestock Commission's Pig
Testing Stations, were reared under standard conditions, and included Large
White and Landrace breeds of pig. Both young adult females (gilts) and
castrated males were used, but as sex does not seem to affect muscle fibre
number in pigs (Staun, 1963; Stickland, 1973) this variable was not considered
here. Within each breed there was a range of fat and lean pigs, classification
being based upon C+K fat depth measurements (explained below).

Left forefeet were taken from all these animals at the time of slaughter
and, after removal of the skin, were placed in 2-5 % glutaraldehyde fixative in
phosphate buffer (pH 7-2). The indicator muscle was removed in its en¬
tirety from all these animals and processed as described previously (Stickland
and Goldspink, 1973) to obtain 7 p transverse sections through the 'belly' of
t Present address: Department of Veterinary Anatomy and Histology, University of

Nairobi, PO Box 30197, Nairobi, Kenya.
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the muscle. The total number and density of the muscle fibres in these
sections were measured.

Various carcass parameters taken from the left side were used in this
study. These were as follows: weight of M. psoas major, the greatest width
of the 'eye muscle' M. longissimus (A), the greatest depth of the 'eye muscle'
at right angles to A (B), the thickness of fat and skin immediately over B at
right angles to skin (C), and the thickness of fat and skin measured at the
dorso-lateral corner of the 'eye muscle' at right angles to skin (K). Measure¬
ments A, B, C and K were taken from a cut surface at the thoraco-lumbar
junction. Measurements A and B were used to calculate the 'eye-muscle'
index, X, whereby

This product gives the cross-sectional area for an ellipse to which the 'eye
muscle' approximates and is the same formula used by Joubert (1956) to
estimate 'eye-muscle' cross-sectional area in sheep. C and K were added
together in this study to provide a C+K fat depth index.

TABLE 1

Correlation coefficient results

Parameters correlated

Fibre numberf and
'C +K'
psoas weight
longissimus 'X' ('area')
fibre density (no. per unit
TS area)

'C+K' and longissimus 'X'

Large Whitej Landrace§

-0-464*
0-640**
0-306
0-700***

-0-640**

Partial correlations

Fibre numberf and'C+K' —0-461*
excluding CDW||

-0-614*
0-198
0-245
0-520

-0-474

-0-584

f Total number of muscle fibres in the indicator muscle (m. flexor digiti V brevis).
j 21 animals.
§11 animals.
|| CDW Cold dead weight.

The correlation coefficients and partial correlation coefficients using the
results from all the pigs are shown in Table 1. The relationships between
fibre number and C+K is shown graphically in Figure 1 for both breeds.

It is already generally accepted that C+K fat depth measurements are a
good indication of a carcass with respect to lean meat content. This is re¬
flected in the negative correlation coefficient between 'eye-muscle area' (X)
and C+K values (Table 1). Hence, the finding that there is a significant
negative correlation between muscle fibre number and C+K values is con¬
sidered to be important. The other results in Table 1 also support the fact
that fibre number is related to the carcass grade. The correlations, which
were not significant (note especially the Landrace), presumably require more
animals for the relationship to be established. The equations for the re-
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gression lines shown in Figure 1 are given below, together with the se for
an estimation of 7(C+K fat depth) on Y(fibre number):

Large White Y= -0-3027.Y+ 53-51 Sy.x = ±12-02
Landrace Y— — 0-3355.X+ 46-60 Sp.x; = ±5-29
From the computed regression lines of Figure 1, for any given fat depth,

the Large White pigs have a higher fibre number than the Landrace, although
the slopes of the lines do not differ significantly. This fibre number difference
could be due to a breed effect (Stickland, 1973) although the difference in
mean fibre number is not significant here. The insignificant difference may
be caused by the large variance in the Large White fibre number compared to
the Landrace (F ratio is significant at P<0-01). It would seem, however,
that some of this variation can be related to carcass measurements such as

fat depth. A relationship between fibre number and fat content within a
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Fig. 1. Relationship between muscle fibre number and carcass fat measurements (C+K).

breed has also been shown by Staun (1963) who found no significant differ¬
ence in 'eye-muscle' fibre number between Yorkshire and Duroc pigs, whereas
he did find a difference (P < 0-05) between high and low fat lines within the
Duroc race.

The highly significant correlation for Large White pigs between total
muscle fibre number and fibre density (related to fibre size) (Table 1) is also
interesting. It is important in that other workers, including Carpenter,
Kauffman, Bray, Briskey and Weckel (1966), have shown that increased
fibre size is related to a decrease in tenderness. It would seem, therefore, that
selection for high fibre number content may increase the quality of the meat
as well as the quantity.

As fibre number in the indicator muscle does not change with age (Stick-
land and Goldspink, 1973) it is suggested that this muscle could possibly be
used as a means of early progeny testing. If the muscle is removed at an
early age its fibre number content could be used in prediction equations such
as those shown above.

However, the relationships shown in Figure 1 for Large White and
Landrace suggest that only about 22% and 27% respectively of the variation
(r2) in C+K was explained by fibre number. This may well be because only
phenotypic correlations were investigated. Individual food intake was not
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recorded and could easily affect C+K measurements as different pigs will have
different growth rates, feed conversion efficiencies, etc.. The next step should
be to investigate the genetic correlation using animals with a controlled and
recorded environment. Such a correlation may be higher and provide a
more accurate prediction of the animal's genetic potential. The present pre¬
diction equations are not accurate for progeny testing but provide the basis
for future work.
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Effects of severe energy and protein deficiencies on the
fibres and nuclei in skeletal muscle of pigs

By N. C. STICKLAND*

Zoology Department, University of Hull, Hull
and ELSIE M. WIDDOWSON

Department of Investigative Medicine, University of Cambridge,
Cambridge CB2 lQN
and G. GOLDSPINK

Zoology Department, University of Hull, Hull

1. Measurements have been made of the size and number of muscle fibres and number of
nuclei in a small indicator muscle (m. flexor digiti V brevis) in the fore-foot of the pig. Well-
nourished, io-d-old and 1-year-old animals were studied, as well as 1- and 2-year-old animals
that were severely energy-deficient and protein-deficient.

2. The normal 1-year-old animals had much larger muscle fibres, with more nuclei, than
the pigs in any of the other groups.

3. There were no significant differences between the numbers of fibres in the muscles of pigs
in any of the four groups.
4. There was a significant difference between the number of fibres in the muscles of pigs

coming from different litters, irrespective of their dietary history after birth. This suggests
that the number of fibres is determined genetically before birth, and all that can take place after
birth is an alteration in size.

Research on the skeletal muscle of laboratory animals has shown that different
nutritional states can affect the size of a muscle by altering the size of the fibres within
it (Goldspink, 1964), although the total number of fibres does not change. In farm
animals, McMeekan (1940, 1941) found that feeding had a considerable effect on the
diameter of muscle fibres in pigs, and Joubert (1956) reported that starvation de¬
creased the diameter of the muscle fibres in sheep. Staun (1963) studied the effects of
various levels of dietary protein on the skeletal muscle of pigs and found changes in
the diameter of muscle fibres. Johnson (1971), working with bovine muscle, also
found that fibre size was reduced by restricted nutrition. However, little accurate
work has been done on the effect of nutrition on the total number of fibres in the
muscles of farm animals. In a previous paper (Stickland & Goldspink, 1973) a small
indicator muscle was described (m. flexor digiti V brevis) which behaved as did other
muscles in the same pig. In particular the number and size of fibres in this muscle
changed in parallel with those in the longissimus dorsi muscle. This small muscle can
be removed entire and total muscle fibre counts can be made. It was decided, therefore,
to use this indicator muscle in a study of skeletal muscle from pigs given low-energy
and low-protein diets. The dietary deprivation in these experiments was much more

* Present address: Department of Veterinary Anatomy, University of Nairobi, PO Box 30197,
Nairobi, Kenya.
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severe than that used in previous studies. Measurements were made of the number
and size of the fibres, together with the number of nuclei in the muscles, and their
DNA content.

MATERIALS AND METHODS

Animals and diets. Muscle samples were taken from Large White pigs from five
litters which were being used in studies of the effects of severe energy and protein
deficiencies. Thirteen piglets were fed on severely restricted amounts of the stock diet,
containing 180 g protein/kg, from 10 d of age so that at the end of 1 year their body-
weights were only about 3 % of normal (McCance, i960). Six piglets were killed at
that time and the remaining seven piglets were maintained on the same diet for a
second year; they were allowed to grow from 6 kg at 1 year of age to 9-11 kg at 2 years
of age. Ten io-d-old piglets were given the same amount of the stock diet together
with as much sugar or fat as they would eat (McCance, 1968). As they became older
and more accustomed to the diet they ate more sugar or fat, so that by 10 weeks of age
they were eating enough to reduce the protein content of their diet from the normal
180 to about 60 g/kg. These animals gained more weight than the energy-deficient
ones and at the end of 1 year weighed 13-19 kg, some 7-8% of their 'expected'
weight at that age. Five piglets were killed at this stage and the other five were main¬
tained on the diet for a second year, by which time they weighed 16-29 kg-
Five normal piglets aged 10 d were killed and their muscles examined. This repre¬

sented the situation at the start of the period of deprivation. Five pigs, reared normally,
were killed at weights of about 200 kg, at 1 year of age.
The io-d-old pigs and the energy- and protein-deficient ones were killed by

injection of a lethal dose of Nembutal (Abbott Laboratories Ltd, Queenborough,
Kent) directly into the heart. The older control pigs were slaughtered in the usual
manner at the abattoir. The required muscles were removed and examined as soon
after death as possible.
Histological examination. The indicator muscle, m. flexor digiti V brevis, from the

left fore-foot was cleaned (but tendons were not cut) and fixed in situ for up to 30 min
using glutaraldehyde solution (25 g/1) adjusted to pH 7-2 with phosphate buffer
(41-5 ml NaH2P04.H20 solution (45-2 g/1) plus 7 ml NaOH solution (50-4 g/1); pH
adjusted to 7-2 with additional NaOH). The muscles were then dissected out, freed
from any residual connective tissue and fat, and returned to the fixative solution. The
muscles were dehydrated in ethanol, cleared in cedar-wood oil, embedded in Para-
plast wax (Sherwood Medical Industries Ltd, Crawley, Sussex), and transverse
7 /rm sections cut on a Beck rotary microtome (Beck Instruments Ltd, Watford,
Herts.). The sections were stained in Delafield's haematoxylin and eosin, and pro¬
jected onto white paper using a projection microscope (E. Leitz (Instruments) Ltd,
London WiN 8BB). The total number of muscle fibres was counted using an elec¬
tronic pen counter, and the total number of nuclei visible in the transverse section was
also counted.
The total number of nuclei in each muscle was calculated in the following way. If
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n is the apparent number of nuclei counted in the muscle transverse section, then the

T
real number (N) of whole nuclei in the section = ^ ^ x n (Abercrombie, 1946)
In this instance, thickness of the sections (T) was about the same as the diameter of
the nuclei (D) in the long axis. This was found by measuring them in a longitudinal
section of pig muscle; the maximum length was found to be about 8 /tm. It may be
added here that Strobykina (1970) found that lengths of nuclei remained the same
throughout the growth of LargeWhite pigs. Therefore, it seemed reasonable to assume
that the length of the nuclei would be the same in all the sections and approximately

71

equal to their thickness. Therefore, N = -.

The approximate volume (V) of the indicator muscle was calculated using the formula:

v-HMM)■
where A is the area of section taken in the 'belly' of the muscle, from which nuclei
counts were made; I is the length of the muscle in its wax block; A x - is the volume

A 21 ^
of the cylindrical part of the muscle; — x — is the volume of the tapering part of the

muscle, corresponding to the volume of a cone.
N

It follows that the total number of nuclei in the muscle is then: —77; x V. The
AT

concentration of nuclei in the muscle was calculated by dividing the total number of
nuclei by V.
Determination of DNA. In some of the pigs the indicator muscle from the right

fore-foot was removed almost immediately after the death of the animal, cleaned of
connective tissue as far as possible and then weighed and stored at — 20° until used
for the determination of DNA.
DNA was extracted by the method of Zamenhof, Bursztyn, Rich & Zamenhof

(1964) and estimated as described by Burton (1956).

RESULTS

Size and number of muscle fibres
Table 1 gives the body-weights, the volumes of the muscles, and the number and

diameter of the muscle fibres. The differences between the body-weights of the
animals that had received the various treatments have already been described (see
p. 422) and these differences in weights are reflected in the diameter of the muscle
fibre. It was found, not surprisingly, that the correlation between muscle volume and
body-weight (r 0-995)was significantly higher (P < 0-05) than the correlation between
fibre diameter and body-weight (r 0-937). Mean distributions of fibre diameter for all
these groups are shown in Fig. 1; all are unimodal with nearly normal distributions.
For each of the six groups shown in Table 1 a separate one-way analysis of variance
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Table 1. Body-weights, volumes of m. flexor digiti V brevis muscles, and number and
diameter of muscle fibres from well-nourished, energy-deficient and protein-deficient pigs

Mean
Volume of Total diameter

Pig Body-wt muscle no. of of fibres
Nutritional status* Age no. Sex (kg) (mmf) fibres (H
Well-nourished 10 d Fi 3 3'75 n-7 5420 13-4

F2 3 4-65 17-0 5710 15-9
Gi 9 3'io 10-5 5600 13-4
Gz 9 3 "4° 12-0 5890 15-0
g3 3 293 n-8 6000 16-4

Well-nourished 1 year AI 0 215 — 4541 58-0
Br 0 225 — 4893 70-1
Ci 0 206 472 6410 59'5
Di $ 208 482 5740 58-3
Ei 9 167 414 5380 62-2

Energy-deficient 1 year Az 3 S'°S — 4571 19-8
A3 3 5'75 — 5267 22-3
C2 3 7'35 16-9 5864 17-9
c3 3 630 20-2 6480 19-2
D2 3 6-55 24-1 5344 23-1
D3 0 6-15 15-7 5680 19-4

Energy-deficient 2 years As 0 11-50 52-1 53°5 24-5
A6 3 965 23-8 4922 24-8
b3 9 II-35 24-4 4815 22-3
b4 3 io-io 29-4 5052 25-4
Cs 3 9-65 42-2 6836 25-2
C6 5 10-15 39-2 6394 29-1
C8 0 10-00 362 6526 26-3

Protein-deficient 1 year A4 0 15-10 — 4122 31-0
B2 CM 1605 — 4942 22*7
C4 CM 19-40 74-2 5944 30-2
d4 CM 14-40 28-2 5200 25-1
E2 CM 13-90 2i-i 4860 20-1

Protein-deficient 2 years A7 CM 27-45 43-0 4355 31-9
B5 9 16-90 45-4 4808 29-3
C7 0 29-35 9i-5 6862 37-6
DS 9 29-90 44'° 6885 37't
e3 $ 22-55 43-o 5271 3i-7

A, B, C, D, E, F, G, litters from which pigs came; CM, castrated male.
* For details, see p. 422.
f For details of calculation, see p. 423.

was made for total number of muscle fibres. Since sex has been found to have no

effect on fibre number (Staun, 1963; Rowe, 1968; Stickland, 1973), all animals in the
group have been taken together. It was found that, except for the well-nourished,
io-d-old pigs, 'between-animals' variance was very much smaller than 'between-
litters' variance. 'Between-animals' variance did not appear to vary in any systematic
manner with treatment or age, whereas ' between-litters' variance appeared to in¬
crease with age of the animal.
For the next stage of the analysis the well-nourished, io-d-old animals were

omitted because the litters used in this group were different from other groups. For
the remaining five groups or treatments a table was produced (Table 2) of the mean
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Fig. 1. Distribution of fibre diameters of m. flexor digiti V brevis muscles of pigs. (a) Well-
nourished, io-d-old; (6) energy-deficient, i-year-old; (c) protein-deficient, i-year-old;
(d) well-nourished, i-year-old. For details of treatments, see p. 422.

observed total fibre number for each treatment from each litter. Mean values could be
used because 'between-animal' variation is small relative to 'between-litter' variation.
The table was analysed by analysis of variance weighted inversely by the square of
the animals' ages in order to correct for the relationship found between age and
'between-litter' variance. The analysis indicated that 'litter-to-litter' variability
accounts for most of the variation in fibre number and is highly significant (F 23-57,
fi 4>^2 I2> P < o-ooi). Treatment differences were not significant (F 2-78,fi 4,/2 12).
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Table 2. Two-way analysis of variance for totalfibre number for m. flexor digiti V brevis
muscles from well-nourished, energy-deficient and protein-deficient pigs

Nutritional Energy-deficient Protein-deficient
status* Well-nourished ,

A
, «— ,

Age (years) 1 1 2 1 2

Litter
A 4541 4919 5"4 4122 4355
b 4893 — 4934 4942 4808
c 6410 6172 6585 5944 6862
D 574° 5512 — 5200 6885
E 538o — — 4860 5271

Weighting i 1 0-25 1 0-25
* For details, see p. 422.

Table 3. Number of nuclei and amount of DNA in m. flexor digiti V brevis muscles from
well-nourished, energy-deficient and protein-deficient pigs

DNA
Nuclei , * >

,
A Total

Nutritional Pig No./mm3 Total no. mg/g (mg/
status* Age no. Sex ( x io3) ( x IO3) muscle muscle)

Well-nourished 10 d Fi 3 388 453° 3-64 0-17
F2 s 283 4804 3"57 0-25
GI 9 380 399° 309 0*13
G2 9 395 474° 3"5° 0-16

g3 3 401 4731 3*22 0-17

Well-nourished 1 year CI 9 786 37 114 0-84 1-40
Di 9 79° 38 102 o-8i 1*17
Ei 9 85-4 35 316 o-6o 0-78

Energy-deficient 1 year C2 3 211 3566 — —

c3 <J 208 4201 2-13 0-25
D2 3 210 5°56 — —

d3 9 268 4196 i*6i 0*I2

Energy-deficient 2 years a5 9 128 6675 —

A6 3 "3 2689 —

b3 9 138 3361 —

b4 <J 115 3377 —

cs 3 126 5322 —

C6 9 98 3843 —

C8 9 114 4123 —

Protein-deficient 1 year C4 CM 118 8759 —

d4 CM 173 4874 1-03 0*14
E2 CM 211 4462 i*43 °*34

Protein-deficient 2 years A7 CM i°5 45i6 — —

bs 9 120 5442 — —

C7 9 107 9789 ■— —

DS 9 136 5979 — —

e3 9 i°5 45i6 — —

A, B, C, D, E, F, G, litters from which the pigs came; CM, castrated male.
* For details, see p. 422.

Number of nuclei and amount of DNA
The number of nuclei and amount of DNA in the muscle are shown in Table 3.

The number of nuclei/mm3 and amount of DNA (mg/g muscle) was inversely related
to body-weight (for number of nuclei per mm3: r 0-424, P < 0-05). The values were
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highest in the 10-d-old pigs, followed by 1-year-old, energy-deficient, 1-year-old,
protein-deficient and finally 1-year-old, well-nourished pigs, in which concentrations
of nuclei were relatively low. The total numbers of nuclei were directly related to
body-weight (r 0-988, P < o-ooi) and to muscle weight, i.e., the i-year-old, control
pigs had eight to ten times as many nuclei in their muscles as the animals in the other
groups.

DISCUSSION

The results of this study suggest that severe undernutrition of pigs from 10 d of
age does not reduce the total number of muscle fibres but it does affect their ability to
increase in size. The number of fibres seems to have reached its adult value by 10 d
after birth, and undernutrition even as severe as that imposed in this study caused no
significant loss of fibres. The genetic make-up of the pig (the litter to which it belongs)
on the other hand, is far more important in determining the number of muscle fibres
than is the nutritional treatment to which the animal is subjected from 10 d after
birth. Whether severe undernutrition before this time of life would affect the number
of muscle fibres still remains to be studied.
The present findings are consistent with the theories put forward by other workers,

including Luff & Goldspink (1967) working with mice and Staun (1963) working with
Pigs-
Fibre diameter appears to be related to the body-weight of the animal. Hence, the

1-year-old, severely undernourished pig (mean body-weight 6-19 kg) had smaller
fibres than 1-year-old pigs that had been given a diet low in protein (mean body-
weight 15-8 kg), and both had smaller fibres than well-nourished, normal pigs of the
same age (Table 1 and Fig. 1). Periods of deprivation up to 2 years resulted in a slight
increase in muscle fibre diameter and a small increase in body-weight. Differences in
body-weight were relatively larger than differences in fibre diameter, but there were
also differences in the lengths of the muscles. Volume and weight of the muscles were
more closely related to body-weight than were the diameters of the fibres or the lengths
of the muscles.
The extent of undernutrition used in the present study was much more severe than

any used previously in studies on pigs and sheep, but the results for the number and
diameter of muscle fibres are in agreement with other findings for farm animals less
severely deprived. Montgomery, Dickerson & McCance (1964) studied the effects of
severe undernutrition (comparable to the levels used here) on the sartorius muscle in
fowls. They reported that undernutrition prevented the normal increase in number of
fibres which takes place in the sartorius muscle of the fowl after it has hatched. Smith
(1963), on the other hand, found no increase in the number of muscle fibres in the
sartorius muscle of fowls after hatching, and the reason for the failure of the number
of fibres to increase, reported by Montgomery et al. (1964), is uncertain. Montgomery
et al. (1964) found, however, that undernutrition of the adult bird did not significantly
reduce the total number of muscle fibres.
The histological appearance (transverse sections) of the muscles of the energy-

deficient pigs showed that there was much more extracellular space in them than in
muscles from well-nourished animals. This is in keeping with the results of Widdow-
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son, Dickerson & McCance (i960), who showed that muscles from undernourished
pigs contained much more extracellular water than muscles from well-nourished pigs
of the same age, and more even than muscles from newborn pigs. The muscles from
the energy-deficient pigs contained many small, irregularly shaped fibres as well as
some larger, regularly shaped, polygonal ones. Fibres from well-nourished and
protein-deficient animals were regularly shaped. From the histogram in Fig. 1 it can
be seen that most of the fibres in the muscles of energy-deficient pigs were the same
size as those of the io-d-old animals; these were the irregularly shaped fibres. Some
fibres were larger and these cause the mean value for muscles of energy-deficient
animals to be higher than those from the io-d-old animals. All the histograms are
unimodal with peaks corresponding approximately to the mean value (Fig. 1) for that
particular group. The variation in size of fibres increased as the mean fibre size
increased, except for the muscles of the protein- and energy-deficient pigs, which had
different mean values but the same distribution width.
In this study the total number of nuclei in the indicator muscle was related to the

body-weight and size of the muscle, and so was higher in the heavier pigs. This is in
agreement with Montgomery (1962) and Cheek (1968), who found that the number of
nuclei increased with muscle growth in man. Concentration of nuclei, however, was
highest in pigs with a low body-weight. This is in accordance with the findings of
Montgomery et al. (1964) for the number of nuclei in the sartorius muscle of fowls.
The results taken as a whole strongly suggest that severe undernutrition, although

affecting the size of the fibres in a pig's muscle, does not interfere with their number.
The latter seems to be determined by about the time of birth.
The authors thank Dr P. Lerman for assisting with the statistical analysis of the

results.
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A DETAILED ANALYSIS OF THE EFFECTS OF VARIOUS FIXATIVES
ON ANIMAL TISSUE WITH PARTICULAR REFERENCE TO

MUSCLE TISSUE

N. C. Stickland, Department of Veterinary Anatomy and Histology, University of
Nairobi, P.O. Box 30797, Nairobi, Kenya

Abstract. Nine different fixatives (Carnoy's, Susa, Baker's formalin, 5% formalin, 10%
formalin, 10% formol saline, Bouin, Zenker, and 2.5% glutaraldehyde) were compared by two
methods. Gelatin-albumin gels were used to study volume changes after fixation and after
various stages of subsequent processing. The appearance and hardness of the gels were also
noted. The fixatives either shrunk or swelled the gels, but dehydration and clearing shrunk the
gels in all cases. Samples of muscle tissue from one location in beef longissimus dorsi muscle
were also placed in the different fixatives and processed. Various features were noted for each
fixative, including the ease with which the paraffin wax blocks were cut and the staining ability
of the sections in Mallory's triple stain. The diameters of the muscle fibers were measured from
transverse sections of these samples and compared with the mean diameter of muscle fibers in a
frozen unfixed section of muscle tissue. It was found that the fixatives had the same shrinkage
effects on both the gels and the muscle samples. Analysis of variance tests showed that the vari¬
ous fixatives caused different degrees of shrinkage. Statistical details are given for the amounts
of shrinkage caused by each fixative. Both the general histological picture and the amount of
shrinkage were considered when deciding the best fixative. Carnoy was found to be the best
of the fixatives investigated.

The choice of fixative for a particular histological study is often a difficult task owing
to the surprising lack of any detailed or statistically valid information on the effects of
fixatives on animal tissue. Early work by Baker (1958) concentrated on primary
fixatives and included little or no statistical information. The later work of Goldspink
(1961), Naude and Hegarty (1970), and Goldspink et al. (1973) demonstrated the
effects of some fixatives on the diameter of muscle fibers, but there was little useful
statistical information. They all agreed, however, that Flemming's without acetic acid
(FWA) is the best fixative for muscle from the shrinkage point of view, but due to the
osmium tetroxide in FWA this fixative would be far too expensive for routine study of
large muscle samples from meat animals.

As the muscle fiber is the unit structure of skeletal muscle its morphology has been
greatly studied by meat scientists. Muscle fiber cross-sectional area or diameter is often
used to study various effects, at the cellular level, on the meat of agricultural animals,
e.g., levels of nutrition (McMeekan 1940-41, Berry and Kroenig 1967), exercise
(Skjervold et al. 1963) and breeding experiments (Allen et al. 1966) are all studied at
the cellular level. The use of muscle fiber size in relation to the lean meat content of
animals has also been investigated (Livingston et al. 1966). Although muscle fiber size
is often used in a comparative manner within an experiment, the results from two
experimenters using different fixatives may need to be compared. In order to do this the
exact shrinkage caused by each fixative would need to be known.
Owing to the lack of information available, it was felt that a comprehensive study of

fixation was required in which the effects of several fixatives on subsequent tissue
processing (dehydration, etc.) are investigated. Changes in volume, appearance, and
hardness of the tissue should be studied in some detail. Particular reference was made

255



256 STAIN TECHNOLOGY

to fixatives used most widely by meat scientists and to the effect of the fixative on final
muscle fiber cross-sectional diameter and on the general histological picture.

Materials and Methods

Histology. The nine fixatives used in this investigation are listed below. Each
fixative solution was made up according to the reference quoted. The details for the
first three fixatives are also given in Humason (1972).

1. Carnoy, without chloroform (Gatenby and Beams 1950).
2. Susa (Romeis 1948).
3. Formalin (Baker 1958).
4. 5% formalin.
5. 10% formalin.
6. 10% formol saline.
7. Bouin (Humason 1972).
8. 2.5% glutaraldehyde in phosphate buffer (Stickland and Goldspink 1973).
9. Zenker (Humason 1972).
Specimens were fixed for 24 hr except those in Carnoy, which was fixed for 5 hr.

Those in glutaraldehyde were fixed at 4 C (Stickland 1973). These fixation times are
in accordance with the times recommended by Humason (1972). All specimens were
then washed in running water for 48 hr, except those in Carnoy and Susa, which
were placed in 70% alcohol for 48 hr, and those in Bouin, which were placed in 50%
alcohol for 48 hr. After washing, the specimens were all dehydrated in 70% alcohol
for 24 hr (those in Carnoy and Susa went straight to 95% alcohol), then in 95% al¬
cohol for 2 hr followed by two changes of absolute alcohol for 1 hr. The specimens
were cleared for 24 hr in cedarwood oil, which was used in preference to xylene as it
does not cause hardening of the tissue. This is helpful when fairly large specimens
have to be sectioned. Clearing of the muscle samples was followed by infiltration at
58 C in two changes of Paraplast (manufactured by Sherwood Medical Industries
Ltd.) for a total of 8 hr. The muscles were then embedded in Paraplast and sectioned
at 7 fim on a Leitz rotary microtome. The sections were stained in Mallory's triple
stain and mounted in DPX.

Muscles. The muscle samples used for this investigation were all taken from local
beef cattle (KMC, Athi River Abbattoir) about 6 hr post-mortem, so that the muscle
was in a postrigor condition and did not, therefore, require fixation in situ. The
samples were all taken from the left longissimus dorsi muscle just below the
dorsolateral surface at the thoraco-lumbar junction. The incisions were made at an
oblique angle to the axis of the muscle so that the samples were orientated in the
direction of the fibers of the longissimus dorsi muscle (as explained by Eisenhut et al.
1966). Hence, when the samples were sectioned on the microtome the muscle fibers
were sectioned as transversely as possible. Care was also taken to remove the samples
(each with a volume of about 1 cc) from as small an area as possible so that errors due
to "inter-location" and "inter-position" fiber size differences were eliminated
(Swanson et al. 1965). Ten muscle samples were removed from each animal. One of
these samples was frozen quickly using liquid Freon (—160 C) and stored in liquid
nitrogen for the duration of the journey back to the laboratory where it was
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immediately sectioned at 10 ^m using a Bright Co. cryostat. The sections were picked
up on clean glass slides, stained with methylene blue, and mounted in glycerine jelly.
The other nine muscle samples were fixed in the nine different fixatives listed above.
Further processing of these samples was then carried out as previously described. The
muscle sections were photographed using a Leitz microscope camera (automatic
exposure).
Fiber diameter measurements. These measurements were carried out on the muscle

sections. The method used was that employed by Song et al. (1963) whereby two
orthogonal diameters of the muscle fiber were measured. The polygonal form of the
muscle fiber can be inscribed within an ellipse, the area of this form being proportional
to its major and minor axes. Similar measurements of the two axes were advocated by
Aherne (1970) for determining the cross-sectional area of muscle fibers. In this
investigation the mean of the two axes was taken as the diameter of the muscle fiber
being measured. Measurements were made on consecutive fibers by traversing the
histological sections horizontally and vertically with a graduated mechanical stage to
ensure uniform sampling. An ocular micrometer scale was used to measure 100 muscle
fibers for each section of muscle. This number was calculated statistically by Meara
(1947) to give a reliable mean fiber size measurement.
Gelatin-albumin gels. It was decided that the best way of studying volume changes

after fixation and after various stages of subsequent processing might be to use
gelatin-albumin gels. This gel has been used in experiments on primary fixatives by
Baker (1958). It contains globular protein (albumin) and a fibrous protein (gelatin, a
derivative of collagen) and so may be used as a crude model of protoplasm. It is made
up by dissolving gelatin at 15% in warm diluted egg white (1:2 parts water) (Baker
1958). The refractive index of the resultant gel is about 1.365, which is within the
same range shown by protoplasm (1.353). This will mean that its protein content of
19.4% is also about the same. The gel was allowed to set in a large fiat mold and then
cut into cubes about 1 cc in volume. The gels were processed in the various fixatives,
washed, and dehydrated as described above. The volumes of the cubes were noted after
fixation, after washing, after 70% alcohol, after absolute alcohol, and after clearing in
cedarwood oil. The gels were not processed beyond clearing. The volumes of the gel
cubes were measured by displacement of fluid in a narrow graduated tube. The fluid
used was the one from which the cube had been removed during processing. The
appearance and hardness of the gels were also noted at different stages.
Statistical methods. The first test carried out on the results was a correlation

analysis between log (final volume of gel) and log (mean fiber diameter of muscle
fibers). The results were paired for each fixative solution so that there were nine pairs
of results. The analysis was carried out by the method of Bartlett (1949) in that both
variables were subject to error. The correlation analysis would show whether the
effects of the various fixatives was the same on both the muscles and the gels.
An analysis of variance test was carried out on the fiber diameter results for each

fixative to test whether the fixatives had any effect on the measurements. The results
for each fixative were compared to establish real differences between them by the
method of calculating the least significant difference (Snedecor and Cochran 1967).
Similar analyses were carried out on the final gel volumes.
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Results

The correlation analysis between log (gel volume) and log (fiber diameter) gave a
correlation coefficient of 0.9746, which was highly significant {P < 0.001). The fig¬
ures used for this correlation were the last columns of figures given in Tables 1 and
2. Log values were used in order to investigate the linear relationship between gel
volume and fiber diameter.

Shrinkage of muscle fibers. The mean muscle fiber diameter measurements on the
frozen unfixed sections of the four animals were 52.9, 56.9, 49.5, and 54.8 /rm. It can
be seen, therefore, that the variation between animals is fairly small, but for more
exacting comparative measurements the diameters of the fixed muscle fibers were
expressed as a percentage of the frozen, unfixed fibers. These muscle fiber
measurements are shown in Table 1. An analysis of variance on these figures gives a
highly significant F ratio (Table 1). Individual fixative differences were investigated
by calculating the least significant difference (LSD) (Snedecor and Cochran 1967)
which was 3.00 at the 5% level for the results of Table 1. Hence, the difference be¬
tween a specific pair of means is significant at the 5% level if it exceeds this figure.
The significance values shown in Table 3 were calculated in this manner. It may be
pointed out here that the 95% confidence limits for the population difference between
any pair of means are given by adding ± 3.00 to the observed difference, e.g., there is a
95% certainty that the muscle fiber diameter shrinkage caused by Susa will be between
7.80 and 13.80% less than that caused by Zenker.
Appearance and other notable features of the muscle sections. Several features of the

muscle tissue were noted, including the hardness of the tissue while sectioning. It was
found that glutaraldehyde was the hardest to cut, followed by Carnoy, Susa, 10%
formol saline, and 10% formalin. Muscles fixed in 5% formalin, Baker's formalin,
Bouin, and Zenker were easiest to cut. Except for glutaraldehyde, however, the
differences were only slight. It was found that the Susa-fixed sections tended to
overstretch on the hotplate in comparison with other sections. The degree of staining in
Mallory's triple stain was strongest in Carnoy, Susa, glutaraldehyde, and Zenker
sections, followed by Bouin sections, then 10% formol saline, 5% formalin, 10% for¬
malin, and last, Baker's formalin, which stained very poorly. Photomicrographs of the

Table 1. Effects of Different Fixaiives on the Diameter of Muscle Fibers (Given as a
Percentage of the Mean Diameter of Frozen, Unfixed Muscle Fibers)

Individual Results
Fixative Mean

1 2 3 4

Carnoy 75.5 75.2 72.0 73.0 73.9
Susa 74.3 74.5 71.2 71.0 72.8
Baker's formalin 85.2 82.5 80.0 83.0 82.7
5% formalin 68.4 69.8 72.8 66.2 69.3
10% formalin 69.2 70.1 68.6 68.2 69.0
10% formol saline 71.9 68.7 67.6 70.8 69.8
Bouin 78.3 74.6 79.7 75.1 76.9
Glutaraldehyde 70.8 70.6 73.1 68.2 70.7
Zenker 58.9 63.6 61.6 63.7 62.0

Analysis of variance: F ratio = 31.20
P < 0.001
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Table 2. Effects of Different Fixatives on the Volume of Gelatin-albumin Cells after
Various Stages of Processing (Given as Percentages of the Initial Volume)

All figures are a mean of four except "After cedarwood oil" where individual figures as well as means are
given. Any deviation from the processing schedule, given by the column headings, is noted.

Fixative
After
5 hr in
fixative

After
24 hr in
fixative

After
48 hr in
water

After
24 hr in
70% ale.

After
95% &
Abs. ale.

1

After
cedarwood oil

2 3 4 Mean

Carnoy 90 186' 1672 108 39 34 36 38 36.8
Susa 65 50 54' 552 48 34 34 33 35 34.0
Baker's formalin 114 118 122 76 58 41 45 48 44 44.5
5% formalin 131 132 15! 80 56 33 34 33 33 33.3
10% formalin 109 106 114 71 50 33 34 34 33 33.5
10% formol saline 116 119 136 92 55 34 32 32 34 33.0
Bouin 89 80 793 96 63 44 43 44 43 43.5
Glutaraldehyde 86 95 104 73 56 35 37 36 36 36.0
Zenker 90 86 97 61 50 23 25 24 23 23.8

Analysis of variance: F ratio = 76.63
P < 0.001

'After 24 hr in 70% alcohol.
2 After a further 48 hr in 70% alcohol.
'After 48 hr in 50% alcohol.

Table 3. Significant Differences between Individual Fixatives (bv Least Significant
Difference at P < 0.05)

Comparisons between muscle fiber diameters are shown on the left of each column; comparisons between
gel volumes on the right.

Susa
Baker's
for¬
malin

5%
for¬
malin

10%
for¬
malin

10% formol
saline Bouin

Glutaral¬
dehyde

Zenker

Carnoy NS * • * * * ♦ ♦ * ♦ NS ♦ * NS * *

Susa * * * NS ♦ NS NS NS * * NS NS * *

Baker's formalin * * » ♦ ♦ ♦ * NS * ♦ * *

5% formalin NS NS NS NS * * NS ♦ ♦ ♦

10% formol saline NS NS ♦ * NS * * ♦

Bouin ♦ ♦ NS ♦ ♦ *

Glutaraldehyde * *

NS, not significant; *, significant.

frozen and fixed sections are shown in Figure 1. The histological picture of the mus¬
cle sections was assessed by the ease with which muscle fibers could be distinguished
for measurements to be taken easily, e.g., diameter and number of muscle fibers. It
was found that the order from best to worst was glutaraldehyde, Carnoy, 10% formol
saline, Zenker, Baker's formalin, Susa, 10% formalin, 5% formalin, and last, Bouin
sections in which the fibers were very indistinct. It should be noted, however, that some
of the poorer fixatives, regarding the above criterion, were good for intracellular
components, i.e., myofibrils It can be seen from Figure 1 that the myofibrils were

especially distinct in Carnoy sections and fairly distinct in Susa, Baker's formalin, 10%
formol saline, and Bouin-fixed sections.
Shrinkage of gels. Table 2 shows the volumes of the gels, as percentages of the

initial volumes, after fixation and after various stages of subsequent processing.
Carnoy, Susa, Bouin, Zenker, and glutaraldehyde seem to cause some amount of
shrinkage, whereas all the formalin-based fixatives seem to cause some swelling of the
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Fig. t. Photomicrographs of transverse sections of muscle tissue fixed in the following solutions: a:
Carnoy; b: Susa; c: Baker's formalin; d: 5% formalin; e: 10% formalin; f: 10% formol saline; g: Bouin; h:
glutaraldehyde; and i: Zenker, j is a cryostat section of fresh, unfixed muscle. X 350.
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gels. It was found that gels in water swelled tremendously (290% in 18 hr and 365% in
68 hr). Subsequent washing in water causes some slight swelling of most of the gels.
Carnoy-fixed gels washed in 70% alcohol appeared to swell quite considerably,
whereas Susa and Bouin-fixed gels washed in 70% alcohol and 50% alcohol, respec¬
tively, showed little change in volume. Subsequent dehydration in 70% alcohol, 95%
alcohol, and absolute alcohol caused shrinkage of all the gels at each stage, except
anomalously for Bouin-fixed gels which appeared to swell after 70% alcohol. (This
was true for all four of the gels). Clearing in cedarwood oil caused more shrinkage in
all cases. An analysis of variance was carried out on these final volumes and gave a
highly significant F ratio (P < 0.001) (see Table 2). Individual fixative differences
are shown in Table 3. (The least significant difference for the final values in Table
2 was 2.04 at the 5% level.)
Appearance ofgels. The appearance of the gels and their hardness were noted after

complete dehydration. The degrees of hardness used were hard, very firm, firm, quite
firm, soft, and very soft. It was found that Carnoy gels were very soft; Bouin gels were
quite firm; Susa, Baker's formalin, 5% formalin, and Zenker gels were firm; 10%
formalin and 10% formol saline gels were very firm, and glutaraldehyde gels were very
firm to hard. All gels had much the same hardness after cedarwood oil. After
dehydration the Carnoy gels appeared cloudy; Susa gels appeared very white and
opaque; Baker's formalin, 5% formalin, 10% formalin, and 10% formol saline gels
were clear with no color change; glutaraldehyde gels were also clear but more yellow
in color; Bouin gels were yellow and opaque, and Zenker gels were brown and opaque.

Discussion

The highly significant correlation between log (gel volume) and log (fiber diameter)
demonstrates that it may be reasonably assumed that the effect of each fixative was the
same on both the gelatin-albumin gels and the muscle fibers as far as shrinkage was
concerned. A shrinkage in gel volume to 33.0% (as for 10% formol saline-fixed gels)
would mean a shrinkage in one linear dimension (assuming shrinkage is the same in all
directions) to 69.0% of the original. The actual muscle fiber diameter shrinkage of 10%
formol saline-fixed muscles was to 69.8%, which is in very close agreement. All the
fixatives show a similar trend. Hence, an assumption that the gel volume shrinkage
represents muscle volume shrinkage appears to be quite valid. We can, therefore,
probably say that the volume changes at the various stages shown in Table 2 will be
similar for the muscle tissue and probably for other animal tissue. It would seem,
therefore, that Baker's (1958) gelatin-albumin gels are indeed a good model of
protoplasm for investigating fixative effects.
An important point to be noticed from Table 2 is that the volume changes caused by

the fixatives alone bear little or no relationship to the final volumes after subsequent
dehydration and clearing. This point was noted by Hertwig (1931) who found that
mercuric chloride (saturated aqueous) and 4% formaldehyde caused swelling of
unfertilized eggs of Arbacia pustulosa whereas ethanol caused shrinkage. Subsequent
dehydration and clearing caused shrinkage in all cases. A lot of work on fixation has
missed this point or at least has not mentioned it. It can be seen from Table 2 that the
four formalin fixatives cause swelling of the tissue which is in agreement with Hertwig
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(1931), whereas the four fixative mixtures cause shrinkage. Subsequent dehydration in
ethanol and clearing in cedarwood oil caused shrinkage at each stage. The amount of
this shrinkage must depend on the ability of the initial fixative to prevent this. The
analysis of variance in Table 2 proves that this ability varies from one fixative to the
next. Very little data is available on the final volume shrinkage caused by fixatives
although the shrinkage to 33% caused by 5% formalin (Table 2) is in very close
agreement with the shrinkage of the primary spermatocytes of Helix aspersa to 34%
fixed in the same way (Ross 1953). It should be mentioned here that infiltration and
embedding in Paraplast wax may presumably cause some small amount of shrinkage
due mainly to the shrinkage effects of heat on the collagen. Low melting point wax
would, therefore, be preferable (Naude and Hegarty 1970).
The different opacities mentioned above are due to coagulant fixatives (Baker 1958)

being present in the fixative mixtures. Formalin and glutaraldehyde are noncoagu-
lants. The hardness of the gels is related to the hardness after fixation, but dehydration
and clearing inevitably accentuate this.
Experiments on fixation of muscle have either considered few fixatives or have

contained very little statistically significant information. Naude and Hegarty (1970)
and Goldspink (1961) showed that FWA shrunk muscle tissue much less than
formalin. As already mentioned, FWA was not considered here owing to its expense
when using large muscle from agricultural animals. Goldspink (1961) showed that
Carnoy, Bouin's, and neutral formalin caused approximately a 45% shrinkage of
muscle fiber area. Thus, the fiber diameter would be reduced to about 70% of the fresh
tissue (assuming the fibers to be cylindrical). This is in approximate agreement with
the results given here. No statistical evidence was given for a difference between these
fixatives. Later work by Goldspink et al. (1973) did show, however, that there was no
significant difference between fixation effects of Carnoy and glutaraldehyde fixatives on
muscle fiber diameter. This is in agreement with the results of Table 1, the statistical
analysis being shown in Table 3. Dreyer et al. (1972) investigated the effects of
Carnoy, 10% formalin, and Zenker fixatives on porcine muscle fibers, but found no
significant differences between them (although Carnoy appeared best in one particular
case). It should be pointed out, however, that their cryostat sections anomalously
provided rather low fiber diameter measurements (only about 7-15% greater than
those of fixed sections) in contrast to the results given here and the results of other
workers already mentioned.
The results given in Tables 3 and 4, when taken as a whole, suggest that the best

fixatives for preventing shrinkage are Baker's formalin, Bouin, and Carnoy, followed
by Susa and glutaraldehyde together with, or just above, the remaining formalin fixa¬
tives with Zenker being the worst. It must be remembered, however, that glutaral¬
dehyde and Carnoy provided the best histological picture for distinguishing muscle
fibers. It was also noted that glutaraldehyde was very hard to cut; Carnoy was some¬
what better and also was among the best three regarding shrinkage, whereas glutar¬
aldehyde was not. If both the shrinkage and the histological picture are considered
(and also hardness, to a small extent) then Carnoy is probably the best fixative of
those investigated here, followed by glutaraldehyde and Baker's formalin, then 10%
formol saline and Bouin, followed by Susa, then 10% formalin and Zenker, and, last,
5% formalin.
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Table 4. Relative Shrinkage of Muscle Fibers and Gels in Different Fixatives

Order of least

shrinkage
Fiber diameter Gel volume

1st Baker's formalin Baker's formalin; Bouin
2nd Bouin1 Carnoy; glutaraldehyde4
3rd Carnoy1; Susa2,3 Susa4; 5% formalin; 10%

formalin; 10% formol
saline

4th 10% formol saline2; Zenker

glutaraldehyde3;
5% formalin; 10%
formalin

5th Zenker

i. 2. 3. < Differences between fixatives with same superscripts not significant.

It is apparent from the work described here that fixatives have widely varying effects
on muscle tissue. The considerable amount of shrinkage produced by these fixatives is
probably not fully realized by many cytologists and histologists. As already mentioned,
the muscle fibers of animals are greatly studied by physiologists, meat scientists, muscle
histologists, and many others. It may be useful to many workers to know how far
measurements on fixed tissue can be related to the unfixed, fresh tissue. The results
described here also give some clear indications of the best fixatives to use for the
histological study of muscle and other animal tissue.
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SHORT NOTE

Number of fibres in the skeletal muscle of miniature pigs
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There is evidence that selection for small body
size in mice results in a decrease in the total
number of muscle fibres in a given muscle (Luff &
Goldspink, 1967; Hanrahan, Hooper & McCarthy,
1973). It has also been shown that small chickens
have fewer muscle fibres in certain muscles than

larger chickens (Smith, 1963). This type of work
has not, however, been extended to a study of the
larger domestic animals. At Gottingen in Germany,
Haring el al. (1966) have developed a breed of
miniature pig which, at 6 months of age, was
about a third of the body weight of commercial
pigs. We therefore decided to investigate the
muscles of these miniature pigs and compare them
with commercial pig muscles, paying particular
attention to the number of muscle fibres.

MATERIALS AND METHODS

In a previous paper (Stickland & Goldspink,
1973) we found that the number of muscle fibres
in m. flexor digiti V brevis in pigs was closely
correlated with the numbers in other muscles of the
same animal. We decided, therefore, to use this
'indicator' muscle in this investigation. For the
commercial pigs, trotters from the left fore limb of
six Large White pigs were removed soon after
slaughter and placed in containers of 2-5%
glutaraldehyde in phosphate buffer (Stickland &
Goldspink, 1973). These pigs had been reared on a
Meat and Livestock Commission Testing Station
(Selby, U.K.). For the miniature pigs a similar
procedure was carried out at Gottingen in Germany
using the pigs developed by Haring et al. (1966).
All 12 pigs used were of similar ages (about
6-7 months). In the laboratory m. flexor digiti V
brevis was dissected out from the trotters. The
muscles were embedded in paraplast, sectioned to
obtain 7 /im transverse sections through the
'belly' of the muscle and stained with Heiden-
hain's haematoxylin. This muscle was small
enough to permit the counting of the total number
* Present address: Department of Anatomy, Royal

(Dick) School of Veterinary Studies, Edinburgh,
EH9 1QH.

of muscle fibres in the muscle cross-section using
a Leitz projection microscope. The density of
muscle fibres was established by counting the
number of fibres in an area (0-75 mm2), with little
connective tissue, outlined by a square eye-piece
graticule.

RESULTS

The results of the investigation are shown in
Table 1 together with the statistical significance,
measured by Student's 1-test, of the difference
between the Large White and miniature pigs for
the various parameters. It can bo seen from
Table 1 that m. flexor digiti V brevis of the Large
White pigs had about 68% more muscle fibres
than that of the miniature pigs, and the body
weight of the Large White pigs was about 3-6 times
greater than that of the miniature pigs at a similar
age.

DISCUSSION

It would seem that the number of muscle fibres
in the 'indicator' muscle of miniature pigs is
significantly less than in commercial Large White
pigs (Table 1). The number of fibres in the 'indi¬
cator ' muscle has been shown to be correlated with
the number of muscle fibres in other larger muscles
of the same animal for various breeds and cross¬

breeds of pigs (Stickland & Goldspink, 1973).
Therefore, it is likely that other muscles in these
miniature pigs also have a small number of fibres.
As already mentioned, Luff & Goldspink (1967)
and Hanrahan et al. (1973) found that large mice
had more muscle fibres in certain muscles than
smaller mice. Smith (1963), working on chickens,
also found that larger chickens had more fibres in
the sartorius muscle than did smaller chickens.
It appears, therefore, that the results presented
here agreewith work of a similar nature on number
of muscle fibres in other animals.
As far as muscle fibre diameter is concerned, the

results suggest that there is no significant dif¬
ference between the Large White and miniature
pigs. Table 1 shows no significant difference in
muscle fibre density which would be a function of
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Table 1. Body weight and number and density of muscle fibres in m. flexor digiti V
brevis in Large White and miniature pigs of similar age

No. of animals

Age (months)
Body weight (kg)
Muscle fibre density
(no./0-75 mm2)
Total no. of
muscle fibres

Large
White

6
Ca.6

101-3+30
381 ±45

5050 ±352

Miniature

pigs
6

6-8±0-8
28-l±2-9
283± 31

3011 ±202

Significance
of

difference

P < 0-001
P > 0-05

P < 0-001

Mean values are given with standard errors.

fibre diameter. This is in apparent contradiction to
the results of the authors mentioned above who
found that smaller animals had smaller diameter
fibres, although this did not appear to be as im¬
portant as number of fibres in limiting muscle size.
It should be mentioned here that, although the
number of muscle fibres is only 1-7 times greater
in the Large White pigs and body weight is
3-6 times greater, there will also be a difference in
muscle fibre length.

The results of this investigation appear to show-
that the main factors controlling muscle size in
pigs are number and length of fibres; we did not
establish a significant difference in diameter.

The authors are grateful to Dr W. Holtz of the
University of Gottingen, Germany, for supplying
the material from the miniature pigs. This work
was supported by a grant from the Meat and Live¬
stock Commission.
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Muscle weights and succinic dehydrogenase distribution in the
hind limb musculature of two rodents (Thryonomys gregorianus
and Pedetes capensis) with different locomotory habits
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Abstract. The hind limb muscles of the spring hare (Pedetes capensis) were found to be
relatively heavier than the hind limb muscles of the cane rat (Thryonomys gregorianus). The
distribution of succinic dehydrogenase activity was investigated in four of these muscles (m. glu¬
teus superficialis, m. semimembranosus, m. biceps femoris and m. rectus femoris) from both
animals. It was found that the spring hare had a higher proportion of low-activity fibres in all
four muscles than the cane rat. All muscle fibre types were also smaller in diameter in the spring
hare than the cane rat. These results are discussed in relation to the different locomotory habits
of the two animals.

Introduction

The functional significance of the distribution of
various muscle fibre types demonstrated histochemi-
cally in skeletal muscle is still being elucidated. Muscle
fibre types have been studied in various muscles [e.g.
Padykula, 1952; Romanul, 1964; Edgerton and Simp¬
son, 1969] but only in the diaphragm [Gaulhier and
Padykula, 1966; Davies and Gunn, 1972] has a real
attempt been made to explain the difference in muscle
fibre type distribution found in the same muscle of
different animals. The difference was found to be
related to the degree of activity of the diaphragm in the
animals studied. It was decided, therefore, to make use
of an opportunity to look at some hind limb muscles of
two related animals but with different locomotory
habits. When disturbed, the cane rat (Thyronomys

1 The author gratefully acknowledges the technical
assistance of Mr. 5. Paye.

gregorianus) moves off quickly on all four relatively
short limbs (fig. 1), whereas the spring hare (Pedetes
capensis) uses only its relatively longer and more devel¬
oped hind limbs (fig. 1) to take long jumps, up to 9 m,
in order to move away [Walker, 1964; personal obs.].
An attempt was therefore made to examine how the
hind limb muscles have adapted, if at all, on both a

gross and a histochemical level, to this different loco¬
motory behaviour.

Material and methods

3 cane rats (Thyronomys gregorianus) and 3 spring
hares (Pedetes capensis) of similar known bodyweights
were caught near Nairobi, Kenya, over a period of a
few days and killed by inhalation of chloroform.

From the left hind limb of each animal small

pieces of muscle were removed from m. gluteus super¬

ficialis, m. semimembranosus, m. biceps femoris and
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m. rectus femoris. These muscles were chosen because
of their different functions and anatomical locations.

The muscle samples were always removed from a
similar position, usually the anterior border, for each
given muscle. The muscle samples were placed on a
Leitz freezing microtome and rapidly frozen by spray¬

ing with dichlorodifiuoromethane (Arcton 12, 1 CI
Ltd). 15-/rm sections were cut at -20 °C and stained for
succinic dehydrogenase (SDHase) activity by the
method of Nachlas el at. [1957]. Sections were also

stained for fat using Sudan IV. By means of a Leitz
projection microscope the number ofmuscle fibres (red,
white or intermediate) per square millimetre was
counted in the sections stained for SDHase activity.
The average size of muscle fibres was estimated by
measuring the diameters of 100 fibres of each type,
using a calibrated eyepiece graticule. It should be noted
here that the classification of muscle fibres into red,
white or intermediate was based on the degree of
SDHase activity, red being high and white low.

Spring hare Cane rat

Fig.l. Drawing of a spring hare
and a cane rat to show the differ¬
ence in hind limb development.

Table I. Muscle weights as a percentage of body weight

Muscle Function Cane rat Spring hare Spring hare

Cane rat

Gluteus superficialis1 flex hip
0.83 1.71 2.1

Tensor fasciae Iatae 0.21 0.32 1.5

Rectus femoris 0.07 0.26 3.7

Vastus lateralis, medialis et extend stifle 0.87 1.95 2.2

intermedius

Biceps femoris1 1.21 1.82 1.5

Gluteus medius1 0.60 1.40 2.3

Adductor2 extend hip 0.30 0.53 1.8

Semimembranosus2 0.88 1.40 1.6

Semitendinosus 0.16 0.40 2.5

Gastrocnemius et flexor digitorum flex stifle 0.88 1.41 1.6

superficialis
Gracilis2 0.19 0.33 1.7

1 Abduct limb.
2 Adduct limb.
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The right hind limb of each animal was dissected
and all the muscles cleared of fat and excess connective
tissue. Several muscles (listed in table I) were then
removed entire and weighed.

Results

The entire body weights of the 3 cane rats
was 2,233 ± 186 g and that of the 3 spring
hares was 2,367 ±176 g. Table I shows the
weights of individual hind limb muscles (from
one side only) as a percentage of the total body
weight. Each figure is an average for the 3
animals of each species. The last column of
figures shows that the spring hare muscles
were relatively much heavier (the figures show
exactly how much) than the cane rat muscles.

The function of each muscle is also indicated in
table I.

Table II shows the number per square milli¬
metre, percentage (by number) and mean size
(diameter) for each type of muscle fibre in four
hind limb muscles of both cane rat and spring
hare. The figures given are averages for the 3
animals of each species. In each muscle, all
muscle fibre types were larger in the cane rat
than the spring hare. There also appeared to
be a higher percentage of white muscle fibres
in the spring hare than the cane rat in all four
muscles studied. Figures 2-5 show photo¬
micrographs of the sections used for analysis.
The sections stained for fat gave a similar
picture with muscle fibres high in fat content
corresponding to those fibres high in SDHase
activity.

Table II. Analysis of muscle fibre types (based on SDHase activity)

Muscle fibres Gluteus superficialis Semimembranosus Biceps femoris Rectus femoris

CR SH CR SH CR SH CR SH

Red

n/mm2 92 141 58 130 68 116 35 51

% 49 30 28 28 28 25 23 13

Size, /rm 40.9 27.0 44.4 27.0 46.9 26.9 52.4 25.3
Intermediate

n/mm2 47 67 46 71 91 145 36 59
% 25 14 22 15 38 32 24 14

Size, /<m 56.2 35.8 68.2 42.5 61.6 36.6 68.7 37.2
White

n/mm2 48 270 105 261 81 195 81 294
% 26 56 50 57 34 43 53 73

Size,nm 76.4 58.1 89.4 63.8 78.5 48.0 84.9 50.7
Total

n/mm2 187 478 209 462 240 456 152 404

Size, /xm 54.0 45.6 72.1 50.3 63.2 39.1 73.5 45.5

CR = Cane rat; SH = spring hare.



206 Stickland



Muscle weights and succinic dehydrogenase distribution in the hind limb musculature of two rodents 207

Discussion

The body weights of both species were not
significantly different but were low (just over
2 kg) compared to the figures of about 4 and
4—7 kg for adult spring hares and cane rats,
respectively, quoted by Walker [1964], It is
therefore evident that all the animals were

juveniles but all at about the same level of
maturity, so that comparisons between the
species could be made. Furthermore, Lobley
et at. [1977] found little change in fibre type
composition between weaning and early ma¬

turity in the rabbit.
The ratio of hind limb muscle weights to

body weight is much greater in the spring hare
than the cane rat (table I), which is probably
to be expected owing to the greater hind limb
development in the spring hare (fig. 1). Nearly
all the work involved in jumping is done by the
extensor muscles of the stifle joint and it is the
proportion of these muscles (relative to body
weight) which determines, to a great extent,
the distance an animal can jump [Alexander,
1968]. Using the results of table I (and multi¬
plying by 2 to account for muscles on both
sides), the stifle extensors of the cane rat
amount to 4.7% of body weight and those of
the spring hare to 8.7% of body weight. These
figures can be compared with 4.6% for the pig
[calculated from the data ofDavies, 1973], and
9% for the bushbaby [Alexander, 1968], It
should be pointed out, however, that other
factors, such as skeletal dimensions and tendon
lengths, will also affect jumping ability.

Fig. 2-5. Photomicrographs of transverse sections
ofmuscle stained for SDHase activity in (a) spring hare
and (b) cane rat. x 160. 2 M.biceps femoris. 3 M.glu¬
teus superficialis. 4 M.rectus femoris. 5 M.semimem¬
branosus.

Another factor that may affect jumping
ability is the proportion of the muscle fibre
types in the muscle tissue. The results of this
investigation show that, in all four muscles
studied, the spring hare had a higher percen¬
tage of low SDHase activity muscle fibres
(designated here white muscle fibres) than the
cane rat. All of these white (anaerobic) muscle
fibres would be fast-twitch fibres although the
red (aerobic) fibres could be either fast- or
slow-twitch [Davies and Gunn, 1972]. In any

event, the spring hare has relatively more fibres
than the cane rat adapted to anaerobic activity
which are used for short bursts of activity such
as jumping. The cane rat muscles appear to be
relatively more adapted to sustained activity
such as sustained running. There is therefore a

possibility that the proportions of muscle fibre
types show some relationship to the locomo-
tory activities, discussed above, of the animals
studied.

Another feature of the muscle fibres is that

all three fibre types are considerably smaller in
diameter in the spring hare than the cane rat
for all four muscles studied (table II, fig. 2-5).
Several authors, including Gauthier and Pady-
kula [1966] on mammals, George and Naik
[1959] on birds and Stickland [1975] on fish,
have found a relationship between muscle fibre
size and body size in a range of animal species.
This relationship appears to hold true in that
smaller animals often tend to have a higher
proportion of red muscle fibres. In this in¬
vestigation, however, in which both species
have the same body weight, all three muscle
fibre types are smaller in the spring hare than
the cane rat. In these two rodents, therefore,
there appears to be no relationship between
muscle fibre size and body size. It is interesting
to note, however, that the size of each fibre
type in each species is similar in all four
muscles. It is possible, therefore, that mean
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muscle fibre size differences found in different
muscles of the same animal [e.g. Joubert, 1956;
Staun, 1963] may be due mainly to the muscles
having different proportions of fibre types. As
far as the difference in each fibre type size be¬
tween species is concerned, very little other
work has been done on this and so it is difficult
to speculate further on this point until more
work of this nature has been carried out.
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Abstract. The distribution of succinic dehydrogenase enzyme activity was investigated in
frozen sections of longissimus dorsi muscle taken from several species of East African game
animal (giraffe, hartebeest, wildebeest, oryx, gerenuk and dik-dik) as well as local zebu cattle.
Muscle fibres were classified as red (high succinic dehydrogenase activity), white (low activity)
or intermediate. The mean diameter and percentage distribution of each fibre type were noted
as well as the overall mean muscle fibre diameter (MFD) for each species. The diameters of red
muscle fibres were found to be between 54 and 62% of the diameters of the white muscle fibres
for all species with MFD differences between species being up to over 100%. The variation in
MFD was found to be significantly and positively correlated with live weight, when zebu values
were omitted. It was found that the variation in MFD was significantly related to the diameter
ofmuscle fibre types and not to the percent distribution of these fibre types.

Introduction

It has been demonstrated by several investigators
that the proportions of various muscle fibre types in a

given muscle are related to the type of activity which
that muscle is required to perform [e.g. Olson and
Swett, 1966; Barnard et a!., 1971; Burke et at., 1971;
Peter et al., 1972; Edstrom and Lindquist, 1973], Dif¬
ferent muscles having different functions in the same
animal therefore have different proportions of muscle

1 The author would like to thank Drs. V. Langman
and E.T.Clemens for supplying much of the material
Jsed. Thanks are also due to Mr. S. Paye for competent
technical assistance.

fibre types. Studies on the same muscle in different
mammalian species are, however, limited to the dia¬
phragm [Gauthier and Padykula, 1966; Davies and
Gunn, 1972] and to some hind limb muscles [Davies
and Gunn, 1971; Stickland. 1978]. In both cases, how¬
ever, the distribution of the fibre types was probably
related to differences in muscle function in the animals
studied. It was decided worthwhile, therefore, to in¬
vestigate the distribution of fibre types in the longis¬
simus dorsi muscle in a range of East African mam¬

mals, all of which have only limited vertebral column
movement and therefore similar limited activity in this
particular muscle. Another reason for using this
muscle is that it is, ofcourse, an important meat muscle.
The proportion of aerobic fibres in this muscle has a

possible relationship with meat quality [Ashmore,
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Table I. Proportion and diameter of muscle fibre types as characterised by succinic dehydrogenase distribu¬
tion, in the longissimus dorsi muscle of several East African mammals

Animal Appro¬ Num¬ Distribution, % Diameter, pm
ximate ber

live of ani¬ R I W R I W Mean

weight mals

kg

Giraffe

(Giraffa camelopardalis) 500 2 13.7 33.6 52.7 54.7 81.6 100.5 87.9

Hartebeest

(Alcephalus buselaphus) 135 3 11.1 54.6 34.3 40.6 50.6 65.7 54.7
Wildebeest

(Connochaetes taurinus) 215 3 18.8 45.3 35.9 41.0 53.3 72.0 57.7

Oryx
(Oryx beisa) 170 1 20.6 34.6 44.8 56.0 77.3 97.4 81.9

Gerenuk

(Lithocranius walleri) 30 2 50.5 22.0 27.5 40.6 55.3 70.3 52.0

Dik-dik

(Rhynchotragus kirki) 10 4 25.8 32.3 41.9 31.9 41.4 51.3 43.1

Zebu

(Bos indicus) 350 4 28.2 28.0 43.8 40.0 48.1 64.3 52.9

R = Red muscle fibre; I = intermediate muscle fibre; W = white muscle fibre.

1974] und as all the animals used in this study are po¬
tential meat producers [Ledger, 1967], some useful
information on an applied level may be obtained.

Material and methods

Mature adults of several species of East African
game animal, listed in table I, were shot (usually a
neck shot) in their natural environment in various
parts of Kenya. Samples of Iongissimus dorsi muscle
were removed from the region of the thoraco-Iumbar
junction (dorsolateral border) of each animal im¬
mediately after death, and put on ice for the return
journey to the laboratory. In the case of the zebu,
muscle samples were removed from the carcasses of
animals slaughtered at KMC Abattoir, Athi River,
Kenya. Small pieces of the muscle samples were placed
on a Leitz freezing microtome stage within 2 h of the
animal's death in all cases, and rapidly frozen by spray¬
ing with dichlorodifluoromethane (Arcton 12, ICI

Ltd). 15-/rm sections were cut at -20 °C and stained for
succinic dehydrogenase activity by the method of
Nachlas et al. [1957]. Sections were also stained for fat,
using Sudan IV.

By means of a Leitz projection microscope, the
number of muscle fibres (red, white or intermediate)
per square millimetre was counted in the sections
stained for succinic dehydrogenase activity. The
average size of muscle fibres was estimated by measur¬
ing the diameters of 100 fibres of each type, using a
calibrated eyepiece graticule. The overall mean fibre
diameter (MFD) for each species was calculated from
the figures for distribution and size of the three muscle
fibre types. It should be noted that the classification of
muscle fibres into red, white or intermediate was based
on the degree of succinic dehydrogenase activity, red
being high and white low.

Although some of the smaller animals could easily
be weighed, the live weights of the larger animals
noted in table I were based mostly on estimates [from
data of Ledger, 1967 and others]. The statistical me¬
thods were based on Snedecor and Cochran [1967].
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Table II. Regression lines and correlation coefficients for various parameters detailed in table 1

Regression line r P (of r) r\ %

MFD (Y) versus live weight (X)a Y = 32.5-7-8I|/X 0.695 < 0.10 48.3

MFD (Y) versus live weight (X)b Y = 29.2-619|/X 0.838 < 0.05 70.3

MFD, at constant percent distribution (Y)
versus MFD (X)b Y = 0.86-X+ 8.43 0.987 < 0.001 97.4

MFD, at constant fibre type diameters
(Y) versus MFD (X)b Y = 0.11 -X + 55.7 0.589 > 0.10 34.7

a All species.
b All species, except the zebu.

Results

All the data obtained for the animals in¬

vestigated are shown in table I. The fat con¬
tent was low, especially in the game animal
muscles, but the general distribution tended
to correspond to the distribution ofsuccinicde-
hydrogenase activity. Equations of regression
lines and correlation coefficients for various

parameters are shown in table II. As can be
seen from table II, some calculations omitted
the data on zebu samples. This was felt to be
legitimate and, indeed, necessary as these
animals were reared under very different con¬
ditions (in a domesticated or semi-domesticat¬
ed situation) to the wild game animals.With
zebu data omitted, there was a significant cor¬
relation between MFD and live weight. As
red fibres are 54-62% of the diameters of
white fibres, the MFD (last column of table I)
could be determined by either percentage
distribution or size ofmuscle fibre types or by a
combination of both parameters. In order to
study this, the significance of correlations was
estimated between actual MFD (given in
table I) and MFD figures calculated, first, by
using average percentage distribution figures
for all species with species fibre type diameter

figures, and, second, by using average fibre
type diameters for all species with species fibre
type percentage distribution. The results sug¬

gest that MFD forthelongissimus dorsi muscle
is related far more (up to 97% variation ex¬

plained) to muscle fibre type sizes than to
percentage distribution (only up to 35% va¬
riation explained) of muscle fibre types.

Discussion

One of the more obvious features to be not¬

ed from the data of table I is that the red fibres
are considerably smaller in diameter than the
white fibres with the intermediate fibres be¬

tween the two extremes. This inverse rela¬

tionship between fibre size and aerobic ca¬

pacity is well established [e.g. Goldspink,
1969], For all animals studied, the red muscle
fibre diameters are within the range of about
54-62% of the white fibre diameters. This is a

fairly narrow range when it is considered that
the MFD range is from 43.1 /rm in the dik-
dik to 87.9 pm in the giraffe, i.e. a difference of
over 100%.

The more important result in this investi¬
gation, however, is the possible relationship
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between MFD and body size. It has been re¬

ported that there is a relationship between
MFD in a given muscle and body size in
13 mammalian species [Gaulhier andPadykula,
1966], 25 avian species [George and Naik,
1959], 13 avian species [Slickland, 1977] and
17 fish species [Stick/and, 1976] as well as
several breeds of dogs [Julian and Cardinet,
1961]. Hill [1956] predicted that MFD should
vary as the square root of body size. As linear
body size is proportional to 3J/body weight,
then this means that MFD a 6|/body weight.
In the present investigation there is a very
close approximation to this relationship,
whence MFD a 6' "[/body weight (omitting the
zebu; table II). The results therefore support
HHPs hypothesis.
It is difficult to adequately explain the fact

that the same fibre type in different species
has different mean diameters (table I) but,
nonetheless, it is this fact which results in
different MFD, for a given muscle, between
species (rather than a difference in fibre type
proportions). It is possible, however, that the
opposite is true as an explanation for the dif¬
ference in MFD for different muscles of the
same species, i.e. differences in fibre type
proportions and not fibre type diameters are

responsible [Stickland, 1978],
In these discussions, it is important, how¬

ever, to realise that there are several variables
which may affect MFD, including exercise
[Goldspink, 1964], nutritional level [Joubert,
1956; Staun, 1963; Sticklandet al., 1975] and
age [Joubert, 1956; Staun, 1963; Rowe and
Goldspink, 1969; Stickland and Goldspink,
1973], Exercise may also affect levels of suc¬
cinic dehydrogenase enzyme [Howells and
Goldspink, 1974], thereby influencing muscle
fibre type distribution percentages. Owing to
the possible effect of these variables, it was felt

justified in omitting zebu values in some cases
(as in table II) as environmental factors were
known to be different for these cattle as com¬

pared to the wild environment of the game
animals. The sources of variation mentioned

may be factors which produced the insignifi¬
cant relationships between MFD and body
size found by some authors [Joubert, 1956;
Davies and Gunn, 1972]. It is also interesting
to note that these same authors only investigat¬
ed 'domesticated' animals in contrast to the

present study. It is quite probable that, in
selective breeding programmes, different
breeds of the same species and similar body
weight will have very different MFD, e.g. the
Pietrain pig has much larger MFD than Large
White pigs [Dumont and Schmitt, 1970;
Stickland and Goldspink, 1977],

On a more applied level, it is known that a
lack of aerobic fibres is associated with poorer
meat quality [Ashmore, 1974]. It would be in¬
teresting to investigate the meat quality of the
animals used in the present investigation to
ascertain whether the proportion of fibre
types is indeed related to meat quality in a
non-domesticated situation.
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INTRODUCTION

It has been generally accepted that the total number of muscle fibres in a muscle is
fixed by about the time of birth, so that postnatal muscle growth is not associated
with any fibre hyperplasia (Rowe & Goldspink, 1969). There may, however, be some
fibre hyperplasia in muscles of animals which are relatively immature at birth, such
as the rat, in which Rayne & Crawford (1975) found significant fibre hyperplasia in
the first few weeks post partum. In relatively long muscles of large animals, postnatal
fibre hyperplasia may be attributed to muscle fibres growing into the plane of
section (Swatland, 1976) so that, in these cases, the hyperplasia is only apparent.
It has been concluded that real fibre hyperplasia ceases prenatally in agricultural
animals (Joubert, 1956; Swatland, 1973; Stickland, 1978) and humans (Stickland,
1981). A postnatal increase in muscle fibre number can therefore be explained either
by real hyperplasia in immature animals or by growth of intrafascicularly terminating
fibres in larger muscles. What is more difficult to explain, however, is the postnatal
decrease in muscle fibre number which has been found by some authors. Some of the
decreases found have been small and insignificant but recently Layman, Hegarty &
Swan (1980) claimed substantial decreases in fibre number of four rat muscles
during growth, the largest decrease being 41 % in the soleus muscle. Also, Ihemelandu
(1980) claimed a 32% decrease in the total number of fibres in the pectineus muscle
of dogs between 2 and 12 months of age. No definitive explanation has been given for
these decreases. Both these studies were based on counts made on sections through
the 'belly' of the muscles. It is possible that not all fibres would be included in such a

section, or that the fibre architecture of a muscle could change during growth so that
an apparent decrease might be observed. Because the arrangement of fibres did not
seem to have been studied in any detail in these papers, it was felt worthwhile to
investigate the muscle fibre and tendon arrangement in the soleus and pectineus
muscles of rats and dogs, respectively, at different ages.

MATERIALS AND METHODS

Soleus muscles were removed post rigor from male rats killed at 6, 21, 70 and 175
days post partum. Pectineus muscles were also removed from newborn male pups
and from mature male dogs. All muscle samples then underwent a modification of
the technique used by Williams & Goldspink (1971). The muscles were fixed in 10%
formalin for 24 hours, washed in water for 6 hours and left in 30% nitric acid for
two days (pulling apart slightly, after one day, for better penetration) and washed
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days post partum. The portions between the arrows show where a transverse section would
cut all muscle fibres. The tendon of origin is at the top and the tendon of insertion at the bottom
for each muscle. All Figures are x 2 actual size.

again in water. The muscles were then transferred to 50% glycerol and, after 24
hours, their muscle fibre architecture was examined by teasing, using fine needles,
under a stereo dissecting microscope. Graph paper was placed under the Petri dish in
which the muscles were teased so that accurate drawings could be made onto
another piece of graph paper. Particular attention was paid to the identification of
the extent of tendons and to the distribution of muscle fibre terminations.

RESULTS

Rat soleus muscle

The arrangements of muscle fibres and tendons in the soleus muscles from rats of
various ages are shown in Figure 1. At 6 days the muscle exhibited a simple arrange¬
ment with muscle fibres running parallel to the long axis of the muscle and all fibres
running approximately the full length of the muscle from the tendon of origin to the
tendon of insertion. With growth, however, the arrangement was seen to change.
The origin and insertion tendons gradually extended along opposite sides of the
muscle towards the mid-point so that the number of fibres extending the full length
of the muscle diminished. This resulted in the muscle changing to a unipennate
structure at 175 days, with muscle fibres running at an angle to the long axis of the
muscle. At this stage there was only a short distance (about 7 % of the muscle length)
in which a section would cut all muscle fibres but, more importantly, this portion
was in the distal half of the muscle; a section midway along the muscle length would
not cut through all constituent muscle fibres.

Dogpectineus muscle
The arrangements of muscle fibres and tendons in the pectineus muscle from new¬

born and mature dogs is shown in Figure 2. The pectineusmuscleexhibited abipennate
structure which did not appear to change significantly with age. The distal tendon
surrounded most of the distal half of the muscle, with muscle fibres inserting into it
at an angle along all of its surface. The extent of the tendinous invagination into the
belly of the muscle from the proximal tendon was not apparent superficially; it



Muscle fibre arrangement 177

Fig. 2 (a, b). The arrangement of representative muscle fibres (thin lines) and tendons (thicker
black areas) in pectineus muscles from (a) newborn and (6) mature dogs. The portions between
the arrows show where a transverse section would cut all muscle fibres. The tendon of origin is at
the top and the tendon of insertion is at the bottom for each muscle, (a) is x 1J actual size;
(b) is x J actual size.

occurred deep in the muscle and was evident only upon teasing. The portion of the
muscle through which a transverse section would cut all muscle fibres was only about
13% of the muscle length in the newborn and only about 5% in the mature dog.
Moreover, although this portion included the mid-length level in the newborn, it did
not include the mid-length level in themature dog.

DISCUSSION

The results have shown that there is a considerable change with age in the muscle
fibre and tendon arrangement in the soleus muscle of the rat. Layman et al. (1980)
claimed a 41 % decrease in the number of fibres in the rat soleus muscle throughout
the period of study from 25 to 165 days post partum. The decreases found in the
earlier ages are perhaps difficult to explain by the fibre architecture because it would
be fairly easy to cut a transverse section through all muscle fibres; the errors are more
likely to arise in the later ages. However, the method used by Layman et a!. (1980)
was to cut a transverse section of a thickness which approximates fibre diameter and
then to use a Coulter Counter to count the resulting 'fibre cylinders' which are
separated by a special technique (Thompson, Levine, Hegarty & Allen, 1979). A
comparison of the results obtained by this method with hand counting was carried
out by Layman et al. (1980) and they stated an error of + 14 % (an over-estimate) at
25 days and —8% (an under-estimate) at 165 days. In other words, a fibre decrease
of up to 22% could possibly be explained by an error in the technique. The rest of
the decrease (to bring it up to 41 %) could possibly be explained by sections not
including all fibres in the muscles from later ages. The arrangement shown in
Figure 1(d) for the adult rat soleus muscle was shown by Close (1964) who also
examined the arrangement in the rat extensor digitorum longus muscle. Of the four
muscles studied by Layman et al. (1980) this muscle showed a 25 % decrease in fibre
number with age, which was the second largest decrease after that occurring in the
soleus muscle. Close showed that this muscle in adult rats had an arrangement
similar to that in the soleus muscle, but even more pronounced in that no transverse
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section through this muscle could section all its constituent muscle fibres. The
results in Figure 1 indicate that it might be possible, with care, to section through all
constituent muscle fibres of the soleus muscle at all ages. Kugelberg (1976) sectioned
rat soleus muscles at the main entrance of the soleus nerve and obtained sections free
from tendon insertions. Total fibre counts were done on magnified photomicro¬
graphs of the whole muscle section. He counted the muscle fibres in soleus muscles of
10 rats at each of three ages (2, 5 and 34 weeks) and showed no change in the number
of fibres. The mean values were 2840 at 2 weeks, 2857 at 5 weeks and 2913 at 34
weeks. His publication includes photomicrographs of complete sections at 5 weeks
and 34 weeks to support his results. The different results of Layman et al. (1980) are
probably, therefore, due to the method of counting and to the problem of sectioning
all fibres at later ages.
Another important aspect which can be appreciated from Figure 1 is the fact that

the mean muscle fibre length decreases relative to complete muscle length as growth
proceeds; the mean fibre length decreases from about 90 % ofmuscle length at 6 days
to about 60% at 175 days. Layman et al. (1980) assumed that fibre length was

equivalent to muscle length so that some of their calculations involving their fibre
length estimates (e.g. cytoplasmic volume per nucleus) may be misleading.
The results for the dog pcctincus muscle have shown that this muscle is not the

simple muscle assumed by Ihcmclandu (1980); the fibres do not extend from one end
of the muscle to the other. The bipennate structure of this muscle makes it difficult
to ensure that a section through it would include all muscle fibres and this appears to
be particularly true for the older muscles.
In conclusion, therefore, it would appear that rat soleus muscles and dog pectineus

muscles (the two muscles in which the greatest postnatal fibre number decrease has
so far been claimed) are not suitable for growth studies of muscle fibre number.

SUMMARY

The arrangement of muscle fibres and tendons was examined in the soleus muscle
of rats from 6 to 175 days post partum. The muscle was seen to change from a simple
structure, with mean fibre length of approximately 90 % of complete muscle length,
to a unipennate structure, with mean fibre length of only about 60 % ofmuscle length.
The dog pectineus muscle was also investigated and found to have a bipennate
structure throughout postnatal growth. The arrangement of muscle fibres in both
these muscles is such that it might be difficult (particularly in the older animals) to
cut a transverse section through all the fibres contained in the muscle; some fibres
might not enter the plane of section. Results on muscle fibre number in these muscles
at different ages may therefore be misleading.
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introduction

The occurrence, within porcine skeletal muscle, of "giant" muscle fibres which
possess circular and abnormally large transverse sectional areas has been noted
by many researchers (Cassens, Cooper and Briskey, 1969; Hendricks, Lafferty,
Aberle, Judge and Forrest, 1971; Bader, 1982). Most of the detailed work on
giant muscle fibres has been carried out on stress-susceptible pigs which exhibit
pale, soft, exudative (PSE) muscle (Cassens et al., 1969; Cooper, Cassens and
Briskey, 1969; Dutson, Merkel, Pearson and Gann, 1978). The occurrence of
giant muscle fibres has become associated with PSE muscle and consequently
little attention has been paid to the giant fibres in normal (stress-resistant) pig
muscle, although their occurrence has been mentioned (Cassens et al., 1969;
Hendricks et al., 1971).
Dutson et al. (1978) pointed out that giant fibres bear a marked resemblance

to myofibres within the muscle of dystrophic animals of various species. In
particular, muscles from human subjects suffering from Duchenne and
Becker-type dystrophy possess fibres with the histological appearance of giant
fibres (Schmalbruch, 1982), which makes it feasible to suggest that giant fibres
might represent some pathological change within the muscle of the pigs
concerned. However, so far, it has not been possible to explain fully the
occurrence of these giant muscle fibres and, in fact, information on their
structural characteristics is often contradictory or incomplete.
During an investigation of postnatal muscle growth in normal pigs, the

occurrence of giant muscle fibres was noted. The opportunity was therefore
taken to clarify the histochemical and ultrastructural characteristics of these
fibres and to study their postnatal development. The aim of the present
investigation was to try to provide some explanation for the existence of giant
fibres in apparently normal muscle.

materials and methods

Muscle tissue samples were prepared for both light and electron microscopy from
Large White pigs during the course of an investigation into the postnatal growth and
*Present address: Muscle Biology Laboratory, University ofWisconsin, Madison, Wisconsin 53706, U.S.A.

0021-9975/86/040447+ 11 $03.00 © 1986 Academic Press Inc. (London) Limited



448 s. e. handel and n. c. stickland

development ofskeletal muscle. All 49 pigs used were from a commercial pedigree herd
and ranged in age from birth to 128 days and had liveweights between 0 65 and
49-5 kg.
The animals were slaughtered by exsanguination after electrical stunning. Left-side

semitendinosus and trapezius muscles were immediately removed and cleaned. A
complete mid-belly section was taken from M. semitendinosus and from M. trapezius a
strip up to 2 cm in length was cut from midway along the caudal edge of the thoracic
portion. Fresh frozen, 10 pm thick, serial sections of muscle were cut on a Slee
retracting rotary cryostat at — 22°C, mounted on coverslips and allowed to thaw and
dry out at room temperature before the application of histochemical techniques. Serial
muscle sections were stained for the demonstration of alkaline-stable adenosine

triphosphatase (Guth and Samaha, 1970), succinate dehydrogenase (Nachlas, Tsou,
De Souza, Cheng and Seligman, 1957) and glycogen phosphorylase (Takeuchi, 1956).
Muscle samples for electron microscopy were taken from the deep and superficial

portions of M. semitendinosus and fixed in 5 per cent glutaraldehyde in 01m sodium
cacodylate buffered at pH 7-2 for 2 h. This was followed by 2 washes in buffer,
post-fixation in 1 per cent osmium tetroxide in buffer for 1 h, 2 washes in double
distilled water and, finally, dehydration through graded acetone. The samples were
then embedded in Araldite and sections were cut at a thickness of 60 to 80 nm with a

Reichert OMU3 microtome and stained with uranyl acetate (20 min) and lead citrate
(4 to 5 min). These ultrathin sections were examined with a Philips 400 electron
microscope at an accelerating voltage of 100 KV.
The characteristic size and shape of giant fibres, as described in the literature and

illustrated in Fig. 1, enabled their recognition with both the light and electron
microscope. Observations were made on the occurrence and histochemical and
ultrastructural properties of these giant fibres. Stereological analysis of ultrathin
transverse sections of several giant and normal muscle fibres was performed in order to
obtain volume fraction estimates for mitochondria, lipid droplets and myofibrils
(Eisenberg, Kuda and Peter, 1974; Elias and Hyde, 1980). A few selected blocks from
which giant fibres were identified in transverse section were trimmed and reorientated
through 90 degrees to enable the preparation of longitudinal sections from the same
fibres.
It should be noted that none of the pigs used in this study exhibited signs of

stress-susceptibility before slaughter or were the progeny of PSE-muscled pigs.

results

All recognized giant fibres apparently possessed a strong capacity for
oxidative metabolism, as demonstrated by positive staining for succinate
dehydrogenase (SDHase), and seemed to exhibit a negligible propensity for
glycolytic metabolism, none being found to react positively for glycogen
phosphorylase (GPase). Giant fibres could, however, be classified as either
alkaline adenosine triphosphatase (ATPase) positive or negative, although the
staining of giant fibres was, with either reaction, of greater intensity than in
adjacent normal fibres of the same classification (Fig. 1). Of the giant fibres
distinguished in M. semitendinosus, 64 per cent exhibited "slow" fibre
histochemical staining properties while in M. trapezius the value was 53 per
cent.

In histochemically stained muscle sections, giant fibres could only be
distinguished in muscle from pigs of 12 days of age or older because in pigs less
than 12 days of age, giant fibres failed to exhibit the large transverse sectional
areas and characteristic ATPase staining reactions evident in those of older
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Fig. 1. Alkaline ATPase staining properties of 2 giant fibres (G, = alkaline ATPase negative; G2 = alkaline
ATPase positive) from the "deep" portion ofM. semitendinosus of a 46-day-old pig with a liveweight of
8 kg. x 80.

Fig. 2. Ultrastructural appearance of myofibrils in (a) a normal muscle fibre and (b) a giant muscle fibre
from the deep portion of M. semitendinosus of a neonatal pig with a liveweight of 0 9 kg. x 6400.
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muscle. Giant fibres were seen in the semitendinosus muscle from 17 of the 20
animals (85 per cent) old enough to detect these fibres under the light
microscope and 9 of these 17 animals (45 per cent) also possessed giant fibres in
their trapezius muscles. In both muscles, under 1 per cent
(0-18 ± 0-39:mean ± s.D.) of the total myofibre population was classified as
"giant" except for 1 pig which contained 2-5 per cent of giant fibres in its M.
semitendinosus which was the only muscle which bore traits of PSE muscle, i.e. it
was abnormally pale and was flabby and watery.

As mentioned above, giant fibres could not be detected by light microscopy
in the muscle of pigs less than 12 days of age. However, in transverse sections of
neonatal muscle viewed with the electron microscope, giant fibres exhibiting
intense myofibrillar staining were discernible [Fig. 2(a) and (b)].
Table 1 displays the percentage volumes occupied by organelles of several

giant fibres identified from M. semitendinosus and the mean composition of
myofibres from the same portion (deep or superficial) of these animals'
muscles. Comparison of these results suggested certain trends within the giant
fibre ultrastructure. Giant fibres, on average, possessed a greater percentage
volume ofmitochondria (71 per cent more), lipid droplets (272 per cent more)
and myofibrils (18 per cent more) than the normal myofibres, while possessing
about 51 per cent less sarcoplasmic reticulum and 65 per cent less remaining
sarcoplasm [demonstrated visually in Fig. 3(a) and (b)]. Table 1 also indicates
that these ultrastructural features were present at birth, with no substantial
changes with subsequent postnatal growth. Higher magnification of transverse
sections showed that the regular hexagonal array of myofilaments normally
evident in myofibres [Fig. 4(a)] was lacking in the giant fibres [Fig. 4 (b)].
Examination of longitudinal sections of giant fibres revealed that the
characteristic myofibrillar banding pattern ofskeletal muscle fibres was absent
and only one type of broad, kinked band was apparent, the distance between
these bands being about ^ the length of the sarcomeres (Z-band to Z-band) in
normal fibres [Fig. 3(b)]. Giant fibres were observed in association with
evidently normal fibres (i.e. electron density similar to that of other
surrounding normal fibres) but the latter appeared to exhibit regions where the

TABLE 1
THE ORGANELLE PERCENTAGE VOLUME COMPOSITION OF GIANT AND NORMAL FIBRES FROM M. SEMITENDIKOSUS OF

A FEW SELECTED ANIMALS

Percentage volume occupied by organelle
Age of
pig in Fibre Lipid Sarcoplasmic
days Type Mitochondria droplets Myofibrils reticulum Cytoplasm

0 Normal (n= 10) 10-7 3-5 43-2 51 38-2
Giant (n=l) 220 7-5 56-0 30 11-2

4 Normal (n = 10) 8-1 2-9 39-6 7-1 42-3
Giant (n=l) 11-2 7-3 68-1 4-0 9-4

33 Normal (n= 10) 4-1 1-9 72-5 10-3 11-2
Giant (i = 4) 11-6 9-6 62-5 5-2 8-5

84 Normal (n = 10) 11-3 1-8 53-7 7-9 25-3
Giant (n= 2) 13-6 13-3 58-1 2-8 12-2
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Fig. 3. Ultrastructural appearance of a giant fibre with an adjacent normal muscle fibre in (a) transverse
section ( x 5300) and (b) longitudinal section ( x 6200). These muscle samples were taken from the
deep portion of M. semitendinosus of an 84-day-old pig with a liveweight of 27 kg. Note the abundant
mitochondria (M) and lipid droplets (L), and the greater electron density of the flattened nucleus (N)
and myofibrils (My) of the giant fibre.
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Fig. 4. Transverse section to illustrate myofilament arrangement of (a) normal and (b) giant fibres. The
myofilaments of giant fibres failed to exhibit the characteristic hexagonal array evident in normal
fibres, x 99 500.
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sarcomere length was reduced and the normal banding pattern had been
obliterated (Fig. 5).

DISCUSSION

Although giant fibres have been exclusively associated with muscle from low
quality, stress-susceptible pigs by some workers (Cooper et al., 1969; Dutson et
al., 1978), they have also been observed in the muscle of pigs not exhibiting
such conditions (Cassens et al., 1969; Hendricks et al., 1971). Nevertheless, no
workers have reported such a high incidence of normal pigs possessing these
fibres as was determined in the present study. In the results presented here, 85
per cent of animals of 12 or more days of age were shown to possess giant fibres
in their muscles, compared with previous reports of 8 per cent (Cassens et al.,
1969) and 30 per cent (Dutson et al., 1978).
Both Dutson et al. (1978) and Cassens et al. (1969) found that when giant

fibres occurred they represented, as determined in the present study, less than 1
per cent of the total myofibre population. However, the former authors
obtained this value from low quality PSE Yorkshire pig muscle, whereas the
muscle in the present study and that of Cassens et al. (1969) was not known to
be of poor quality. It is perhaps feasible to suggest that the apparent
relationship between giant fibres and PSE muscle is merely a consequence of
both of them being enhanced through inbreeding and being more prevalent in
certain breeds of pig. Further evidence was obtained from the histochemical

Fig. 5. Longitudinal section of a giant fibre (centre) and adjcent normal fibres. Portions of the normal fibres
often exhibited areas of supercontraction (S) but failed to show the intense electron density of
myofibrils of giant fibres. Note high concentration ofmitochondria (M) throughout the giant fibre,
x 1900.
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observations on giant fibres for the idea that the association between giant
fibres and PSE muscle is not "real".
Giant fibres have been found by some workers to be exclusively alkaline

ATPase positive (Cassen et al., 1969) or, when histochemical techniques were
not performed, the giant fibres are peripherally located within fascicles
(Hendricks et al., 1971; Van Den Hende, Muylle, Oyaert and De Roose, 1972),
the corresponding location of histochemically defined fast fibres. Although,
more recently, Bader (1982) found giant fibres that exhibit negative alkaline
ATPase staining and Dutson et al. (1978) found that giant fibres are not
confined to the outer positions within fascicles, it appears a somewhat novel
discovery that as high a proportion as over half of the giant fibre population
classified showed slow staining properties.
Although giant fibres of the present study were found to exhibit high

oxidative staining, the majority have previously been shown to possess a range
in activity from positive to near negative (Cassens et al., 1969; Dutson et al.,
1978). The glycolytic capacity of giant fibres has only been defined in the
literature by Cassens et al. (1969) whose work supports the view of the present
study that these fibres exhibit a neglible propensity for glycolytic metabolism,
as would be expected to coincide with the apparently high capacity for
oxidative metabolism.

These histochemical properties of giant fibres do not tally with the concept
of an association between giant fibres and PSE muscle which is characterized
by the presence of a high proportion of "intermediate" (Cooper et al., 1969) or
"white" (Swatland and Cassens, 1973) fibres that give a positive reaction for
GPase. If the phenomenon of PSE muscle is elicited after death as a
consequence of its possessing a high percentage ofglycolytic fibres, giant fibres
cannot be a contributor to this problem since their metabolism favours
oxidation.
The disarray of myofilaments seen from both transverse [Fig. 4(b)] and

longitudinal (Fig. 5) sections of giant fibres under the electron microscope was
suggestive of super-contracted myofibres. Super-contraction would, as Dutson
et al. (1978) proposed, explain the lack of characteristic myofibrillar banding,
the thickness and kinking of the bands evident in longitudinal section and the
absence of the hexagonal orientation of myofilaments in transverse section.
However, despite the similarities between the giant fibres of Dutson et al.
(1978) and those of the present study in this respect, the giant fibres observed
by Dutson et al. (1978) apparently did not contain any recognizable
mitochondria or sarcoplasmic reticulum, while those of the present study
clearly exhibited an excessive number ofmitochondria in a well-preserved state
[Fig. 3(a) and (b)]. It is probable that giant fibres are more susceptible to
post-mortem lysis and that the exceptionally long, (24 h) lapse between death
and muscle fixation in the study of Dutson et al. (1978) was more than
adequate to allow this breakdown and cause the numerous disrupted
mitochondria and sarcoplasmic reticulum to appear as the vacuolar structures
which these workers could not explain. Evidence for the concept that the
subcellular components of abnormal muscle fibres are more susceptible to
post-mortem disruption is also provided by the observations made by Cloke,
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Davis, Gordon, Hsieh, Grider, Addis and McGrath (1981) on the effects of
severe freeze-thaw contraction on muscle samples from normal and PSE
porcine muscle; the membrane-bound organelles of PSE muscle were markedly
disrupted after this treatment, indicating their relatively enhanced fragility.
Functionally-stressed myofibres are also more prone to post-mortem lysis.

Schmerling, Filyushina and Buzueva (1981) found that the anterior tibialis
muscle of rats which had been subjected to intense physical work to the point
of fatigue showed a disturbed myofibrillar organization and disrupted
mitochondria. This finding might also relate to the apparent absence of
mitochondria in the giant fibres observed by Dutson el al. (1978) as it is obvious
from the ultrastructural investigations performed in the present study that the
giant fibres are in fact functionally overloaded. The greater oxidative capacity
of these fibres, as recognized by the greater percentage volume ofmitochondria
and lipid droplets (as well as high SDHase activity) than in normal fast or slow
myofibres, is consistent with the changes seen within muscle fibres subjected to
prolonged contraction. The fast myofibres of genetically spastic mice, a
condition that subjects the muscles to increased nervous activity, are seen to
adapt to the almost continual stimulation by an increased capacity for
oxidative metabolism (Levin, Degennaro, Ross, Serafin and Stewart, 1981).
The increased activity of muscle induced by exercise (as reviewed by Salmons
and Henriksson, 1981) is associated with an increased mitochondrial volume,
significantly above that of control fast and slow muscles and also dramatically
reduced sarcoplasmic reticulum, which considerably affects calcium ion uptake
from the myofibres and consequently muscle relaxation.
Although giant fibres have been compared with myofibres of certain

muscular dystrophies (Dutson et al., 1978), such myopathies are invariably
associated with degenerative changes (Shafiq, Gorycki and Milhorat, 1969;
Schmalbruch, 1982), no signs of which were evident in the giant fibres of the
present investigation.
The observations ofmetabolic changes associated with combating the effects

of fatigue support the idea that the structural abnormalities of giant fibres are
induced by functional overload associated with sustained, high intensity
contraction. The super-contraction ofgiant fibres was occasionally observed to
elicit a similar hyper-contractile effect in adjacent fibres (Fig. 5) which, due to
its inconsistency along the length of the myofibre, suggests that it was possibly a
passive effect generated by physical contact with the giant fibres.
Super-contracted portions ofnormal fibres did not possess myofibrillar electron
density as great as that seen in giant fibres (Fig. 5). This phenomenon, together
with the abnormally high ATPase activity (whether alkaline stable or labile) of
the giant fibres, suggests that the extent of super-contraction within giant
fibres was sufficiently chronic to induce compensatory myofibrillar
proliferation and enhanced ATPase activity.
It is therefore suggested that giant fibres, since they were present in the

muscle at birth [Fig. 2(b)] and failed to exhibit any marked ultrastructural
changes after birth (Table 1), perhaps resulted from some defect in developing
muscle fibres such as an inadequate amount of sarcoplasmic reticulum,
eliciting hypercontractile activity and consequential structural and metabolic
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anomalies within the fibres. Giant fibres do not appear to be a result of
degenerative changes within the muscle.

SUMMARY

Observations made during a growth and development study of the
semitendinosus and trapezius muscles of 49 purebred Large White pigs
between birth and 128 days of age revealed the presence of giant fibres. The
occurrence, histochemical and ultrastructural properties of these giant fibres
were investigated. A high proportion of the pigs (85 per cent) contained giant
fibres in their muscles but these giant fibres usually represented less than 1 per
cent of the total myofibre population. Giant fibres possessed enhanced
adenosine triphosphatase activity and a high capacity for oxidative
metabolism (indicated by succinate dehydrogenase activity) which was
reflected ultrastructurally by the greatly heightened electron density of
myofibrils and by an abnormally high percentage of mitochondria and lipid
droplets. These deviations from normal muscle fibre composition, together
with the reduced percentage volume ofsarcoplasmic reticulum, were consistent
with changes seen in functionally over-loaded muscle. It appears that giant
fibre anomalies occur through increased activity stimulated in occasional
muscle fibres, perhaps by a structural defect, such as an inadequate amount of
sarcoplasmic reticulum, which causes hyper-contractile activity within the
fibres and associated compensatory adaptations. Giant fibres did not appear to
represent fibres undergoing degenerative changes.
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INTRODUCTION

The biphasic theory of muscle development is well established for the pig (Ash-
more, Addis & Doerr, 1973; Swatland & Cassens, 1973; Beermann, Cassens &
Hausman, 1978). Initially, a population of large primary myofibres forms within
the presumptive muscle by fusion of myoblasts. The next phase of development is
the formation of smaller, secondary, myofibres; these myofibres form by fusion of
myoblasts which line up on the surface of the primary myofibres. In mixed fibre
type muscles of pigs, it has been shown that primary myofibres take on slow-
contracting characteristics whereas secondary myofibres acquire fast-contracting
characteristics (Ashmore et al. 1973), although some secondaries become slow during
late prenatal (Beermann et al. 1978) and postnatal growth (Davies, 1972). In post¬
natal porcine muscle these 'metabolic bundles', derived from one primary myofibre
and its surrounding secondaries, can be readily identified (Fig. 1) using methods for
the detection ofmyosin adenosine triphosphatase (myosin ATPase).
Restricted nutritional levels fed to pregnant animals of various species have been

found to cause a significant reduction in myofibre number within muscles of the
offspring (Everitt, 1968: sheep; Robinson, 1969: pigs; Aziz-Ullah, 1974: mice; Bedi
et al. 1982: rats). It has been shown by Wigmore & Stickland (1983) that pigs which
develop at disadvantaged sites in the uterus often develop fewer myofibres in their
muscles and do so because fewer secondary myofibres form around each primary; the
number ofprimary myofibres is not affected. The pig developing at a disadvantaged
uterine site is analogous to the undernourished animals in the situations mentioned
above.
The present study was carried out in order to determine whether genetically small

animals develop fewer muscle fibres in their muscles by the same mechanism as in
nutritionally small animals. It is known that selection for small body size in mice
results in a decrease in the total number of muscle fibres in a given muscle (Luff &
Goldspink, 1967; Hanrahan, Hooper & McCarthy, 1973). Smaller breeds of the
same species also have fewer myofibres in their muscles than the larger breeds
(Smith, 1963: chickens; Stickland & Goldspink, 1973: pigs). However, the develop¬
mental mechanisms responsible for these differences in myofibre number and the
consequences upon the proportions ofmyofibre types in the adult are unknown. The
pig provides an ideal model for investigating the proportions of fibre types in post¬
natal muscle and, for the reasons already discussed, the distribution pattern of
myofibre types reflects the developmental stages of myogenesis in terms of primary
and secondary myofibres. The numbers, ratios and distribution of muscle fibre
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Fig. 1 (a-b). Transverse sections ofm. semitendinosus reacted for alkaline stable myosin ATPase
activity to show the total number of myofibres and the number of slow myofibres in each
'metabolic bundle' in (a) Large White pig, 64 days; (6) Miniature pig, 61 days.
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Livemeight (x 103 g)

Fig. 2(a-b). Mean myofibre cross sectional area plotted against (a) age and (6) live weight for
both miniature pigs and Large White pigs.

types (based mainly on myosin ATPase activity) were therefore investigated in
Large White and in miniature pigs; at six months of age the latter are about one
third of the body weight of the former, commercial, pigs.

MATERIALS AND METHODS

The miniature pigs were obtained from those reared at the Royal Veterinary
College farm (Hawkshead, Herts) which are Gottingen miniature pigs (developed by
Haring, Gruhn, Smidt & Scheven, 1966). Eight miniature pigs were used which
ranged in age from 21 to 160 days; this corresponded to a weight range from about
2 to 20 kg. Sixteen Large White pigs (from a commercial, pedigree herd) were used,
such that eight of them matched the live weights of the miniature pigs and eight
matched their ages as closely as possible. The actual ages and live weights may be
ascertained from Figure 2.
The pigs were killed by an intraperitoneal injection of pentobarbitone (Euthesate)

followed by exsanguination. M. semitendinosus was dissected out from each animal
and a complete transverse slice 3-4 mm thick was taken from the muscle, frozen in
dichlorodifluoromethane (Arcton 12, ICI Ltd) cooled to itsmelting point of —158 °C
with liquid nitrogen, and frozen sections 10 fim thick taken so that the constituent
muscle fibres were cut transversely in a cryostat. A sample of m. trapezius was also
taken from midway along the caudal border of its thoracic portion and transverse
sections of its muscle fibres were made. Some sections for each muscle sample were
treated by the method outlined by Guth & Samaha (1970) for the detection of both
alkali-stable and acid-stable myosin ATPase, although the former was used for most
of the analysis as it appeared to produce the best differential staining. Sections were,
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Fig. 3. Complete transverse section of m. semitendinosus reacted for alkaline stable myosin
ATPase activity to show the superficial (S) and deep (D) regions of the muscle. Miniature pig,
61 days.

however, also tested for succinate dehydrogenase activity and glycogen phosphorylase
activity by the methods of Nachlas et al. (1957) and Takeuchi (1956) respectively.
The sections were viewed and analysed using a microscope with camera linked to

an image analysis system based on an Apple He computer with TV monitor and
graphics tablet (VIDS II from Analytical Measuring Systems Ltd, Saffron Walden,
Essex). Most of the analysis outlined below was carried out on the alkali-stable
myosin ATPase reacted sections for the detection of slow and fast contracting
myofibres, with other sections being used for confirmation. Measurements weremade
on five randomly selected areas of known size (each containing about 500 myofibres)
from each muscle. For each area the total number of myofibres was noted as was
the number of 'metabolic bundles' (indicated by the number of clusters of slow
myofibres). These data were used to estimate the secondary: primary myofibre ratio
(equivalent to the number ofmyofibres per 'metabolic bundle' minus one) for both
m. semitendinosus and m. trapezius. In addition, the total cross sectional area of the
whole m. semitendinosus was measured so that, for this muscle, the total number of
primary myofibres (equal to the number of'metabolic bundles') and of all myofibres
per complete cross section could be estimated. The mean cross sectional area for all
myofibres in each muscle was also estimated by measuring the area of fibres from
complete 'metabolic bundles' taken from each of the five muscle areas selected such
that 100 myofibres were measured for each muscle.
Under low magnification it was seen (Fig. 3) that m. semitendinosus could be

divided into a distinguishable superficial region and a deep region; the former region
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Table 1. Numerical data on muscle fibres in the muscles of Large White
(age controls) and miniature pigs (means ± s.E.)

Number of animals
Large White

8
Miniature

8
Significance
of difference

M. semitendinosus
Total myofibre number
Total 'primary' myofibre number
Secondary:primary myofibre ratio

392159 (±13956)
15454 (±791)
24-6 (±0-8)

143825 (±15286)
7184 (±632)
18 9 (±1-0)

P < 0 001
P < 0 001
P < 0 001

M. trapezius
Secondary: primary myofibre ratio 23-2 (±1-2) 18-3 (± 1-1) P < 0 02

contained larger clusters of slow myofibres. The relative proportions of these two
areas were estimated for each of the m. semitendinosus sections. Within the deep
area of the muscle the number of slow myofibres per 'metabolic bundle' was noted
(mean for 100 bundles) as was their mean cross sectional area (based on measure¬
ments of 100 slow myofibres). The percentage of the muscle cross sectional area
occupied by slow myofibres could therefore be calculated. The number of slow
myofibres per 'metabolic bundle' was also noted for m. trapezius.
For most comparisons between the two breeds of pigs the age-control Large

Whites were used. The weight-control Large Whites were only used for the analysis
of myofibre size.

As there was no evidence of any change in myofibre numbers with growth, the
data on cell numbers could be grouped as shown in Table 1. It can be seen from this
Table that both total myofibre number and the total primary myofibre number in
m. semitendinosus were greater (173 and 115% respectively) in Large White than
in miniature pigs. The secondary:primary myofibre ratio was also greater in both
muscles studied in the Large White pigs. However, the results indicate that the
primary myofibre number difference was about four times more important than the
secondary: primary myofibre ratio difference in bringing about the total myofibre
number difference between the two breeds in m. semitendinosus. Although total
myofibre number could not be estimated for m. trapezius, the secondary: primary
myofibre ratio difference between Large White and miniature pigs was of the same
order for m. trapezius (27%) as that for m. semitendinosus (30%). It therefore
follows that, if the myofibre number difference was the same in m. trapezius, then
there must have been a similar difference in primary myofibre number.
The relationship between the mean size of all myofibres and live weight and age

are shown in Figure 2 and Table 2. No significant difference between Large White
and miniature pigs could be demonstrated in the myofibre cross sectional area
changes with age; at any given age mean myofibre areas were not significantly
different between the two strains of pigs. However, when mean myofibre area was
plotted against live weight the slope or regression coefficient was significantly larger
(P < 0-05) for the miniature pigs; at any given live weight, the mean myofibre area
in the miniature pigs was approximately 63% greater than in Large White pigs
throughout the weight range studied.
For the age range under study there was no evidence of any change with increasing

age in the number of slow myofibres per 'metabolic bundle'. The percentage of

RESULTS

7 ANA I47
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Table 2. Equations for the regression lines shown in Figure 2 ofmean
myofibre cross sectional area (jimT) against (a) age and (b) live weight

(a) Against age (in days)
SEb

Miniature pigs Y = 14-79A"—120 1-66
Large White pigs Y = 18-26^+75 0-88

(Neither slopes nor intercepts are significantly different.)

(b) Against live weight (in g)
SEh

Miniature pigs Y = 0-1552f+ 52-57 0 016
Large White pigs Y = 0 102X+17-62 0 004

(Slopes significantly different, P < 0 05.)

Table 3. ' Slowness' ofmuscles of Large White (age controls)
and miniature pigs (means ± S.E.)

Large White Miniature Significance
Number of animals 8 8 of difference

M. semitendinosus
Deep area as % of whole 39-9 (±1-9) 48-4 (±3-3) P < 0-05
Number of slow myofibres per 8-68 (±0-75) 1-67 (±0-28) P < 0-001
bundle in deep area
Total area of slow myofibres as % 18-05 (± 3-62) 6-18 (±0-77) P < 0 01
of whole muscle area

M. trapezius
Number of slow myofibres per 9-76 (±0-75) 4-73 (±0-51) P < 0 001
bundle

muscle cross sectional area occupied by slow myofibres was found to be about three
times greater in the LargeWhites than the miniature pigs (Table 3). This considerable
difference was due to the significantly greater number of slow myofibres per 'meta¬
bolic bundle' in the Large White pigs (Fig. 1); it was not due to a difference in the
proportion of the deep region (see above) which was in fact greater in the miniature
pigs. The superficial region ofm. semitendinosus contained very few slow myofibres;
between 0 and 2 per'metabolic bundle' in Large White pigs and negligible numbers
(usually 0, but occasionally 1) in the miniature pigs. The numbers involved in the
superficial region were relatively insignificant but if included could only accentuate
the difference in slow myofibre content between the two strains. The number of
slow myofibres per 'metabolic bundle' in m. trapezius was also significantly greater
in the Large White pigs. However, although there was no significant difference in
this parameter between the two muscles studied in the Large White pigs, for the
miniature pigs there were significantly (P < 0-001) more slow myofibres per 'meta¬
bolic bundle' in m. trapezius than in m. semitendinosus.

DISCUSSION

It is well established for many animals, including the pig (Staun, 1972; Stickland &
Goldspink, 1973) that myofibre number exhibits no change with postnatal growth.
It was therefore felt justified to group the numerical data as shown in Table 1. The
results show that it is the difference in myofibre number which is totally responsible
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for the muscle size difference between the Large White and miniature pigs; this was
also noted by Stickland & Goldspink (1978). Myofibre size differences do not
account for any muscle size difference. In fact, quite the converse was found in that,
at any given live weight, miniature pigs have muscle fibres of greater cross sectional
area (Fig. 2). This appears to be due to the fact that they are older for a given live
weight because, at any given age, there was no significant difference between the two
breeds with respect to myofibre cross sectional area (Fig. 2, Table 2). This is a very
interesting result in that it appears to reflect some of the results found in pigs of the
same breed but of varying age at the same slaughter weight. Hegarty & Allen (1978)
and Powell & Aberle (1981) showed that runt pigs have myofibres of greater cross
sectional area than their large littermates when slaughtered at the same body weight.
Handel (1984) attributed this difference to the disparate ages of the littermates at
similar slaughter weights. It would seem that, in the present investigation also, for
the two breeds of pigs used, muscle fibre cross sectional area is more indicative of
the age of the animal than its live weight. It could be assumed that the runt pigs
mentioned above are a result of inadequate prenatal nutritional levels. It would
appear, therefore, that pigs of disparate birth weights, due to either nutritional or
genetic (present investigation) effects exhibit postnatal increases in myofibre size
which are more related to age than to live weight. This relationship is clearly
dependent on optimum postnatal growing conditions as it is well known that several
factors, such as nutritional levels (Joubert, 1956), may affect muscle fibre size. It is
normally assumed that muscle fibre size relates to body weight and that any relation¬
ship with age is secondary, but these results indicate that, in some situations for
certain periods of growth, muscle fibre size is related more to the age of an animal
than to its live weight.
For the reasons mentioned earlier, it is possible to extrapolate from the results

the pattern of prenatal muscle development in terms of primary and secondary
myofibres. In nutritionally smaller pigs of the same litter it has been shown (Wig-
more & Stickland, 1983) that the reduction in overall myofibre number in given
muscles is due to a reduction in the number of secondaries forming around each
primary myofibre. Although this difference has also been found between the two
breeds of pigs used here, the most important factor responsible for the overall
myofibre number difference is the number of primary myofibres, which each form
their own 'metabolic bundles'. This difference in primary myofibre number is not
found in the nutritional situation except in some very severely runted pigs (Handel,
1984).
It is known that many locomotory muscles (Pullen, 1977; Bodine et al. 1982)

contain relatively more slow myofibres in their deeper aspects which thereby take
on a more postural function. This division is found in m. semitendinosus of both the
Large White and miniature pigs used here. However, it has been shown very clearly
that the miniature pigs contain a relatively much reduced slow myofibre content in
m. semitendinosus which is approximately one third of that found in Large White
pigs. This difference is due mainly to a difference in the number of slow myofibres
per 'metabolic bundle' between the two breeds. This again contrasts with the
' nutritional' situation in the large and small birth weight littermates which show no
difference in the number of slow myofibres per 'metabolic bundle' at later ages
(Handel, 1984). The number of fast myofibres is, however, reduced in these situations
and this has also been shown in rats after experimentally induced malnutrition
during pregnancy (Bedi et al. 1982). It should be mentioned here that, although the

7-2
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conversion of secondary myofibres to slow contracting characteristics begins pre-
natally, there is also some postnatal conversion (Davies, 1972) but there does not
appear to be any significant conversion during the period under investigation here.
It was therefore felt justifiable to group the data in Table 3 as shown. However, it is
possible that heavier miniature pigs (similar in weight to the older age-control Large
Whites) may contain more slow myofibres, although the range did extend beyond
the 8 kg suggested by Handel (1984) as being the weight by which most slow fibre
conversion had occurred in the Large White pig. The results for m. trapezius
indicate that this muscle is significantly slower than the deep portion of m. semi-
tendinosus forminiature pigs but comparable for LargeWhites. M. trapezius is known
to have an important postural role in helping to support the scapula on the trunk.
However, despite some differences between muscles, it can still be clearly seen that
the m. trapezius reflects the significant difference seen in m. semitendinosus between
the breeds with respect to slow myofibre content.
One of the aims of commercial pig production has been to select animals of large

body weight. The aim in miniature pig production has clearly been the reverse and
has been achieved in the Gottingen stock partly by the re-introduction of wild pigs
(Haring et al. 1966). The results suggest that the selection for large body weight,
associated with commercial pig production, has resulted in the selection of muscles
with more metabolic bundles containing more, thinner muscle fibres when compared
on an equal weight basis. Stickland (unpublished observation) has also noted that
wild wart hogs have significantly larger muscle fibres than commercial Large White
pigs when compared at the same live weight. The selection for larger body size has
also resulted in relatively more slow muscle fibres in given muscles which may be
necessary to support the increased weight of the animal.
Taken overall, the results of this investigation appear to show that genetically

small animals develop fewer muscle fibres in their muscles by a different mechanism
to that exhibited by animals which are smaller due to nutritional deprivation in utero.
There are also functional consequences of these differences reflected in the histo-
chemical properties of the constituent muscle fibres.

SUMMARY

M. semitendinosus and m. trapezius (portion) were removed from eight miniature
pigs ranging from 21 to 160 days of age and eight age-control as well as eight weight-
control commercial Large White pigs. Complete transverse frozen sections were
obtained for each muscle sample and stained for various enzyme activities including
myosin adenosine triphosphatase activity which enabled the identification of'meta¬
bolic bundles'. This in turn enabled conclusions to be made about the prenatal
development of the muscle in terms of primary and secondary myofibres. The Large
White pigs contained 173% more muscle fibres in m. semitendinosus than did the
miniature pigs. Primary myofibre number was found to be about four times more
important than secondary to primary myofibre ratios in determining myofibre
number in the two breeds of pigs. Both primary myofibre number and secondary to
primary myofibre ratios were, however, significantly greater in Large White than
in miniature pigs. When the age- and weight-control Large Whites were compared
with the miniature pigs it was found that at any given live weight the miniature pigs
had thicker myofibres whereas at the same age there was no significant difference.
The total area of m. semitendinosus occupied by slow myofibres was about three
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times greater in the Large White pigs; the functional aspects of this are discussed.
It was concluded that genetically smaller animals develop fewer muscle fibres in their
muscles by a different mechanism to that exhibited by animals which are smaller due
to nutritional deprivation in utero.

The authors wish to thank Andrew Crook, Tricia Mescall, Glynn Hammond and
Sue Evans for technical assistance. This work was supported by a grant from the
Agricultural and Food Research Council.
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abstract

A study of the effects of low birth weight on muscle cellularity was performed on 48 pedigree Large
White pigs selected, from a total of 17 litters, on the basis of their weight at birth. Where possible, the
largest male (mean birth weight of 1544 g), smallest male (1135 g), and runt (776 g) littermates were
chosen. Fresh frozen, whole mid belly, sections of m. semitendinosus and samples of m. trapezius from
each animal were stained for the demonstration of acid pre-incubated myosin adenosine triphosphatase.
The use of this stain demonstrated groups of positively stained, slow-contracting, myofibres which were
each surrounded by a compliment of negatively stained, fast-contracting, fibres which together constituted
'metabolic bundles'. The positions of metabolic bundles are indicative of. the presence of single primary
myofibres in the foetal muscle, all the other myofibres in the metabolic bundles being derived from
subsequently formed secondary fibres. Determination of total myofibre number and primary fibre number
were made for m. semitendinosus together with an estimation of the secondary to primary fibre-number
ratios for both this muscle and for m. trapezius. Low birth weight was associated with a permanently
reduced total muscle fibre number, proportionately in the order of 0-19 (P < 0-001) between large and
runt littermates. A reduced muscle fibre number was not always associated with low birth weight, but
when this was the case it was generated through a reduced secondary to primary fibre-number ratio
(P < 0-01). Primary fibre number was not significantly affected in low birth-weight pigs except in
extreme cases of runting.

introduction

The muscle mass of an animal is determined
mainly by the number and the size of its
constituent myofibres. Luff and Goldspink
(1970), Miller, Garwood and Judge (1975)
and Hooper (1982) have all performed studies
which suggest that the number of fibres in
the muscle is the most prominent factor in
limiting the ultimate size of the muscle.
Fibre-number increases in muscles after birth
depend on the state of maturity of the
muscle at birth. The occurrence of
hyperplasia after birth can be regarded as an
extension of the embryonic differentiation of
the muscle, as in the rat (Enesco and
Leblond, 1962; Chiakulas and Pauly, 1965).

t Present address: Muscle Biology Laboratory, University
of Wisconsin, Madison, WI 53706, USA.

Some animals, for example the mouse
(Timson, 1982) and the pig (Staun, 1963;
Stickland and Goldspink, 1973), apparently
fail to show any increase in fibre number
post natally.
Muscle fibres develop prenatally as two

morphologically distinct populations. Fibres
formed during the initial stages of myoblast
fusion are primary myofibres which serve as a
framework on which the smaller secondary
myofibres develop (Ashmore, Robinson,
Rattray and Doerr, 1972). In most porcine
muscles, these two populations of myofibres
can be differentiated from 90 days gestation
by adenosine triphosphatase (ATPase) activity
(Beerman, Cassens and Hausman, 1978).
Animals of low birth weight tend to present
reduced total myofibre counts (Bedi,
Birzgalis, Mahon, Smart and Wareham, 1982;
Wigmore and Stickland, 1983). Wigmore and
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Stickland (1983) suggested, after a study of
prenatal porcine muscle development, that
this was a result of a diminished secondary
myofibre population, primary fibres remaining
unaffected. In view of this hypothesis, an
investigation into the effects of prenatal
growth retardation, as exhibited by pigs of
low birth weight, was performed on the post¬
natal cellularity of the muscle. Particular
importance was placed on establishing the
expression of the effects of total myofibre
number with regards to the primary and
secondary myofibre populations and whether
the evident effects were of a permanent
nature. Swatland and Cassens (1972)
considered it possible that there could be a
change in the apparent muscle fibre number
after birth, the true number remaining fixed,
due to the existence of intrafascicular
terminations of fibres within the muscle. It
was, therefore, important to consider this
hypothesis with regards to the prenatally
growth-retarded pig. Intrafascicular
terminations of myofibres within the muscles
of these animals, apparent as a reduced
secondary myofibre population in the prenatal
pig (Wigmore and Stickland, 1983), could
grow and extend into the plane of sectioning
(Swatland, 1976). This might be seen as an
apparent increased myofibre number and,
therefore, an extra parameter of muscle
growth post natally. As mentioned above,
muscle fibre number is the most important
factor in limiting ultimate muscle size when
comparing individual animals which have been
reared under similar conditions. This present
investigation therefore concentrates on muscle
fibre number and its possible relationship
with birth weight. Some of the results
presented here have already appeared in a
preliminary communication (Handel and
Stickland, 1984).

MATERIAL AND METHODS

The m. semitendinosus and m. trapezius
used for this investigation were dissected from
the left side of 48 carcasses of pedigree
Large White pigs. The pigs were selected
from a total of 17 litters on the basis of their

weight at birth. A maximum of three pigs
were chosen from one litter; the largest male,

the smallest (not less than 1000 g) male, and
the runt (950 g or less). Small littermates
were chosen to have birth weights just above
that considered 'critical' (about 1000 g) by
Hegarty and Allen (1978) and Powell and
Aberle (1980), while the runt littermates were
born of a weight below this critical weight.
Although the sex of the pig does not appear
to influence total muscle fibre number

(Stickland, 1973), for the sake of consistency
male pigs were selected where possible.
However, over the period of this study the
availability of male runts was limited and
59% of runts were gilts.
Representative littermates from the chosen

litters were slaughtered, by exsanguination
following electrical stunning, at various ages
between birth and 128 days, littermates being
slaughtered at the same age. After the
dissection of the two muscles a complete
mid-belly section (2 to 3 mm thick) was taken
from m. semitendinosus, and from m.

trapezius: a strip, up to 20 mm in length,
was cut from mid way along the caudal edge
of the thoracic portion. The muscle slices
were then rapidly frozen in
dichlorodifluoromethane (Arton 12, ICI Ltd)
cooled to its melting point of — 158°C with
liquid nitrogen. Sections 10 pm in thickness,
cut on a Slee retracting rotary cryostat at
—22°C, were picked up on coverslips and
allowed to thaw and dry out at room
temperature for about 1-5 h.
Muscle sections were stained for the

demonstration of ATPase following acid pre¬
incubation at pH 4-35 (Guth and Samaha,
1970). Acid pre-incubation was preferred to
alkaline pre-incubation as it appeared to show
greater fibre-type differentiation particularly in
the neonatal samples. The number of acid
ATPase-positive fibres in a muscle increases
with post-natal development (Davies, 1972;
Kugelberg, 1976). These fibres are
characteristically grouped together within
porcine muscle (Davies, 1972), an
arrangement which reflects the original
position of the first acid ATPase-positive
fibres, i.e. the primary fibre population
(Ashmore et al., 1972; Ashmore, Addis and
Doerr, 1973; Beermann et al., 1978).
Recording the number of groups of acid
ATPase-positive fibres within a known area
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followed by counting all remaining fibres
within that area therefore enabled a

quantification of the primary and secondary
myofibre populations, respectively. This
procedure was performed on five areas, each
containing an average of 500 to 1500 fibres,
randomly selected from sections of m.
trapezius projected on to a screen of white
card while areas from m. semitend.in.osus,
containing a similar number of fibres, were
projected to amount to at least 10 000
counted fibres. Evaluation of the secondary
to primary fibre-number ratios was carried
out for both muscles. In addition, m.
semitendinosus provided total myofibre and
primary fibre-number estimates for the whole
muscle after determination of the total
transverse sectional area of the muscle.

Regression analysis of the numbers of each
fibre population against age and live weight
were conducted to establish any post-natal
changes. Paired observations were analysed to
test the significance of the difference between
mean values of the data from littermate

groups (paired t-test).

RESULTS

Birth weights
Table 1 shows the birth weights, slaughter

weights and ages of all the pigs used in this
study. The mean birth weights exhibited by
the large, small and runt littermate categories
were 1544 (s.d. 189) g (no. = 17), 1135 (s.d.
191) g (no. = 12), and 776 (s.d. 107) g
(no. = 19), respectively. The difference in
birth weight between each group was highly
significant (P < 0-001). Of the 17 selected
litters, five failed to present pigs definable as
'small' littermates and two litters contained
two runt pigs which led to the unequal
numbers within each littermate category
(Table 1).

Fibre number

Regression analysis of the total number of
myofibres in m. semitendinosus against live
weight for each individual littermate category
indicated that a constant number of myofibres
was maintained in this muscle after birth in
all animals, regardless of their weight at
birth. The summated regression equation for

TABLE 1

Age and weight details of animals used

Live weigh
ge (days) Littermate Birth (g)
slaughter category weight (g) at slaughte

Large 1 700 1 700
0 Small 1 125 1 125

Runt 900 900

Large 1 100 1 220
1 Runt 900 1 000

Runt 625 750

Large 1 800 2 075
2 Small 1 000 1 200

Runt 750 600

Large 1 800 2 200
4 Small 1 100 1 700

Runt 900 1 350

Large 1 450 2 150
6 Small 1 000 1 500

Runt 750 1 200

6 Large 1 350 2 450
Runt 625 1 100

Large 1 800 4 500
9 Small 1 700 3 100

Runt 700 650

Large 1 500 4 225
12 Runt 850 2 625

Runt 750 2 500

Large 1 400 1 700
15 Small 1 100 2 750

Runt 600 675

Large 1 650 5 200
19 Small 1 200 3 500

Runt 950 2 900

Large 1 600 6 450
27 Small 1 000 4 600

Runt 800 3 400

Large 1 600 7 490
33 Small 1 200 4 950

Runt 650 4 350

Large 1 400 8 600
46 Small 1 050 8 000

Runt 750 5 000

64 Large 1 450 15 455
Runt 750 8 410

Large 1 600 26 750
84 Small 1 050 21 750

Runt 900 28 250

Large 1 400 35 500
100 Small 1 000 22 500

Runt 750 31 000

Large 1 600 49 500
128 Small 1 100 38 750

Runt 900 40 000
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m. semitendinosus total fibre number against
live weight is Y = —0-349A' + 417 900 where
Y = fibre number and X — live weight (g)
(the regression coefficient is not significantly
different from 0). M. semitendinosus
contained an average of 414 760 (s.d. 90 750)
fibres for all animals studied.
The total myofibre number estimates for m.

semitendinosus were significantly lower,
proportionately by an average of 0-19, in the
runts compared with their large siblings
(P < 0-001). Fibre-number differences
between large and small, and small and runt
littermates were not significant.
The low birth weights exhibited by subjects

of the runt category were not consistently
associated with reduced total fibre numbers.
However, in cases where low birth weight
was associated with a lowered total fibre
number the relative importance of the
primary and secondary fibre populations in
contributing to this effect was investigated.
The exclusion of pairs of siblings that failed
to exhibit a disparity in total fibre number
increased the average difference in total fibre
number from proportionately 0-19 (no. = 19)
to 0-25 (no. = 15).
The exclusion of two animals from the runt

category was deemed necessary for some
calculations as they appeared to constitute a
sub-population suffering from severe prenatal
growth retardation. These pigs had birth
weights of more than 2-5 s.d. below their
mean litter weight and were proportionately
less than 0-50 of their respective large
littermates. The exclusion of these two

animals, despite possessing total fibre counts
for m. semitendinosus which were

proportionately only 0-38 and 0-49 of the
values obtained for their respective large
siblings, did not reduce the significance of the
difference in fibre number between large and
runt littermate groups (Table 2).

Primary fibre number
Regression analysis of primary fibre number

against live weight and age demonstrated that
the number of primaries in m. semitendinosus
was independent of the age and live weight
of the animal; the regression was not
significant. The average number of primary

fibres estimated for m. semitendinosus, from
all animals, was 17 460 (s.d. 3 870).
Large and runt littermates exhibiting a

difference in total m. semitendinosus fibre
number also exhibited a significant difference
in primary fibre number (P < 0-05); runt
littermates contained on average
proportionately 0-15 fewer primary fibres
(Table 2). However, by eliminating the two
severely runted pigs from the analysis the
effect of birth weight on primary fibre
number lost its significance (Table 2). The
extremely low primary fibre numbers of these
two animals, proportionately 0-73 and 0-45 of
the values estimated for their large
littermates, were apparently responsible for
the significance of the difference in primary
fibre number seen between the large and runt
littermates.

Secondary to primary fibre-number ratio
The lack of change demonstrated in the

total myofibre and primary fibre numbers of
m. semitendinosus after birth indicated that
the secondary fibre population likewise
remained constant. As estimates of total

myofibre and primary fibre number were not
available for m. trapezius, regression analysis
of the secondary to primary fibre-number
ratios of this muscle with live weight and
with age was conducted and found not to
exhibit any significant changes after birth, as
deduced for m. semitendinosus. The secondary
to primary fibre-number ratios of m.
semitendinosus and m. trapezius were, on
average, 23-9 (s.d. 3-3) and 22-0 (s.d. 3-2),
respectively, when all three birth weight
categories were considered.
Runting, in the instances where it was

associated with a reduced total myofibre
number in m. semitendinosus, significantly
reduced the average secondary to primary
fibre-number ratio by about 0-13 (Table 2),
from 25-3 to 22-1 (P < 0-01). Since the total
fibre number of one muscle is indicative of
that of other muscles in the body (Stickland
and Goldspink, 1973), runting was assumed
to affect the number of myofibres in m.
trapezius only in cases where it affected m.
semitendinosus fibre number. On investigation,
the average secondary to primary fibre-
number ratio of m. trapezius of these runts
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TABLE 2
Mean proportional differences between paired
observations from muscles of large and runt

littermate groups

Mean proportional difference

Large : runt
Large : runt (excluding
(no. = 15) extreme runts)

(no. = 13)
0-25*** 0-21***

Parameter

M. semitendinosus
total fibre number

M. semitendinosus

primary fibre number 0-15* t
M. semitendinosus

secondary to primary
fibre-number ratio 0-13** 0-11**

M. trapezius
secondary to primary
fibre-number ratio 0 10** 0 06*

t Not significant (P > 0-05).

showed a 0-10 proportional reduction below
that of the large littermates (Table 2) from
22-9 to 20-7 (P < 0-01). Exclusion of the two
runts, which appeared to constitute a
subpopulation, from data analysis failed to
render the difference in secondary to primary
fibre-number ratio between large and runt
littermate categories insignificant although the
proportional differences were reduced slightly
to 0-11 (P < 0-01) and 0-06 (P < 0-05), for
m. semitendinosus and m. trapezius,
respectively.

DISCUSSION

The lack of change in the total fibre
number of m. semitendinosus between birth
and 128 days in all littermates supports the
general concensus that muscle fibre number is
fixed by birth in the pig (Staun, 1963;
Stickland and Goldspink, 1973). In addition,
this has been extended by the present work
to include the prenatally growth-retarded pig,
a case not previously studied as a possible
deviation from the norm with regards to
muscle fibre number. The present study rules
out the possibility that runting delays the
aquisition of the apparent mature fibre
number until the post-natal period through,
for example, limiting longitudinal growth of
secondary muscle fibres prenatally and thus
their presence in the muscle mid belly after
birth, as the work of Swatland (1976)

suggested. Therefore, the proportional overall
fibre number reduction of 0-19 (P < 0-001),
seen in light compared with heavy birth-
weight pig littermates was maintained
throughout the post-natal period despite
adequate nutrition.
The degree of reduction in fibre number

was comparable with that found by Wigmore
and Stickland (1983) between the m.
semitendinosus of large and small pig foetuses
during the time of actual myofibre formation.
The evident reduction in muscle fibre number
of small foetal (Wigmore and Stickland, 1983)
and post-natal pigs correlates with the effects
seen on the muscle fibre number of
experimentally undernourished foetal lambs
(Everitt, 1968), and foetal and sucking rats
(Bedi et al., 1982). The considerable effect
caused by prenatal growth retardation on
muscle cellularity, as exemplified by the
present study, strongly suggests, therefore,
that the underlying cause is undernutrition, a
concept further supported by the similarities
in body composition, with respect to organ
weight, evident between pigs of low birth
weight (Widdowson, 1970, 1971 and 1974;
Flecknell, Wootton and Royston, 1981;
Wigmore, 1982) and human 'small-for-dates'
babies that are considered to be the probable
result of inadequate nutition (Naeye, 1965;
Davies, Platts, Pritchard and Wilkinson,
1979).
In the present study, a significant difference

was found to exist between the primary fibre
numbers of the highest and lowest birth-
weight littermates (P < 0-05) only with the
inclusion of data from two exceptionally
runted pigs. These two animals probably
constituted a subpopulation (Royston,
Flecknell and Wootton, 1982) of such severe
growth retardation as to affect primary fibre
formation. The phenomenon attributable to
the two extreme runts, and presumably their
severely affected muscle fibre numbers, was
their respective birth weights relative to their
siblings. Both runts were not only less than half
the weight of their respective large littermates
at birth but were also more than 2-5 s.d. below
the mean litter weight, a combination which
together accounted for their unique condition,
i.e. a severely reduced muscle fibre number
together with an affected primary myofibre
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number and a lack of live-weight gain to
slaughter at 9 and 15 days of age. It is
therefore proposed that the stipulations stated
above, which are more stringent than those
previously put forward in the literature,
constitute a 'critical' weight at birth, below
which the individual's growth potential will be
limited.
Within the normal range of growth

retardation manifest within a litter of pigs,
muscle fibre-number changes were apparently
imposed only by effects on the secondary
myofibre population, confirming the
hypothesis put forward by Wigmore and
Stickland (1983) after discovering a lower
population of developing secondary muscle
fibres in small prenatal pig foetuses. The
results of the present study make it apparent
that the prenatal growth restriction evident in
low birth-weight pig littermates actually
affects the formation of secondary myofibres.
If the growth inhibition suffered by these pigs
in utero had merely affected the longitudinal
growth of the secondary population of muscle
fibres, it is possible that, with adequate
nutrition, they could grow and extend into
the plane of muscle sectioning at the mid
belly (Swatland and Cassens, 1972). This
phenomenon would be seen as an increase in
apparent muscle fibre number in the low
birth-weight littermate group. However, the
lack of a significant change in muscle fibre
number in these pigs after birth suggests that,
when reared under standard conditions of

production, low birth-weight pigs have a
permanently reduced muscle fibre number
and, therefore, a reduced potential for meat
production. This reduced potential has been
shown in this study to be brought about by a
reduction in the number of myofibres in each
metabolic bundle whilst the total number of
metabolic bundles in the muscle is not

affected.
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Abstract. A segment (at level T1) of spinal cord and a midbelly slice of the m. semitendinosus were removed from
the largest- and smallest-birthweight littermate of each of 12 Large White pig litters sacrificed at various ages. When
the ratio of myofibre numbers for large to small littermate within each litter was related to the ratio of motoneuron
numbers then a significant correlation (r = 0.638, p < 0.05) was observed. It is suggested that in utero growth retar¬
dation causes a reduction in myofibre numbers (within a litter), which in turn reduces motoneuron survival rate.

Introduction

Loss of motoneurons during development has been
observed in all animals which have been studied, includ¬
ing amphibians [Hughes, 1961], chicks [Hamburger, 1975]
and mammals [Harris-Flannagan, 1969]. Amputation of
limb buds reduces the survival of motoneurons in the

spinal cord segments supplying the limb; this reduction is
proportional to the amount oflimb removed [Lamb, 1981].
Conversely, supernumerary limbs provide an increased
field of innervation so that motoneuron numbers are

increased in the spinal cord on the side with the extra limb
[Hollyday and Hamburger, 1976; Lamb, 1979]. The results
of these experiments indicate that motoneuron survival is
proportional to the size of the field of innervation.

In an investigation on porcine muscle [Handel, 1984] it
was found that within one litter the variation in muscle

fibre numbers in given muscles was up to 170% when com¬

paring the largest and smallest littermates. It was decided
to investigate whether this naturally occurring large vari¬
ation in myofibre number was related to any variation in
motoneuron number.

Materials and Methods

The largest- and smallest-birthweight pigs were selected from each
of 12 Large White pig litters. Each pair of animals was then sacrificed at
ages ranging from 6 to 97 days. The m. semitendinosus was removed
from the left side of each animal and 10 /im frozen transverse sections
were obtained across the complete muscle at its mid-length position. The
m. semitendinosus was used as it is known that the myofibre number in
this muscle in the pig does not change with age [Handel and Stickland,
in press]. The sections were stained with haematoxylin and eosin and the
numbers ofmuscle fibres observed in randomly selected areas of known
size were noted. In this way 2-3% of the total number were counted in
order to obtain a figure for the number ofmuscle fibres per unit area. This
figure was used with the measured total cross-sectional area of the muscle
to calculate the total number of muscle fibres in the complete section.

A segment (at level Tl) of spinal cord was also removed from each
pig and fixed in buffered 10% formol saline. More caudal spinal segments
could not be used in this investigation as the caudal halves of the animals
were used in another investigation. However, it is known that within the
same pig, fibre numbers in one muscle are closely related to fibre num¬
bers in other muscles [Stickland and Goldspink, 1973]. Therefore fibre
numbers in muscles supplied by Tl motoneurons would relate to those
in the semitendinous muscle. The spinal cord segment was processed,
embedded in wax and 10 (am transverse sections were cut from the middle
third of the segment. The sections were stained in 1% toluidine blue and
the number ofmotoneurons exhibiting nucleoli [Konigsmark, 1970] were
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Fig.l. Relationship between 'motoneuron number index' ratio
(between largest and smallest littermate) and a similar ratio for total myo¬
fibre number in m. semitendinosus. Each point represents one litter.

Table I. Motoneuron number index and total myofibre number in
m. semitendinosus for all large and small littermate pigs used

Age, Motoneuron index Myofibre number (x 1,000)
days

large small large small

6 800 495 419 300

6 425 304 501 432

12 840 332 479 357

15 777 347 263 129

27 985 1,269 348 341

33 352 115 491 388

46 1,288 1,109 414 409

64 671 301 426 350

69 288 624 571 608

84 1,365 1,641 433 433

85 544 588 483 443

97 423 676 474 540

counted in the ventral gray matter (ventral to a horizontal line through
the central canal) of one side in every 10th section until 10 sections had
been counted. Owing to the different size of the animals used a
'motoneuron number index' was obtained by multiplying the average
number per section by the crown-rump length (in cm) of the animal con¬
cerned.

Results

Table I lists the animals used in this investigation
together with the motoneuron and myofibre number
results obtained.

There was no evidence (by regression analysis) in this
investigation of any change in either myofibre number or
motoneuron number with age. However, it can be seen
that the variation in motoneuron number between litters
is considerable. Much of the variation seen may be due to
the different ages of the litters used. Age-related factors
which may affect the results include postnatal neuron
death, difficulty in distinguishing immature neurons and
changes in the distribution of motoneuron pools. It was
decided therefore to concentrate on within-litter variation
so that these age-related factors could be excluded. In
figure 1 the motoneuron number indices and myofibre
numbers are each expressed as ratios of large to small lit-
termates. It is difficult to explain the isolated litter (with a

myofibre ratio of 2.04) seen in figure 1; it can only be said
that the two pigs in this litter contained the two lowest
myofibre number values encountered in this investigation
(see table I). The maximum difference within litters for
myofibre numbers'was 104% and for motoneuron num¬
bers it was 206%; the mean difference for these parameters
was 17 and 48%, respectively.

Discussion

The most interesting observation to have emerged from
this investigation is that within litters of pigs there does
appear, from figure 1, to be a fairly close relationship
between motoneuron number and myofibre number; the
littermate with more myofibres in its muscle has more
motoneurons than its sibling. This present investigation
appears therefore to support the findings of other work
using experimental techniques which have indicated that
motoneuron survival is proportional to the size of the field
of innervation [Lamb, 1979, 1981; Hollyday and Ham¬
burger, 1976]. As mentioned above, although the myofibre
numbers used are for m. semitendinosus, Stickland and
Goldspink [1973] showed that myofibre number in one
muscle is related to that in another muscle in the same ani¬
mal. In other words, it is reasonable to suppose that myo¬
fibre numbers in muscles supplied by motoneurons in
segment T1 (used here) would relate to the numbers in
m. semitendinosus.

The mean difference of 17% in myofibre numbers in
m. semitendinosus between large and small littermates is
of the same order as that observed by Wigmore and Stick-
land [1983] in a study of prenatal muscle development in
the pig. These authors concluded that the smallest litter¬
mate was small as a result of its disadvantaged site within
the uterus which caused it to receive inadequate nutrition.
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A suggested mechanism whereby the reduced myofibre
number is produced in these pigs was put forward by these
authors.
It is known that food restriction during pregnancy also

causes a reduced cell number in nervous tissue including
the spinal cord [Schrader and Zeman, 1969]. It is possible
that this is an indirect effect due to the food restriction

bringing about a reduction in myofibre number, i.e., a
smaller field of innervation, so that fewer motoneurons
survive.
It may be concluded that, within a litter, in utero-

growth-retarded animals develop fewer myofibres in their
muscles which may result in (orwhich at least is related to)
a reduction in motoneuron survival. More work, involving
horseradish peroxidase labelling of specific motoneuron
pools, is now required to adequately test this hypothesis
which is suggested from the results available in this study.
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INTRODUCTION

Skeletal muscle is composed of a heterogeneous population ofmyofibres that differ
in physiological (Burke et al. 1971) and biochemical (Sreter, Seidel & Gergely, 1966)
properties. A myofibre's indigenous physiological and metabolic properties con¬
tribute to the effectiveness and efficiency of the functioning of the skeletal muscle
with respect to the support and movement of the body. The most comprehensive
system of nomenclature for myofibre 'typing' gives a full description of these
physiological and metabolic capacities, based on the relative contraction speed of
the fibre and its propensity for oxidative and glycolytic metabolism (Peter et al. 1972).
Accordingly, these workers described three basic myofibre types in adult guinea-pig
and rabbit limb muscles that are common to most mammalian muscles: (i) slow-
twitch, oxidative metabolism (SO), (ii) fast-twitch, oxidative and glycolytic meta¬
bolism (FOG), and (iii) fast-twitch, glycolytic metabolism (FG). The histochemical
staining patterns of myofibres are indicative of their physiological and biochemical
properties.
Changes in the proportions of fast- and slow-contracting fibres occur naturally in

the growing animal after birth. The growth process is associated with an increasing
functional load due to liveweight gain and the way in which the muscle maintains a
supportive role appears to be through an increase in the percentage of slow-
contracting, fatigue-resistant fibres (Edstrom & Kugelberg, 1968; Davies, 1972).
With growth the number of slow fibres in the muscle is augmented through the
conversion of fast fibres since total muscle fibre number remains constant post-
natally (Staun, 1963; Stickland & Goldspink, 1973).
The progenitors of the initial population of slow-contracting (acid-adenosine

triphosphatase-stable) fibres in prenatal muscle are called primary fibres (Ashmore,
Robinson, Rattray & Doerr, 19726; Ashmore, Addis & Doerr, 1973). These fibres,
once formed, act as a framework on which myoblasts align and fuse to form a
population of secondary fibres. A proportion of the fast-contracting population of
secondary fibres are the progenitors of slow fibres postnatally in mixed fibre and
predominantly slow fibre type muscles. The lower (P < 0 001) total muscle fibre
number in low birthweight, runt pigs compared to their heavy birthweight littermates
has been mainly attributed to a reduced secondary fibre population (Handel &
Stickland, 1984). Low birthweight pigs also appear to suffer a consistently reduced
postnatal liveweight relative to their heaviest birthweight siblings (Hegarty & Allen,

* Present address of both authors.
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Table 1. Classification of myofibre types

Histochemical staining pattern
, * , Myofibre type
Acid ATPase Alkaline ATPase SDHase GPase classification

+ - + - SO
+ / + - IOa
+ + + - IOb
/ / + - IOc
/ + + IOd

/ + - FO
+ + - FO
/ + + FOG
+ - + FG

+ , Positive staining reaction; /, intermediate staining reaction; —, negative staining reaction.

1978; Powell & Aberle, 1981). It was therefore considered valuable to investigate the
effects that these phenomena might impose on the proportions and growth rates of
the various muscle fibre types between littermates, and as a consequence the com¬
parative physiological and biochemical properties of their muscles. In addition, a
comprehensive study of this kind in pigs of disparate birthweight, and subsequently
disparate liveweight gain, would enable the comparison of the muscle development
of pigs of the same age (but different liveweights) or of equal liveweight (but different
ages). This would therefore help to elucidate the separate effects that both age and
liveweight might impose on postnatal muscle growth and development.

MATERIALS AND METHODS
Muscle samples
Muscle samples taken for this study were from 49 pigs, from a total of 17 litters of

a Large White herd. Selection of littermates was by weight at birth. Where possible
3 animals were chosen from each litter; the largest male, smallest (not less than
1000 g) normal male, and the runt (950 g or less). The ages at which the litters were
slaughtered were 0,1,2, 4, 6, 9,12,15,19,27, 33,46,64, 84,100 and 128 days. Each
pig was weighed and then slaughtered by exsanguination after electrical stunning.
The two muscles chosen for investigation, the semitendinosus and the trapezius,
were dissected free immediately after slaughter from the left side of the carcass.
A complete midbelly transverse section was then taken from the semitendinosus
while from the trapezius a strip, up to 2 cm in length, was cut from midway along
the caudal edge of the thoracic portion. Serial sections of 10 fim thickness were
cut at - 22 °C. Four histochemical techniques were applied to the serial sections
from each muscle sample. The techniques used were: the demonstration of (i) acid
and (ii) alkaline stable adenosine triphosphatase (acid and alkaline ATPase) as out¬
lined by Guth & Samaha (1970), (iii) the demonstration of succinate dehydrogenase
(Nachlas et al. 1957) and (iv) the demonstration of glycogen phosphorylase as
described by Takeuchi (1956; a modification of the method outlined by Takeuchi &
Kuriaki, 1955).
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Table 2. Myofibre type percentages in ''mature'' muscle ofpigs (n = 11)
over a liveweight of 8-5 kg

Mean % (s.D.)
r

Semitendinosus

Fibre type 'Superficial' 'Deep' Trapezius

SO 3 0 (2-6) 38-5 (6 0) 40-4 (4-6)
IO — 1-0(1-1) 1-0(1-1)
FO — 2-7 (2-7) 2-7(1-4)
FOG 26-9 (7-1) 35-7 (4-1) 23-5 (6-6)
FG 71-3 (7-8) 23-8(5-8) 32-4 (9-4)

Procedure ofmyofibre typing
A range of intensity was apparent in the acid and alkaline ATPase staining of

muscle sections from young animals. Therefore, fibres were classified according to
whether they showed a positive, negative or intermediate reaction for acid and
alkaline ATPase. In addition, fibres were classified as succinate dehydrogenase-
positive or negative. Although a continuous spectrum of activity of this enzyme
ranging from weak to strong was apparent, fibres possessing weak activity were
recorded as non-oxidative. Finally, fibres were recorded as either glycogen phos-
phorylase-positive, if staining was detectable, or negative, if staining was negligible-
A total of 9 different combinations of histochemical staining patterns was recorded
and categorised under 5 major titles (SO, transitional types IO and FO, FOG and
FG), as displayed in Table 1. The histochemical (ATPase) fibre type staining pattern
of the superficial portion of the semitendinosus (Table 2) was distinct from that of
the deep portion as it possessed an almost negligible number of slow fibres and was
therefore characterised as a 'fast' muscle area. The deep portion of the semi¬
tendinosus and the whole of the trapezius presented a mixed myofibre type compo¬
sition (Table 2). Therefore, three different muscle type areas or 'sections' were
obtained from the two muscles studied. Myofibre type percentages were estimated
from two randomly selected fascicles from sites within each of these three sections of
muscle. This amounted to an average of approximately 600 fibres classified for each
section of muscle from each littermate. The two randomly selected muscle fascicles
from each muscle section stained for alkaline ATPase were projected onto white
card. Each myofibre within the chosen fascicle was outlined and the staining
intensity for each of the four histochemical techniques recorded. The number of
myofibre types from the two selected fascicles were then summated to determine
percentages of each myofibre type for each of the three muscle sections. This pro¬
cedure was performed for each of the 49 pigs in this study.
Porcine mixed muscle has a unique arrangement of fibres in that the slow (alkaline

ATPase-labile, acid ATP-stable; Table 1) fibres are grouped together in bundles.
These groups of slow fibres and their surrounding complement of fast fibres are
termed 'metabolic bundles' (Fig. 1) in the present report. The numbers of alkaline
ATPase-negative (slow, SO) fibres associated with a known number of (at least 150)
metabolic bundles were counted to obtain an average value for the muscles showing
mixed fibre types, i.e. the deep portion of the semitendinosus and the trapezius, from
each animal.
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Fig. 1. Muscle fibres from the deep portion of the semitendinosus muscle of an 8-4 kg Large
White pig stained for the demonstration of alkaline ATPase. Groups of slow-contracting,
alkaline ATPase-positive (5) fibres and their surrounding complements of fast-contracting (F)
fibres are termed 'metabolic bundles', x 163.

Determination of the mean transverse sectional area of each myofibre type
The mean transverse sectional area (TSA) of 50 randomly selected fibres from each

of three types classified as either SO, FOG (including FO) or FG were determined
for the three muscle sections of each pig. TSA measurements were made of outlined
fibres on a Reichert-Jung Videoplan. An estimate of the total TSA of slow muscle
within the midbelly of the semitendinosus muscle from each littermate was made by
multiplying the mean TSA values for slow fibres determined for both the deep and
superficial portions of this muscle by the number of slow fibres estimated for each
respective portion.

Analysis ofdata
The relative change in the histochemical properties and mean myofibre TSAs had

to be quantified for a comprehensive analysis and a valid comparison between
littermates. Regression equations were established for relationships between the
measured parameters (i.e. slow fibres per metabolic bundle, proportions and TSAs of
myofibre types) and both age and liveweight. The establishment of linear relation¬
ships between the TSAs ofmyofibre types and age or liveweight required logarithmic
transformation of the X and Y variates. The resultant data enabled comparisons of
changes in the number of slow fibres per metabolic bundle, and of changes in myo¬
fibre type percentages and TSA growth between littermate groups and also the
analysis of differences in the TSA growth between fibre types. When two regression
equations were established as having essentially equal coefficients, statistical com¬
parison of their intercepts (Quenouille, 1969) enabled differences in their relative
values of Y to be estimated for a given value of X\ thus, when littermate groups
showed similar rates of change with liveweight or age in any of the measured para¬

meters, relative differences in the measured parameters between littermates of the
same age or liveweight could be established.

results

Birthweights and liveweight gain
The mean birthweights (±s.d.) of the large, small and runt littermates were

1544 g ± 189 (n = 17), 1144 g ± 190 (n = 13) and 776 g ± 107 (n = 19), respectively.
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The runt was, on average, about half the weight of the large littermate at birth, and
the small littermate represented the median birthweight between that of the large
and that of the runt. The difference in birthweight, calculated by a paired '/'-test,
between each littermate category was highly significant (P < 0 001). Liveweight
differences, evaluated by regression analysis, were maintained between large and
runt (P < 0 001), and large and small (P < 0-01) littermates throughout the period
studied.

Myofibre type differentiation
In the neonatal pig all the muscle fibres of the semitendinosus and the trapezius

exhibited positive succinate dehydrogenase staining. Differential staining began at
6 days with a reduction in the intensity of staining in the superficial portion of the
semitendinosus. This differential staining appeared to be specific to a liveweight of
approximately 2-5 kg in the superficial portion of the semitendinosus while in its deep
portion and in the trapezius differential staining was not apparent until the heavier
liveweight of 8-5 kg was attained (these liveweights corresponded to the ranges in age
of 6 to 19 days and 33 to 64 days, respectively). Once differentiation with respect
to succinate dehydrogenase had occurred there was no significant change in the
proportion of oxidative fibres.
At birth the glycogen phosphorylase activity in all myofibres was negligible.

Activity of this enzyme was detected at a liveweight of 2-5 kg (6 to 19 days) in all
muscle sections. The proportion of glycolytic fibres remained constant after the
liveweight reached 8-5 kg. Glycogen phosphorylase activity in the myofibres of the
superficial portion of the semitendinosus coincided with the loss of 100% succinate
dehydrogenase staining. Therefore, fibres classified as FOG and FG could be identi¬
fied in the superficial portion of the semitendinosus (a predominantly fast muscle)
after the attainment of 2-5 kg liveweight, whereas in the deep portion of this muscle
and in the trapezius (examples of mixed muscles), although FOG fibres appeared at
this liveweight, FG fibres were not observed until about 8-5 kg.
Neonatal pigs presented poor alkaline ATPase differential staining in their

muscles. However, one slow fibre per metabolic bundle was apparent in the deep
portion of the semitendinosus in each littermate just after birth, while the trapezius
possessed an average of 2-4 + 0-2 slow fibres per metabolic bundle. On average,
3-7 ± 0-6 and 4-5 ±0-6 (mean ± s.d.) fibres permetabolic bundle were stained positively
for acid ATPase just after birth in the deep portion of the semitendinosus and in the
trapezius, respectively. The disparity in the number of acid ATPase-positive and
alkaline ATPase-negative fibres in the young pig indicated the presence of a popula¬
tion of transitional fibres (Table 1).

Transitional myofibres
In mixed muscle from the deep portion of the semitendinosus and from the

trapezius a gradation of myofibre types was shown to exist between the mature SO
and FOG fibres. As evident from Table 1, six of these so called 'transitional' fibre
types were identified and allocated to two classes, IO and FO. All transitional fibres
were oxidative and non-glycolytic, and possessed ATPase activities that ranged in
staining intensity from alkaline ATPase-high and acid ATPase-low, to alkaline
ATPase-intermediate and acid ATPase-high. Those fibres classified as FO were
considered transitional fibres only after glycogen phosphorylase staining had been
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Fig. 2. Percentages of fast, slow and intermediate fibres (as classified in Table 1) in the
trapezius muscle against liveweight.

detected in muscle sections; prior to this the majority were considered to be merely
undifferentiated fibres and progenitors of the FOG fibre population.
The decrease in the percentage of transitional fibres with increasing liveweight

appeared to be related to the attainment of the mature myofibre type ratios, especi¬
ally those of the SO fibres. This is demonstrated by the myofibre type changes of the
trapezius shown in Figure 2, which were similar to those seen within the deep
portion of the semitendinosus. The negligible number of transitional fibres demon¬
strated in muscle from pigs heavier than 8-5 kg coincided with the constancy of the
fibre type percentages that were considered representative ofmaturemuscle (Table 2).

Changes in the proportions ofmyofibre types with growth
After birth the number of slow fibres per metabolic bundle, and therefore the per¬

centage of slow fibres, in the deep portion of the semitendinosus and in the trapezius
increased until a liveweight of approximately 8-5 kg was attained. Thereafter the
number of slow fibres per metabolic bundle, and hence the percentages of slow fibres,
were not shown to change significantly (Fig. 2). The superficial portion of the semi¬
tendinosus failed to show any slow fibres until 15 days postnatally but once slow
fibres were established, their proportion remained constant. The percentages of slow
fibres in the mature semitendinosus and trapezius muscles are given in Table 2. No
significant differences existed between littermates of equal liveweight or age in the
number of slow fibres per metabolic bundle of either the deep portion of the semi¬
tendinosus or of the trapezius. Likewise, the total percentages of slow fibres were not
found to be significantly different between littermates of equal age in either of these
muscles. However, on an equal liveweight basis the percentage of slow fibres in the
trapezius was significantly greater (P < 0-05) in the runt than the small littermate,
while in the deep portion of the semitendinosus differences existed between the large
and the runt (P < 0-001) and the large and the small (P < 0-05) littermate groups.
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In liveweight (g)

Fig. 3. Changes in the whole TSA of the semitendinosus muscle and the area of the muscle
occupied by slow fibres with liveweight. Regression equations: Whole muscle, In Y = 0-74. In
X—0-39. Muscle occupied by slow fibres, In Y = 1-23. In X—l-26.

Changes in the TSA ofmuscle occupied by slow myofibres
As shown in Figure 3, from birth to 128 days of age the TSA of the semitendinosus

and the area occupied by slow fibres in the muscle increased with liveweight. The
relationships established between the natural logarithms (In) of these two para¬
meters against both In (liveweight) and In (age) were essentially equal between
littermates. The regression coefficient of the relationship between In (semitendinosus
TSA) and In (liveweight) (Fig. 3) was not significantly different from 2/3, while the
regression coefficient of In (total area of slow muscle) and In (liveweight) (Fig. 3)
was significantly greater than TO {P < 0-01) and was best estimated at 5/4.
No significant difference existed in the area of slow muscle between littermates of

the same age. However, the runt and small littermates both possessed a significantly
(P < 0-001) greater area of slow semitendinosus muscle than their respective large
littermates on an equal liveweight basis.

Changes in the mean TSAs of myofibre types with growth and differences between
littermates.

The regression coefficients of In (myofibre mean TSAs) against both In (age) and
In (liveweight) were not significantly different between littermate groups. This
indicated that the rate of growth of myofibre TSAs was the same between litter-
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Table 3. Regression data for In {myofibre type mean TSAs) against
In (liveweight)

Significance of difference
Intercepts (In) of between intercepts

Regression regression lines , * ,

Myofibre coeffiients , * , Large: Large: Small:
Muscle type b (s.E.)f Large Small Runt Runt Small Runt

M ST* SO 0-62 (0 04) 0-25 109 1-92 P < 0 001 P < 0 001 P < 0 001
Deep FO+FOG 0-82 (0 04) -0-87 0-34 -0-77 P < 0 05 P < 0 001 P < 0 001
Portion FG 0-89 (0 04) —1-52 -0-21 -1-26 NS P < 0 001 P < 0 05

M ST* SO 0-58 (0 05) 0-82 1-89 1-86 P < 0 001 NS NS
Superf. FO + FOG 0-95 (0 03) -2-30 - 1-94 -1-87 NS P < 001 P< 0 001
Portion FG 0-97 (0 05) -2-25 -1-33 —1-97 P< 0 001 P< 0 001 NS

Trapezius SO 0-67 (0 03) 018 003 0-58 P < 001 NS P < 0-001
FO+FOG 0-69 (0 03) -0-37 0-79 -010 NS P < 0 001 P < 0-001
FG 0-76 (004) -0-85 -0-37 -0-35 P < 0 05 P < 0 001 P< 0-05

*, Semitendinosus muscle. f> For large, small and runt TSAs combined.

mates. Comparisons of the intercepts of the regression lines for the natural log¬
arithms of the various myofibre type mean TSAs and In (age) for littermate groups
revealed that littermates of the same age possessed myofibres of essentially equal
TSAs. However, when a similar evaluation was made of specific myofibre type mean
TSAs between littermates of the same liveweight they were not always found to be
equal (see Table 3). Where significant differences existed, the myofibre types under
consideration were larger in the lower birthweight littermate groups. It is interesting
to note that the SO fibre mean TSAs in the deep portion of the semitendinosus were
more significantly different {P < 0 001) between each littermate group than any other
fibre type studied.
Regression coefficients for In (myofibre mean TSAs) against In (liveweight) for the

SO myofibre types of the three muscle sections (as defined in Materials and Methods)
and also for the FOG types of the trapezius (for all littermate groups) were not
significantly different from 2/3. This suggested that the TSAs of these fibre types
increased with the 2/3 power of the animal's liveweight. All the other types (i.e. the
FOG and FG types of the deep and superficial portions of the semitendinosus and
the FG types of the trapezius) grew at a significantly (P < 0-025) greater rate than
the SO types. The TSAs of these other myofibres had the highest postnatal growth
rates and in fact increased in direct proportion to liveweight.

DISCUSSION

The initial histochemical differentiation of muscle fibre types with respect to
glycogen phosphorylase and succinate dehydrogenase was found to extend over a
larger age range and up to a greater age (19 and 64 days, respectively) than has
previously been determined for various muscles in the pig. The initiation of glycogen
phosphorylase staining has been observed during the first week (in semitendinosus,
Beermann, Cassens & Hausman, 1978) and up to 10 days (longissimus dorsi and the
diaphragm, Davies, 1972) postnatally, while Ashmore, Addis & Doerr (1972a;
cutaneous muscle and triceps brachii) found succinate dehydrogenase-negative (non-
oxidative) fibres at 14 days and Davies (1972) demonstrated these fibres at 12 days
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after birth. However, in the present investigation animals with a range in birth-
weights were specifically selected so that at any given liveweight the littermates of low
birthweight were considerably older than those of a heavier birthweight. The results
indicated that myofibre type differentiation, with respect to succinate dehydrogenase
and glycogen phosphorylase, was weight, rather than age, specific, being more
related to physiological than chronological age.
The process of fibre type conversion from fast to slow contractility, which was

responsible for the increasing proportion of slow fibres in the growing muscle,
involved the transitional myofibre types shown in Table 1. The transitional fibre
types of the present study parallel the intermediate types documented by Suzuki &
Cassens in pig (1980) and in sheep (1983) muscle. The population of FO fibres was
apparently derived from fibres that had not yet adapted a combination of contraction
speed and metabolic properties characteristic of a 'mature' fibre type. These fibres
appeared to be the precursors of the transitional forms. Since the percentages of
mature FOG and FG fibres were not attained in pigs until they had reached a live-
weight of about 8-5 kg, after which the percentages of transitional fibre types were
negligible (Table 2; Fig. 2), it seems that a contribution of FG or FOG fibres to the
transitional myofibre population did not occur in either the semitendinosus or
trapezius muscles of the pigs studied here.
Prior to the complete loss of alkaline ATPase stability the myosin ATPase of the

FO fibres appeared to attain increasing degrees of acid stability (presented by Sub¬
types IOa, IOb, IOc and IOd; Table 1), a phenomenon documented by Kugelberg
(1976) in rat soleus muscle, as well as by Suzuki & Cassens (1980) in pig muscles.
These subtypes were already present in neonatal pig muscle which exhibited ratios
of acid-stable to alkaline-labile fibres of between 1-6 and [4-9, illustrating', the com¬
mencement of fibre type conversion prenatally (Beermann et al. 1978) in the pig.
After a certain degree of acid stability had been achieved (demonstrated by Types IOb
and IOd; Table 1) the alkaline stability of myosin ATPase appeared to decrease (seen
in Types IOa and IOc; Table 1) until the acid and alkaline stability was characteristic
of that demonstrated by SO fibres. Thus transitional fibres exhibiting a continuum
of both acid and alkaline ATPase stabilities intermediate to FO and SO fibres were

displayed on conversion to the latter fibre type.
The rates of change, with increasing liveweight, in the TSAs of the fast myofibres,

especially the FG fibres, were generally greater (particularly in the semitendinosus)
than those of the slow (SO) fibres (Table 3). It is interesting to relate thesecomparative
differences in postnatal fibre size changes to the results of work carried out on the
effects of undernutrition on the size of various muscle fibre types. A study conducted
on protein-deprived rats from 6 to 25 weeks after birth (Oldfors, Mair & Sourander,
1983) shows that Type 1 (SO) and Type 2A (FOG) myofibres of the extensor digi-
torum longus muscle fail to grow while Type 2B (FG) fibres actually atrophy under
this treatment. This dietary manipulation demonstrates the vulnerability ofmyofibres
with a fast contraction speed to nutritional inadequacy. If postnatal undernutrition
were to have similar effects in the pig as it does in the rat it would appear that
relative postnatal myofibre growth rates are an indication of the comparative
vulnerability of the different myofibre types to growth inhibition. The lack of
differences in the relative growth rates of myofibre types between littermates of all
three birthweight categories was verification of the adequate postnatal nutrition of
even the most physically disadvantaged runt pigs.
The observation made, during the course of this work, that low birthweight pigs
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have significantly largermyofibre TSAs in their semitendinosus and trapezius muscles
(the degree of significance depending on the myofibre type and muscle, see Table 3)
than their heavier littermates when considered at the same weight has also been
noted by other authors. Hegarty & Allen (1978) found that, of the psoas major,
semitendinosus, biceps brachii and longissimus dorsi muscles, the former two muscles
contained fibres of greater (P < 0-05) TSAs in runt pigs (average birthweight 810 g)
than in their large littermates (average birthweight 1570 g) at 106 kg; the myofibre
areas of the latter two muscles were not significantly different between siblings at the
same liveweight. Likewise Powell & Aberle (1981) found that the fibre TSAs of the
semimembranosus of runts (birthweight under 1000 g) were either equal to, or greater
than, those of their heavier birthweight (over 1500 g) littermates at equal slaughter-
weight. However, these authors did not attribute the fibre size differences to the
disparate ages of similar slaughter-weight siblings of low and high birthweight. Since
low birthweight pigs appear to maintain a significantly lower weight (P < 0-001)
through to 128 days they will be chronologically older at any specific weight. This
highlights the very interesting and fundamentally important phenomenon that there
must be an age-factor, unrelated to the growth-force of weight, influencing the TSA
growth of myofibres. The relative differences in myofibre TSAs seen between litter¬
mates of the same liveweight is of particular significance in another aspect of muscle
development, namely that concerning the TSA of slow muscle within the semi¬
tendinosus muscle which is discussed below.
The precise way in which the postural function of the semitendinosus adapts to the

increasing liveweight of the pig through changes in the TSA of slow muscle was
revealed in the present study. The increase was achieved, up to a liveweight of
approximately 8-5 kg, by an increase in the percentage of slow fibres within the deep
portion of the muscle together with an increase in the TSA of the individual fibres.
The superficial portion of the semitendinosus contributed very few slow fibres (Table
2) and therefore aminimal supportive role to the muscle. Muscles, or parts of muscles
concerned with a propulsive function, do not appear to show changes in their
complement of slow fibres. This was exemplified by the superficial portion of the
semitendinosus in the present study and in that of Sivachelvan & Davies (1981), and
the biopsies (and therefore, presumably, the superficial portion) of the semi¬
tendinosus muscle of cattle in the work of Holmes & Ashmore (1972). Beyond a

liveweight of 8-5 kg the only significant factor contributing to the increase in the area
of slow muscle was the increasing TSA of the slow fibres. The results presented for
the semitendinosus support the general hypothesis proposed by Davies (1972) that
the TSA of a muscle varies, during growth, with the 2/3 power of liveweight while
within the muscle the area occupied by slow fibres increases at a greater rate than
the total TSA of the muscle. However, the differing regression coefficients determined
for the longissimus dorsi (1-0; Davies, 1972) and for the semitendinosus in this
paper (5/4) suggests that the slow muscle TSA increase, relative to liveweight, is a
reflection of a specific muscle's unique adaptation to its comparative postural role
within the body. This theory is supported by the relative values for the average
alkaline ATPase-negative (slow) fibre type percentages for the two muscles; the
longissimus dorsi of the mature Large White possesses less than half the number of
slow fibres (18 %; Davies, 1972) possessed by the deep portion of the semitendinosus
(38-5 %; Table 2). Consequently the supportive role of the former muscle is probably
less than that of the latter.
The mechanism by which the muscle and its innervating neurons, which are
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responsible for the muscle fibres' contractile properties (Close, 1965; Salmons &
Sreter, 1976), acknowledge the need for an adaptation in the muscle's slow fibre
compliment has yet to be elucidated. However, a notion of the way in which the
supportive role of a muscle is maintained in accordance with the liveweight of an
animal is given by the present findings. Littermates, when considered on a constant
liveweight basis, had a similar number of slow fibres per metabolic bundle while
possessing different slow fibre percentages. It therefore appears that it is possibly the
number of slow fibres within a metabolic bundle, rather than the resultant percent¬
age, that is regulated to maintain a constant relationship with liveweight. The per¬
centage of slow fibres is a consequence of the number of fibres per metabolic bundle
and the surrounding complement of fast fibres. The secondary/primary fibre number
ratios, which are an indication of the total number of fibres per metabolic bundle,
were significantly lower (P < 0-01) in the low birthweight, runt littermates (Handel &
Stickland, 1984) than in their heaviest birthweight littermates; the secondary/
primary fibre number ratio, although lower in the small compared to large litter¬
mates, was not significantly different. Nevertheless, after acquisition of the number
of slow fibres per metabolic bundle appropriate for the liveweight of the animal, both
the small and runt littermates appeared to possess a lower complement of fast fibres
and therefore a greater percentage of slow fibres (this produced a significant effect in
the semitendinosus muscle). This, together with the greater mean TSA of the slow
fibres within the deep portion of the semitendinosus of both small and runt litter¬
mates, contributed to the greater slow muscle TSA of these lower birthweight litter¬
mates relative to their large littermates. The resultant effect is indicative not only of
a ' slower' semitendinosus muscle in the lower birthweight small and runt pigs but
also higher oxidative and lower glycolytic capacities of this muscle (slow fibres were
exclusively oxidative, Table 1).
The observations made as a result of this work indicate that relative weight at

birth has a significant contributory effect on the subsequent comparative myofibre
type composition of the muscle between pig littermates. It has also been revealed
that age, in addition to liveweight, has an important influence on muscle growth and,
likewise, its subsequent comparative myofibre composition. One of the cumulative
effects of these phenomena is to produce significantly greater amounts of slow muscle
in the smaller birthweight animals than in their larger siblings.

SUMMARY

Muscle growth and development was studied in 49 Large White pigs from a total
of 17 litters. Representative large (mean birthweight of 1544 g), small (1144 g) and
runt (776 g) littermates were selected and slaughtered at the same age, ages ranging
from birth to 128 days. Fresh frozen, serial transverse sections taken from the semi¬
tendinosus and trapezius muscles of these animals were stained for the histochemical
demonstration of acid and alkalinepre-incubated adenosine triphosphatase, succinate
dehydrogenase and glycogen phosphorylase. Profiles of the muscle fibre types were
compiled for each animal.
In both muscles the number of slow oxidative (SO) fibres, that were arranged

together in groupswithin' metabolic bundles', increased with growth. The transverse
sectional area (TSA) of the semitendinosus muscle increased with the 2/3 power of
liveweight whereas the area occupied by SO fibres increased at a rate significantly
greater than TO (P < 0 01). Regression analysis revealed that the area of this muscle



118 S. E. HANDEL AND N. C. STICKLAND

occupied by SO fibres was greater (P < 0-001) in runt and small littermates relative
to their large littermates when they were compared at an equal liveweight. This
greater TSA of the semitendinosus classified as ' SO' in lower birthweight pigs was
the result of a combination of higher percentages (P < 0-05) of SO fibres and signifi¬
cantly greater (P < 0-001) SO fibre mean TSAs. Themean TSAs of all myofibre types
were similar between littermates of the same age but most types were of greater TSA
in the lower birthweight littermates when compared (by regression analysis) at the
same liveweight suggesting that fibre TSA was age- rather than weight-related.
The higher percentage of SO fibres in the low birthweight pigs, when compared

at an equivalent liveweight to their large littermates, appeared to be related to their
affected secondary/primary fibre number ratio. This phenomenon, plus the data on
the number of slow fibres per metabolic bundle, indicated that it was apparently the
number of slow fibres per metabolic bundle which was regulated with liveweight gain
rather than the resultant percentage of slow fibres within the muscle.

The authors wish to acknowledge the technical assistance of Gordon Goodall. This
work was supported by the funding of the Agriculture and Food Research Council.
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INTRODUCTION

The ultrastructural characteristics of muscle fibre types of adult muscle are well
defined in many mammals including humans (Sjostrom, Kidman, Henriksson Larsen
& Angquist, 1982), guinea-pigs (Eisenberg, Kuda & Peter, 1974; Eisenberg & Kuda,
1976) and rats (Gottschall, 1980). The criteria for myofibre typing by ultrastructural
characteristics, from longitudinal sections of muscle in particular, are well docu¬
mented and include Z-disc thickness (Gauthier, 1968; Salmons, Gale & Sreter,
1978), amount and distribution of sarcoplasmic reticulum (Padykula & Gauthier,
1970; Ninomiya, Echeverria & Vazquez-Nin, 1981), quantity and internal structure
of mitochondria (Gauthier, 1968) and also myofibrillar array (Salmons et al. 1978;
Ninomiya et al. 1981). Changes in the subcellular components of mature muscle
fibres may be experimentally induced by both electrical (Eisenberg & Salmons,
1981) and mechanical (Ashmore & Summers, 1981) stimulation. Some of these
studies have helped to elucidate the mechanisms involved in the functional adapta¬
tion of muscle. However, there appear to be no comprehensive, comparative studies
of the development of different muscle fibre types, from birth to maturity, which
quantify the changes in subcellular components.
Comprehensive quantitative studies provide an invaluable reference in investiga¬

tions of muscle pathology, aiding the early identification of myopathies, and
enabling the evaluation of the rate and extent of their manifestation in the affected
tissue. The electron microscope was employed in the present study of porcine
muscle development in order to perform a stereological analysis of the ultrastructural
changes occurring during growth in the two most diverse muscle fibre types (slow
oxidative and fast glycolytic). This method was used to investigate the myofibrillar,
mitochondrial and lipid droplet percentage volumes in the two myofibre types.
These subcellular organelles were chosen in order to ascertain the general morpho¬
logical changes occurring in different myofibres with growth after birth. In addition,
the data obtained would reveal whether low birthweight within pig litters had any

permanent effect on the myofibrillar protein content (a measure of muscle strength:
Helander & Thulin, 1962; Goldspink, 1965) or the amount of mitochondria and
lipid droplets present (which together would probably give a relative assessment of
the capacity for oxidative metabolism) in the muscles of the affected animals.

* Present address: Muscle Biology Laboratory, University of Wisconsin, Madison, Wisconsin 53706,
U.S.A.
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materials and methods

A total of 32 pigs, chosen from 11 pure bred Large White litters, was used to
investigate the effects of birthweight on the subsequent postnatal development of
two diverse muscle fibre types. These pigs were selected on the basis of their weight at
birth, with a maximum of three representative animals being chosen from each
litter including the largest male, smallest normal (not less than 1000 g) male and the
runt (950 g or less). 'Runt' littermates were defined as those born of a weight below
that considered 'critical' (about 1000 g), with respect to consequential development,
by Hegarty & Allen (1978), and Powell & Aberle (1980), while 'small normal'
littermates were those born slightly heavier than this critical weight. Pigs were
weaned at between 4 and 5 weeks of age. Representative littermates from selected
litters were weighed and slaughtered by electrical stunning followed by exsanguina-
tion at one of the following ages: 0, 1, 2, 4, 6, 9, 15, 27, 33, 46 and 84 days. The left
semitendinosus muscle was dissected from the carcass and samples were excised
from themidbelly for transmission electron microscopy. Longitudinal strips (approxi¬
mately 1 mm x 3 mm) of muscle fibres were dissected from both the deep and
superficial portions of the muscle, and fixed within 30 minutes of slaughter in 5 %
glutaraldehyde in 01 m sodium cacodylate buffered at pH 7-2 for 2 hours. This was
followed by two washes in buffer, post-fixation in 1 % osmium tetroxide in buffer for
1 hour, two washes in double distilled water and, finally, dehydration through
graded acetone. The samples were embedded in Araldite. Transverse sections were
cut to a thickness of 60-80 nm (see later) with a Reichert OMU3 microtome and
stained with uranyl acetate (20 minutes) and lead citrate (4-5 minutes). These
ultrathin sections were examined with a Philips 400 electron microscope at an
accelerating voltage of 100 kV.

Selection of samples
The two myofibre type populations (oxidative and non-oxidative), chosen for

stereological analysis of their ultrastructural composition, were selected from
muscle samples by applying knowledge concerning the morphology of the muscle,
with respect to fibre type location, gained from personal observations of the
histochemical demonstration of myofibre types within the muscle; full details
of the histochemical investigations of the semitendinosus muscle will be given in
another communication (Handel & Stickland, in preparation). Non-oxidative fibres
(or, in the case of immature muscle where all myofibres exhibit oxidative staining,
the progenitors of non-oxidative fibres) were invariably located at the periphery of
fascicles in the superficial portion of the muscle. Oxidative fibres were consistently
demonstrated, from birth to maturity, at the centre of fascicles in the deep portion of
the muscle. The choice of oxidative and non-oxidative fibres from these locations
meant that the non-oxidative fibres were from a population of histochemically
determined fast fibres while the oxidative fibres were invariably defined as slow-
contracting. Despite these further differences between the two chosen fibre popula¬
tions their respective oxidative capacities produced the most prevalent ultrastructural
disparities between them. Therefore, although the fibre type groups investigated are
termed oxidative and non-oxidative it must be stressed that they are representative
of the slow oxidative and fast glycolytic fibre populations, respectively, of the
semitendinosus muscle.
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Stereological methods
Stereology relates two dimensional profiles of cell components seen in sections to

their three dimensional structures in the original tissue. By the criteria of geometric
probability the chance of finding organelle profiles in a section will equal that of
finding the total volume of the organelle in the cell volume, a principle which
permits the employment of point-counting techniques (Weibel, Kistler & Scherle,
1966). Specifically the volume fraction of an organelle (V0) in a myofibre is estimated
by the ratio of the number of test points falling on the organelle (P„) to those falling
on the myofibre CPm), giving V0 — P0/Pm. Muscle tissue, which is composed of
fully orientated muscle fibres, is anisotropic (Elias & Hyde, 1980) which means that
it displays a periodicity in the arrangement of some of its cytological structures. The
myofibrils within a muscle fibre consist of recurring units (sarcomeres) and a
concentration of large mitochondria is associated with the I band of each sarcomere
while small mitochondria are concentrated at the A band with the largest number
found in an annulus within 1 ym of the sarcolemma (Eisenberg et al. 1974). The
sarcoplasmic reticulum is probably the organelle whose appearance is most affected
by the plane of sectioning. Weibel (1972) has suggested that oblique muscle sections,
at a minimum of 70° to the long axis, should be taken for adequate stereological
analysis of this organelle. However, the sarcoplasmic reticulum is not being con¬
sidered here and, in any event, it was found that any transverse section contained
some myofibres cut obliquely and that within each myofibre the myofibrils were not
perfectly aligned so were sectioned at different levels of the sarcomere (personal
observations). Therefore it was considered that the sectioning standards required of
this anisotropic tissue were met quite satisfactorily by ' transverse' sectioning. The
chosen thickness of the sections (60-80 nm) was less than mitochondrial diameter
(Weibel et al. 1966), a precaution which prevents an over-estimation of the volume
fraction ofmitochondria.
Electron micrographs were taken of individual muscle fibres at a magnification of

x 6000 and were printed to give a final magnification of x 12000. When myofibres
failed to be completely represented by one electron micrograph, micrographs were
taken across, and through the centre of, the fibre to create a montage on which a
sector could be drawn. A sector is representative of the whole transverse sectional
area of the fibre and allows for the localisation of mitochondria within circular zones
(Eisenberg et al. 1974). In neonatal pig muscle the myofibrils were not evenly
dispersed throughout the myofibres and so electron micrographs were taken to allow
stereological analysis of the whole transverse sectional area of the myofibre rather
than of a sector which would have been unrepresentative in such instances.
The number of myofibres of each type sampled per animal was determined so as

to produce volume estimates of a value within the limits of ± 10 % (Eisenberg et al.
1974) of the population mean for a sample of 15 myofibres. By this method the
minimum sample size was evaluated at 10 myofibres. A 1 cm square test grid drawn
on an acetate sheet (Eisenberg & Salmons, 1981) was used for point-counting and
hence the estimation of the volume density (expressed as a percentage) of myofibrils,
mitochondria and lipid droplets for both the oxidative and non-oxidative fibre
populations of the semitendinosus from pig littermates.
Regression analysis of myofibre organelle percentage volumes against liveweight

and/or age was conducted to quantify postnatal changes. Paired observations were

analysed (in the form of a paired f-test) to test the significance of the difference
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between the mean percentage volumes of organelles of the two myofibre types (by
the pairing of organelle volume fractions of oxidative and non-oxidative fibres from
the same animal for all littermates together, regardless of their birthweight) and, also,
to establish variations in these parameters between groups of littermates of different
birthweights (by pairing animals of different birthweights from the same litter).

results

The mean birthweights (±s.d.) of the large, small, and runt littermates were
1559 g± 225 (n = 11), 1147 g± 217 (n = 9), and 758 g± 120 {n = 12), respectively,
the average weight difference between each group being statistically significant
(P < 0 01). Of the 11 selected litters two failed to present pigs that could be defined as
' small' littermates and one of these litters contained two runts which accounts for
the uneven number of animals in each birthweight category.
The data obtained from the stereological analysis of both oxidative and non-

oxidative fibres from all 32 pigs investigated are represented in Figures 2 and 3. At
each given age (Fig. 2) there are usually 3 points for each fibre type; each point
represents one littermate. The following analysis of results is based on the data given
in both Figures 2 and 3.

Comparison of the ultrastructure of two different myofibre types

From birth to 4 days of age the mean myofibrillar percentage volume of non-
oxidative fibres (21-2%) was significantly (P < 0 001) less than that of oxidative
fibres (46-0%) (Fig. la, b). From 4 to 6 days of age (corresponding to liveweights
of about 1350 to 2200 g) the increasing percentage myofibrillar volume of the
non-oxidative fibres exceeded that of the oxidative fibres in all littermates except in
two severely runted pigs which were noted for their lack of liveweight gain to
slaughter at 9 and 15 days of age. These pigs had extremely low relative birthweights,
50 % less than their large littermates and more than 2-5 s.d. below the mean litter-
weight. The mean myofibrillar percentage volume of non-oxidative fibres from pigs
older than 6 days (and of a liveweight exceeding 2200 g) was 62-9 %, significantly
(P < 0 001) greater than that of the oxidative fibres (51-9 %) (Fig. lc, d); these two
fibre types therefore showed a reversal of their relative myofibrillar percentage
volumes when the pigs exceeded 4 days of age. The change in the percentage volume
of myofibrils between 46 and 84 days was only slight which suggested that the
mature percentage values of myofibrillar volumes for the two myofibre types had
been attained by 46 days to give mature values of approximately 56-3 % and 66-9 %
for oxidative and non-oxidative fibres, respectively.
The increase in the percentage volume of myofibrils was significantly correlated

with age (Fig. 2) and with liveweight (Fig. 3) in both the oxidative and non-oxidative
fibres. The correlations of the percentage volume of myofibrils in the oxidative

Fig. 1 (a-d). Oxidative and non-oxidative myofibre type "ultrastructure at birth and 84 days.
My, myofibrils; M, mitochondria; L, lipid droplets, (a) Oxidative fibre from 'deep' portion of
m. semitendinosus of runt littermate at birth (liveweight of 0-9 kg), (b) Non-oxidative fibre
from 'superficial' portion ofm. semitendinosus of runt littermate at birth (liveweight of 0-9 kg),
(c) Oxidative fibre from 'deep' portion of m. semitendinosus of runt littermate at 84 days
(liveweight of 28-3 kg). (d) Non-oxidative fibre from 'superficial' portion of m. semitendinosus
of runt littermate at 84 days (liveweight of 28-3 kg), x 7500.
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Fig. 2. Myofibrillar percentage volume of oxidative and non-oxidative fibres (from 'deep' and
' superficial' portions, respectively) of the semitendinosus muscle of individual littermates plotted
against the natural logarithm of their age. Regression equations: oxidative fibres, Y — 1-6
In Jf+45-7; non-oxidative fibres, Y = 9-9 In 7^+28 0 (y = myofibrillar % volume, X = age
in days).
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Fig. 3. Myofibrillar percentage volume of oxidative and non-oxidative fibres (from 'deep'
and 'superficial' portions, respectively) of the semitendinosus muscle of individual littermates
plotted against the natural logarithm of their liveweight. Regression equations: oxidative fibres,
y = 2-8 In X+27'1; non-oxidative fibres, Y = 14-6 In X-6%-7 (y = myofibrillar % volume,
X = liveweight in grams).
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(a)
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Fig. 4 (a-b). Mitochondrial and lipid droplet percentage volumes ofmyofibres, expressed as an
average value for fibres from large, small and runt littermates against age. (a) Oxidative fibres,
from 'deep' portion of semitendinosus. (b) Non-oxidative fibres, from 'superficial' portion of
semitendinosus.

fibres with In (age) (r = 0-445, P < 0 01) and In (liveweight) (r = 0-450, P < 0-02)
were not significantly different. The change in the percentage volume of myofibrils
in the non-oxidative fibres showed a significantly (P < 0-025) greater correlation
with In (age) than with In (liveweight), unlike the oxidative fibres. In addition,
the myofibrillar percentage volumes of the non-oxidative fibres were found to be
more highly correlated with both In (age) (r = 0-924, P < 0-001) and In (liveweight)
(r = 0-727, P < 0-001) than those of the oxidative fibres.
The mitochondria and lipid droplet percentage volumes of the oxidative and

non-oxidative myofibres were significantly different (P < 0-001) at all ages from birth
to 84 days; the oxidative fibres possessed a greater percentage volume of both these
subcellular components (illustrated by the electron micrographs in Figure 1 and the
graphs in Figure 4). The percentage volume difference in mitochondria between the
two fibre types was more or less consistent (at about 8 %) throughout, even during
the rise in mitochondrial content between 2 and 33 days of age. During this period
the mitochondrial percentage volume of oxidative and non-oxidative fibres increased
from mean values of 8-3% and 3-4%, respectively, before 2 days, to 16-0 % and
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Fig. 5 (a-b). Oxidative myofibre ultrastructure from the 'deep' portion of semitendinosus of
littermates before and after weaning: arrows indicate mitochondria; L, lipid droplets, (a) Before
weaning. Large littermate, 33 days old. Mean % volumes; myofibrillar, 51-3 %; mitochondrial,
15 0%; lipid droplets, 10-5%. (b) After weaning. Large littermate, 46 days old. Mean %
volumes; myofibrillar, 52-8 %; mitochondrial, 7-6 %; lipid droplets, 3-7 %. x 7000.

6-7 %, respectively, at 33 days. In the oxidative myofibres, changes in the mean
percentage volume of mitochondria were mirrored by changes in the mean percent¬
age volume of lipid droplets, but this phenomenon was less markedly exhibited by
the non-oxidative fibres. Consequently, the lipid droplet percentage volume differ¬
ence between the oxidative and non-oxidative fibre types was greatest between 2 and
33 days. As demonstrated by Figure 4a, during this age-range the percentage lipid
droplet volume of oxidative fibres more than trebled from a mean value of 3-8 %
(at 0 and 1 days) to a mean value of 13-1 % (between 15 and 27 days). However, in
the non-oxidative fibres (Fig. 4b) there was little change between 2 and 33 days
(the lipid droplet percentage volume at 6 days in Figure 4 b which suggests an

apparent rise was from one littermate only, and was therefore probably not truly
representative of non-oxidative fibres from pigs of this age; other values in this

Fig. 6 (a-c). Myofibrillar hypoplasia of the myofibrils from the 'superficial' portion of the
semitendinosus muscle of a severely runted pig at 15 days postnatally. My, myofibrils; M,
mitochondria; L, lipid droplets, (a) Low power electron micrograph to demonstrate the
consistent occurrence of myofibrillar hypoplasia, x 3000. (6) Higher magnification of a non-
oxidative fibre of the severely runted pig (liveweight of 675 g). Mean % volumes; myofibrillar,
38-8%; mitochondrial, 6-6%; lipid droplet, 1-4%. (c) Non oxidative myofibre of the runt's
small littermate (liveweight of 2750 g) to illustrate myofibrillar content of a 'normal' fibre.
Mean % volumes; myofibrillar, 60-8 %; mitochondrial, 6-7 %; lipid droplet, 3-5 %. x 7000.
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Figure were means of littermates). After weaning, myofibres possessed much lower
percentage volumes of mitochondria and lipid droplets (Fig. 5). Between the litter¬
mates of 46 days (weaned at 41 days of age) and 84 days of age there appeared to be
little difference in the percentage volumes of mitochondria and lipid droplets,
which gave mean values of 10-6% and 3-6% for oxidative fibres, and 3-6% and
1-1 % for non-oxidative fibres, respectively.

Comparison ofmyofibre type ultrastrueture between littermates
Statistical analysis of the data showed that there was no significant difference in

the myofibre percentage volumes of either myofibrils, mitochondria or lipid droplets
between large and small, small and runt or large and runt littermate category
comparisons, with one exception; overall, the percentage myofibrillar volume of the
oxidative fibres from the small littermates was higher (P < 0-025) than in the large
littermates, by an average of 9-5 %.
On consideration of individual litters there were specific instances of high variation

in the myofibrillar percentage volumes of non-oxidative fibres between some
littermates. The two, previously mentioned, severely runted littermates presented
myofibrillar hypoplasia (an apparent lack of myofibrils) in their non-oxidative
fibres (Fig. 6). These runt littermates possessed myofibrillar percentage volumes with
an average value of approximately 68 % of the value for their large littermates. Also
these runts had myofibrillar percentage volumes in the non-oxidative fibres of about
76 % of the value for their oxidative fibres (this value for their heavier birthweight
littermates, classified under both the small and large birthweight categories, was
approximately 128 %). The relative non-oxidative/oxidative myofibrillar percentage
volumes of these extremely runted pigs was reminiscent of that seen in pigs of less
than 6 days of age. The mitochondrial and lipid droplet percentage volumes of these
severely runted animals did not, however, appear to be abnormally different from
those of their heavier birthweight littermates.

DISCUSSION

In the present study the myofibrillar percentage volume was found to be different
between muscle fibres from neonatal and relatively mature pigs. In addition the two
myofibre type populations studied exhibited different rates ofmyofibrillar prolifera¬
tion, a phenomenon that apparently proceeds by way of splitting along the length
of the myofibrils with the eventual separation of the two fractions (Goldspink, 1970).
The rate ofmyofibrillar proliferation in the non-oxidative fibres far exceeded that in
the oxidative fibres, a fact that accentuates the rather more dynamic nature of the
postnatal growth of non-oxidative fibres in comparison with oxidative fibres (Handel
and Stickland, submitted for publication). Coupled with this was the evident lack of
myofibrils in the non-oxidative fibres relative to the oxidative fibres of pigs prior to
6 days of age. It therefore appeared that the development of oxidative fibres, with
respect to myofibrillar protein content, preceded that of the non-oxidative fibres
before birth.
It is a well accepted concept that undernutrition stunts or reduces the growth of

tissues in the reverse order of their development, i.e. as bone is the first tissue to
reach its maximum rate of growth, followed by muscle and lastly fat (McMeekan,
1940), bone will be the least affected tissue, muscle more affected and fat most
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affected if the animal suffers a period of undernutrition in utero. Extending this
theory to parts of a particular tissue, in this case muscle, it seems feasible to hypoth¬
esise that the oxidative fibres within a muscle, which develop ultrastructurally prior to
the non-oxidative fibres, will be less affected by growth retardation imposed by
inadequate nutrition. This was, in fact, found by Oldfors, Mair & Sourander (1983)
to be the case in the extensor digitorum longus muscle of young rats after protein
deprivation. While the oxidative (slow oxidative and fast oxidative glycolytic) types
failed to grow, the non-oxidative (fast glycolytic) fibres actually atrophied under this
treatment. The results of the present study, therefore, appear to suggest that the
comparative rate of myofibrillar development between oxidative and non-oxidative
fibres might, in fact, be the basis for a differential response of the two fibre types to
the effects of undernutrition in the pig. Unfortunately experiments carried out to
ascertain the effects of postnatal undernutrition on the relative sizes of different
fibre types appear to be limited to rats (Bedi et al. 1982; Oldfors et al. 1983) with no
results available for such manipulations in pigs to compare with the ultrastructural
observations made here.
The existence of a comparatively low percentage of myofibrils in the myofibres

of neonatal pigs, younger than 6 days, substantiates the results of Bradley, Ward &
Bailey (1980). These workers observed the ultrastructure of fibres from the
adductor muscle and from the sartorius of normal and Splayleg pigs; the adductor
was chosen by virtue of its reduced function in Splayleg pigs which prevents the
hindlimbs of the affected pig from maintaining a normal stance (Thurley, Gilbert &
Done, 1967; Deutsch & Done, 1971; Ward & Bradley, 1980). Bradley et al. (1980)
discovered that the myofibrillar hypoplasia of both the adductor and the sartorius
was not confined to pigs exhibiting Splayleg symptoms, as was once thought (Thurley
et al. 1967; Deutsch & Done, 1971), but was, in fact, a normal occurrence in pigs
after birth until one week of age. Although a quantitative assessment of the degree of
myofibrillar hypoplasia was not established there appear (from the electron micro¬
graphs presented in the article of Bradley et al. 1980) to be no profound differences
between the myofibrillar content of the muscle fibres from normal and Splayleg pigs.
This example does, however, illustrate the need for comprehensive quantitative
studies to assist our understanding of diseases of the musculature.
The existence of a significantly greater correlation between the non-oxidative

myofibrillar percentage volume and age (r = 0-924) than liveweight (r = 0-727)
suggests that there was an age-related factor in the attainment of myofibrillar
percentage volume in the non-oxidative fibres distinct from that associated with the
liveweight increase that occurs with age. It is therefore apparent that the attainment
ofmyofibrillar percentage volume is not primarily weight-related. It has been found
(by Helander & Thulin, 1962) that a direct relationship exists between the maximal
isometric tension in the skeletal muscles of cat and rabbit limbs and their total
myofilament transverse sectional area (determined biochemically). This relationship
was further substantiated by the decrease in maximum tetanus tension produced in
the muscles of mice after partial starvation for 7 days; the decrease in strength was

proportional to the decrease in size and number of the myofibrils (Goldspink, 1965).
This suggests that the muscles of young (or exceptionally growth retarded) pigs are
relatively weaker per unit muscle transverse sectional area than the muscles of older
pigs (that are showing liveweight gain) due to their comparatively lower myofibrillar
percentage volumes. Maximum muscle strength is realised in a muscle when myo¬
fibrillar percentage volume has reached an upper limit which then remains constant
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with growth. This upper limit appeared to be reached in the semitendinosus muscle
of pigs over 46 days of age.
The failure of the myofibres of the low birthweight littermates (that were exhibiting

normal growth rates) topresent significant deficiencies in their percentagemyofibrillar
volumes made it apparent, in view of the reputed relationship between myofibrillar
transverse sectional area and muscle strength, that there was no evident effect on the
strength per-unit-transverse sectional area of the muscle of light, relative to heavy
birthweight pigs. However, when severe prenatal growth retardation was associated
with a lack of postnatal liveweight gain the muscles of the affected pig presented a
lower degree of myofibrillar proliferation than was characteristic for their age and,
therefore, they presumably possessed muscles which were unable to exert equivalent
forces to those of their large littermates.
Oxidative and non-oxidative fibres both exhibited a considerable rise in mito¬

chondrial percentage volume within a few days after birth; the mitochondrial
percentage volume at birth, and the increase thereafter, was highest in the oxidative
fibres. This phenomenon is indicative of an increased mitochondrial size and/or an
enhanced mitochondrial proliferation which proceeds by fission. Mitochondrial
percentage volume was more or less sustained in proportion to fibre transverse
sectional area (i.e. mitochondrial percentage volume remained approximately
constant) between about 4 and 33 days postnatally in both fibre types (Fig. 4).
Between 33 and 46 days mitochondrial percentage volume appeared to decline in
relation to fibre transverse sectional area, a proportion that remained constant
thereafter; this is indicated by the lack of a marked alteration in mitochondrial
percentage volume after 46 days.
The mitochondrial percentage volume in both oxidative and non-oxidative fibres

appeared to decline just before weaning which is suggestive of a change in cellular
metabolism related to dietary adjustments; the high-fat milk diet consumed from
birth was gradually replaced by the voluntary consumption of creep-feed prior to
weaning, allowing a gradual adjustment to the solid diet after weaning.
In the oxidative fibres themitochondrial percentage volume changes were paralleled

by the percentage volume changes in lipid droplets. The close structural association
between mitochondria and lipid droplets (Gauthier & Padykula, 1966) is due to
the use, by enzymes localised within mitochondria, of lipid substrate for the oxidative
reactions performed by these enzymes to provide energy (in the form of ATP) for
cellular metabolic processes. A relationship between plasma lipid values and muscle
oxidative capacity is suggested by the work of Kraeling, Rampacek, Campion &
Richardson (1978) who found that blood triglyceride bore a direct relationship with
muscle succinate dehydrogenase activity in pig fetuses. The percentage volume of
lipid droplets in the oxidative fibres exhibited a considerable rise between birth and
weaning which was probably a reflection of the high-fat milk diet, and therefore
higher plasma lipid content, of the suckling pigs. Bradley et al. (1980) also found that
intrafibre lipids increased after one day of age. Moody et al. (1978) demonstrated a
dramatic rise in the chloroform-extracted muscle lipid concentration from 1 to 3 days
and thence, until 28 days, it remained constant. Despite this Moody et al. (1978)
found that the actual population of fibres staining positively for intrafibre lipid
(demonstrated by oil red O) was reduced with increasing age while there was a

gradual increase in the amount of interfascicular lipid. Suzuki (1974) suggested that
the oxidative fibres (exhibiting a positive reaction for /?-hydroxybutyrate dehydro¬
genase) of starved sheep possessed the ability to include fatty droplets, mobilised
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from body stores, to compensate for the lack of dietary energy intake. The apparent
reflection (in the present study and that of Suzuki (1974)) of high plasma fat content
within the oxidative fibres alonemight be due to the relatively higher capillary density
and blood flow of oxidative (slow oxidative) fibres than non-oxidative (fast glyco¬
lytic) fibre types (Mackie & Terjung, 1983) thus transporting a larger amount of fat
to these oxidative fibres, or to the capacity of this fibre type to utilise lipid, as
suggested by Suzuki (1974).
The mitochondrial percentage volume results of the present study tend to suggest

that the ultrastructural diversification of fibre types may not parallel their acquisition
of histochemical differentiation with respect to oxidative enzymes. Oxidative fibres
from the deep portion of the semitendinosus muscle maintained their positive
succinic dehydrogenase staining at all ages investigated and possessed mitochondrial
percentage volume estimates in excess of 5 % throughout. However, the non-
oxidative fibres of the superficial portion of this muscle were shown, histochemically,
to exhibit a capacity for oxidative metabolism at birth, eventually losing it between
6 and 19 days of age (Handel & Stickland, submitted for publication). These observa¬
tions do not correspond with the mitochondrial percentage volume estimates
determined for non-oxidative fibres which presented values at birth, when these
fibres were SDHase-positive, similar to values at 84 days when succinate dehydro¬
genase staining was negligible. It would appear therefore that the mitochondrial
content of a myofibre does not necessarily reflect absolute succinic dehydrogenase
activity at birth. Krieger, Tate, McMillin-Wood & Booth (1980) showed that
subsarcolemmal and intermyofibrillar mitochondria may have different succinic
dehydrogenase activities. They also found that functional activity may alter the
succinic dehydrogenase activity of both types of mitochondria although it appears
that the enzyme activity is not a rate-limiting factor as far as respiratory activity is
concerned. It is possible that the proportions and enzyme activities of the two
different types of mitochondria may change with age. It is also possible that these
changes may differ between the two functionally distinct muscle fibre types studied
here. Clearly the apparent anomalies seen here within the non-oxidative fibres
require further investigation using biochemical methods such as those employed by
Krieger et al. (1980).
One of the most interesting points to come out of this work was the discovery that

low birthweight pigs, with the exception of those of an apparent sub-population that
failed to exhibit postnatal weight gain, had muscles of equivalent ultrastructural
composition to those of their heavier littermates. This indicates that the muscles of
low birthweight pigs develop, and appear capable of functioning physiologically and
biochemically as well as those of heavier birthweight pigs; the quality of individual
myofibres with respect to subcellular structure is evidently unimpaired by growth
restriction in utero.

SUMMARY

An ultrastructural investigation of the postnatal development of oxidative and
non-oxidative fibres from the deep and superficial portions of the semitendinosus
muscle, respectively, was undertaken on 32 pure bred Large White pigs from a total
of 11 litters. This study quantifies the changes in mitochondrial, lipid droplet and
myofibrillar content of these two myofibre types between birth and 84 days of age,
and evaluates differences between the largest male (mean birthweight of 1559 g),
smallest normal male (1147 g), and runt (758 g) littermates. The oxidative and
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non-oxidative fibres, as well as possessing different complements of mitochondria,
lipid droplets and myofibrils, showed different rates of myofibrillar accumulation.
The relatively small postnatal change in the percentage volume of myofibrils of
oxidative fibres, as opposed to the high change within the non-oxidative fibres,
presented a cytological basis by which to explain the differential effects of growth
retardation on these fibre types. The ultrastructural composition of myofibres was
not impaired by reduced birthweight except when, as in two extreme cases, birth-
weight was severely reduced. In these instances the myofibrillar percentage volume
of the non-oxidative fibres was greatly affected.

The authors wish to thank Mr S. Mitchell for his technical assistance in the

preparation of the muscle samples. This work was supported by the Agricultural and
Food Research Council.
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CATCH-UP GROWTH IN PIGS: A RELATIONSHIP WITH MUSCLE
CELLULARITY

S. E. Handel! and N. C. Stickland
Department of Anatomy, The Royal Veterinary College, Royal College Street, London NW1 OTU

abstract

An investigation was made into a possible relationship between the relative growth potential and skeletal
muscle fibre number in low birth weight Large White pigs and their heaviest birth-weight littermates.
Estimates of the total fibre number of m. semitendinosus were made from 23 pairs of 'small' and 'large'
littermates. Littermates were slaughtered at the same age and were of a mean live weight 86 (s.d. 15)
kg. Small littermates (mean birth weight 939 (s.d. 164) g) had, on average, lower live weights at
slaughter (P < 0-001) and lower muscle fibre numbers (P < 0-05) than their large littermates (mean birth
weight 2085 (s.d. 343) g). However, pigs within the low birth-weight category exhibited various degrees
of catch-up growth with their heaviest littermates and some individuals actually exceeded their large
littermates in live weight at slaughter. The relative live weights at slaughter and relative muscle fibre
numbers of small and large littermates were determined by expressing the value for the small littermate
as a proportion of the corresponding value for its large littermate. No correlation existed between
relative live weight at slaughter and relative muscle fibre number of small and large littermates. The
small littermates were then divided into two groups by their mean value of relative small to large
slaughter weight (0-84). The littermates of low relative slaughter weight (=£0-84) exhibited a large range
of muscle fibre numbers although their mean fibre numbers were lower than their large littermates
(P < 0-05). This large range was probably responsible for the lack of correlation mentioned above.
Those small littermates which exhibited a good degree of catch-up growth (relative slaughter weight
>0-84) possessed fibre numbers which were not significantly different from those of their large
littermates. These results suggest that pigs which exhibit an appreciable degree of catch-up growth always
contain high relative numbers of fibres in their muscles. Those which show a poor degree of catch-up
growth (=£0-84) exhibit a range of fibre numbers because there may be environmental and other factors
which prevent some pigs from realizing their full growth potential. The results of the present study
advocate muscle fibre number as an indicator at birth of potential for post-natal growth performance.

introduction

Skeletal muscle constitutes a major
component of the carcass in commercial
meat-producing animals. Growth potential of
muscle in these animals is limited post natally
by hypertrophy of its component muscle
fibres. Assuming that the amount of
hypertrophy is mainly governed by the
maximum size at which the fibres are capable
of functioning efficiently, then the size to
which the muscle can grow is largely
determined with the completion of
hyperplasia. The growth potential of muscle
and therefore, to a large extent, that of the

t Present address: Department of Human Anatomy and
Cell Biology. The University of Liverpool, PO Box
147, Liverpool L69 3BX.

whole body, is determined in utero (when
muscle fibre hyperplasia ceases).
Low birth weight in the pig is known to be

associated with the acquisition of a reduced
skeletal muscle fibre number in utero

(Wigmore and Stickland, 1983), an effect
maintained post natally (Handel and
Stickland, 1984) and probably common to all
skeletal muscles in the body (Stickland and
Goldspink, 1973). In an investigation of the
effects of low birth weight on muscle
characteristics after birth it was discovered
that although low birth weight is associated
with a reduced total muscle fibre number
(P < 0-001; Handel and Stickland, 1984) this
effect is not consistent. During the course of
this study it was also noted that low birth-
weight littermates are capable of exhibiting

291
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'catch-up' growth by which they attained live
weights equivalent to, or approaching, those
of their large littermates although, on
average, they maintained lower live weights
(P < 0-001).
In view of these findings it was considered

valuable to investigate a possible relationship
between low live-weight gain and reduced
total skeletal muscle fibre number of low
birth-weight littermates relative to their
heavier siblings. Likewise, it was important to
establish whether some low birth-weight pigs
possessed any potential for catch-up growth in
terms of relatively high fibre numbers. It was
therefore proposed to test the hypothesis that
low birth-weight pigs which exhibit an
appreciable degree of catch-up growth contain
muscle fibre number values similar to their
large littermates. Pigs which do not catch up
to any great extent could exhibit a range of
fibre number values as there may be various
environmental factors which prevent the full
realization of the growth potential indicated
by muscle fibre number content.

MATERIAL AND METHODS

Selection of animals
The animals investigated in this study

comprised 40 Large White pigs selected by
their relative weights at birth. At birth the
heaviest littermate (defined as 'large'
littermate) was selected together with any
siblings of half, or less, the weight of their
large littermate (defined as 'small' littermate).
Littermates were of either sex; the sex of the
pig does not appear to influence total muscle
fibre number (Stickland, 1973). Due to the
occasional existence of two equally heavy
large littermates or more than one small
littermate there were 23 resultant pairs of
littermates. Littermates were slaughtered at
the same age when they had both reached a
sufficient commercial slaughter weight.

Preparation of muscle samples
The m. semitendinosus was removed from

the left side of each carcass immediately after
slaughter at a commercial abattoir and placed
on ice. A complete transverse slice, of 2 to
3 mm thickness, was taken from the mid
belly of the muscle on returning to the

laboratory. The transverse sectional area of
the muscle mid belly was recorded. The large
size of the mid-belly slice necessitated the
preparation of one sample from each of the
deep and superficial portions of the muscle
slice. The muscle samples were mounted with
water on pieces of 5-mm cork sheeting placed
on a cryostat chuck and rapidly frozen in
dichlorodifluoromethane (Arcton 12, ICI Ltd),
cooled to its melting point of — 158°C with
liquid nitrogen. Serial sections (10 pm), cut
on a Bright retracting rotary cryostat at
—22°C, were picked up on coverslips and
allowed to thaw and dry out at room
temperature for 1-5 h. Muscle sections were
then stained for the histochemical
demonstration of alkaline pre-incubated
adenosine triphosphatase (Guth and Samaha,
1970). The histochemical stain clearly
differentiates fibres due to the range of
staining intensities demonstrated and is
therefore ideal for fibre counting.
The number of muscle fibres in a total of

15 randomly selected areas from both the
deep and superficial portions were counted
and estimates of total muscle fibre number
made using these fibre counts from frozen
muscle sections together with the whole fresh
mid-belly transverse sectional area
determination (which was shown by Gunn
(1976) not to be affected by freezing). The
mean number of fibres counted in the sample
areas amounted to a total of 11150 (s.d.
1859) per animal which represented
proportionately 0-022 of the estimated total
fibre number for m. semitendinosus.
Paired observations for littermates were

analysed to test the significance of differences
between mean values (paired t test) of the
histological data for groups of animals. This
method of analysis was chosen to eliminate
the level of variation in muscle fibre number
caused by between-litter differences (Handel,
1984), as opposed to that within-litters which
is mainly attributed to birth weight
differences between littermates.

RESULTS

The mean birth weights of the large and
small littermates were 2085 (s.d. 343) g and
939 (s.d. 164) g. respectively. The small
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littermates were, on average, proportionately
0-45 the weight of their large littermates at
birth (P < 0-001). The mean slaughter weight
was 86 (s.d. 15) kg and the mean age of
slaughter was 157 (s.d. 12) days.
The live weights at slaughter and total m.

semitendinosus fibre number results for the
littermates are displayed in Table 1. The
mean relative live weight of the small to
large littermates at slaughter, a value of 0-84,
indicated that the small littermates weighed,
on average, less than their heavier littermates
(P < 0-001) although the relative values
ranged from 0-53 to 1-07. The 0-91 mean
relative total muscle fibre number of the
small to large littermates suggested that the
myofibre number was less (P < 0-05) in the
small relative to large littermates although the
values ranged above TOO (from 0-58 to 1-25),
as for relative live weight.
No significant correlation existed between

the relative degree of catch-up growth evident
between small and large littermates at
slaughter and their relative total muscle fibre
numbers. However, not all small littermates
with high fibre numbers would be expected
to realize their full growth potential for
various reasons including environmental
factors. On the other hand, all small
littermates which did exhibit good catch-up

growth would be expected to have a high
fibre number. In order to test this hypothesis,
the pigs were divided into two groups by the
mean value of the proportion of small to
large slaughter weights (0-84; see Table 1).
The group which exhibited lower catch-up
growth (i.e. proportion of small to large
weight at slaughter was ^0-84) contained
significantly fewer muscle fibres than their
large littermates (P < 0-05). The group which
exhibited a good degree of catch-up growth
(i.e. proportion of small to large slaughter
weight was >0-84) did not differ significantly
in fibre number content from their large
littermates. The relative fibre numbers of
small to large littermates ranged from 0-58 to
1-12 and from 0-80 to 1-25 in the =SO-84 and
>0-84 groups, respectively.

DISCUSSION

Animals that are lighter than average at
birth are not necessarily destined to become
small adults. If prenatally growth-retarded
littermates have the potential to grow well
and they are able to realize that potential
they can attain live weights equivalent to

| those of their heavier birth-weight siblings, as
shown by low birth-weight littermates in the

TABLE 1
Live weight at slaughter and total muscle fibre number

data for large and small littermates

Large littermates

Total group
studied (no. = 23)
Live weight (kg)
Fibre number

=£0-84 group
(no. = 12)
Live weight (kg)
Fibre number

>0-84 group
(no. = 11)
Live weight (kg)
Fibre number

Mean

92
538735

90
548851

95
527698

s.d.

9
75339

7
79958

9
72095

Mean value
of small

littermates as

a proportion
Small littermates of large and

. , significance
Mean s.d. of difference

77
488852

66
456871

89
523740

17
66418

11
60811

14
55416

0-84*
0-91*

0-73*
0-83*

0-94*
0-99
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present, and those of an earlier (Handel,
1984) study.
The fact that an animal does not

necessarily realize its growth potential
probably accounts for the lack of correlation
between relative live weight at slaughter and
muscle fibre number between littermates of
the present study. If it is the case that
animals with a low relative live weight do not
inevitably possess low muscle fibre numbers,
through their lack of expression of growth
potential (muscle fibre number being an
indicator of this potential), but those with a
relatively high live weight do correspondingly
possess high relative muscle fibre numbers, it
would suggest that muscle fibre number is
indeed an indicator of growth potential. To
investigate this phenomenon (as stated in the
results) the mean relative small to large
Iittermate live weight of 0-84 was chosen to
divide small littermates presenting a relatively
low degree of catch-up growth (=£0-84 group)
from those presenting an appreciable (above
average) degree of catch-up growth (>0-84
group). The results of the investigation (Table
1) showed that the small littermates of the
=£0-84 group had significantly lower
(P < 0-05) muscle fibre numbers than their
large littermates while the small littermates of
the >0-84 group had muscle fibre numbers
essentially equal to those of their large
littermates. This appears to verify the
hypothesis that for small birth-weight
littermates to achieve live weights approaching
those of their large littermates they must
have a similar muscle fibre number; in this
investigation it was in the order of 0-99 (s.d.
0-14) of the large littermate fibre number.
The range in relative small to large littermate
muscle fibre number of the =£0-84 group
reached as high as 1-12 (for complete range
see results). This suggested that there were
small siblings in this group that may have
been capable of expressing a greater degree
of catch-up growth given a greater length of
time and adequate nutrition.
Small size at birth will inevitably impose a

physical disability on a littermate which can
have adverse consequences on its growth and
development. Milk consumption is the most
important factor affecting weight gain in the
young pig (Lodge and McDonald, 1959;

Lucas, 1968), and pigs of low birth weight
compete less successfully for food, especially
during suckling (Hartsock and Graves, 1970;
England, 1974; Hemsworth, Winfield and
Mullaney, 1976). Powell and Aberle (1980)
reduced the level of competition during pre-
weaning growth by cross-fostering pigs to
create small groups of similar sized, suckling
animals. Despite these expediences, pigs of
low birth weight failed to grow as fast or
utilize food for weight gain as efficiently as
their heavier birth-weight . littermates. The
general lack of success gained by reducing
the level of behavioural competition between
littermates during suckling on development to
96 or 109 kg (Powell and Aberle, 1980) could
be explained by the fact that these animals
had a restricted growth capacity as indicated
by a reduced skeletal muscle hyperplasia in
utero (Powell and Aberle, 1981), so the steps
that were taken to promote growth were
wasted.
It would be of interest to know at birth

whether an animal of low relative weight had
the potential for catch-up growth and would,
therefore, benefit from suckling in small
groups. An indicator muscle such as the m.
flexor digiti V brevis proposed, by Stickland
and Goldspink (1973), as representative of
muscle fibre content and growth
characteristics would be of tremendous value
in selecting low birth weight littermates with
the potential for catch-up growth (i.e. a
relatively high muscle fibre number, e.g. 0-99
(s.d. 0-14) that of the largest littermate).
These animals would probably have the
ability, under a regime allowing adequate
food intake from birth, to express their
growth potential and reach weights at
slaughter equivalent to those of their
littermates of heaviest birth weight.
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ABSTRACT

The aim of this investigation was to comparemusclefibre type characteristics
in dark-cutting (DFD ) and normal beefanimals. Three categories ofanimal
were used in this investigation: 9 DFD bulls, 10 DFD steers and 10 normal
bulls. For each animal, frozen sections of longissimus dorsi muscle were
stained histochemically. The results showed that there were proportionately
more slow, oxidative (SO)fibres in DFD bulls andDFD steers than in normal
bulls. As far as fast, glycolytic (FG) fibres were concerned DFD bulls
contained fewer of this type than DFD steers and normal bulls. When the
results on fibre proportions were combined with those on mean fibre cross-
sectional areas it was found that both DFD groups contained a smaller
proportion of muscle exhibiting FG characteristics than normal bulls.
Furthermore, the combination of all oxidative fibres, i.e. SO and fast,
oxidative, glycolytic (FOG )fibres, showed that, both by numbers and relative
areas, the two DFD groups (especially DFD bulls) exhibited significantly
more oxidative metabolism in the longissimus dorsi muscle than the normal
animals.

INTRODUCTION

Dark-cutting beef or DFD (dark, firm, dry) is an identifiable problem with
incidence rates ranging from 1-5% for steers and heifers, 6-10% for cows
and 11-15% for young bulls. Estimates for loss in carcass value due to dark-
cutting problems range up to 20% with an average of 10% (Tarrant, 1980).
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The term dark-cutting beef is applied to beef which exhibits a dark,
sometimes a blackish, colour when cut and fails to develop the 'cherry red'
colour expected by the meat trade. The basis for dark cutting beef is
apparently activation of muscle glycolytic metabolism culminating in low
muscle glycogen stores at the time of slaughter and therefore, leading to a
high ultimate pH (Hedrick et al., 1959). It is now generally accepted that
stress is associated with this glycogen depletion and is a significant
contributor to the problem (Lawrie, 1958; Grandin, 1978, 1980; Tarrant,
1980) but little is known about why some cattle, of the same category and
kept under similar conditions, are affected and not others.
In pigs, the pale, soft and exudative condition (PSE), which is also stress-

related, has been shown to be associated with a relatively high proportion of
fast glycolytic fibres which may lead to a rapid pH fall at slaughter
(Ashmore, 1974). It might be expected that if a high proportion of glycolytic
fibres causes a rapid pH fall at slaughter then a low proportion of these fibres
may restrict pH fall post mortem. However, little information on the cellular
basis of DFD is available. The hypothesis suggested here is that cattle
exhibiting a relatively high level of oxidative metabolism (i.e. low level of
glycolytic metabolism) within their muscles are more susceptible to the
development of DFD. This hypothesis was tested by comparing fibre type
proportions in dark-cutting and normal animals which had been
slaughtered under normal abattoir conditions.

MATERIALS AND METHODS

Choice of muscle

Longissimus dorsi muscle was selected for this investigation for many
reasons including the fact that it is of commercial importance; it is most
affected in DFD (Tarrant, 1980); it is observed at an early stage at
quartering; it is much studied by other workers; and it is a readily accessible
muscle for sampling (Tarrant & Sherington, 1980).

Selection of animals

Animals used were Friesian yearling bulls and steers which had been barley
fed indoors in the period leading up to slaughter. The animals originated
from various regions within the UK. Three groups of animals were selected
in this study: a group of 9 DFD bulls, a group of 10 DFD steers and a group
of 10 normal bulls.
The mean carcass weight did not differ between the three groups; the

overall mean was 270-9 kg. The animals were selected over a period
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extending from January to May. At the abattoir the animals from which
samples were taken were stunned with a captive-bolt pistol and
exsanguinated according to normal abattoir procedure. Selection of dark
and normal carcasses was based upon pH measurement and colour
assessment at 48 h post mortem. Three readings of pH were taken across the
cut surface of the longissimus dorsi muscle and the mean of these values
taken. The pH meter used was the portable type (PI 8070; Portec
Instrumentation Ltd, Ampthill, Bedford) with a combined glass electrode.
Measurement of carcass pH was made by inserting the electrode directly
into the muscle. The colour was assessed by a qualified veterinarian and
meat inspectors at the abattoir. Carcasses with a pH above 6 were
considered dark cutters and below this figure as normal. All dark cutters
selected in this way exhibited slightly dark to very dark meat colour in
contrast to the normal carcasses which exhibited a bright colour.

Sampling

After selecting dark and normal carcasses, samples for histochemistry were
taken. The samples were approximately 1 cm3 in size and were taken from
the longissimus dorsi muscle at the eleventh rib level from carcasses hanging
in the chillers (4°C) at 48 h post mortem. All the samples were taken from the
same region and were orientated on the cryostat for transverse sections. In
pilot studies it was found that there was no significant difference in muscle
fibre type proportions between 9 sample sites in the longissimus dorsi at the
eleventh rib level. In any event all samples were removed from the same
region, i.e. the central one. Another pilot study showed no significant
difference in detection and proportion of fibre types using myosin adenosine
triphosphatase (ATPase) reactions on muscle obtained at 1 h, 24 h and 48 h
post mortem. Over this time period there is a considerable change in pH from
approximately 6-7 at 1 h to 5-5 at 48 h post mortem in normal carcasses. This
study also demonstrated therefore, that a change in muscle pH does not
affect the results on fibre type proportions. Serial frozen sections of all
samples were taken and reacted for both alkaline and acid myosin ATPase
(Guth & Samaha, 1970), succinic dehydrogenase (SDHase) (Nachlas et al.,
1957) and glycogen phosphorylase (GPase) (Takeuchi, 1956). Using these
techniques three main fibre types could be distinguished: slow oxidative
(SO), fast oxidative glycolytic (FOG) and fast glycolytic (FG).

Determination of proportions and sizes of the different fibre types

For each muscle sample, three randomly selected areas were viewed using a
VID II image analysis system (Analytical Measuring Systems Ltd, Essex)
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connected to a light microscope. The three fibre types could be distinguished
using the alkaline ATPase sections (three different colours could be
distinguished) but classifications were confirmed by reference to the SDHase,
GPase and acid ATPase sections. The proportions and mean cross-sectional
areas ofeach fibre type were determined using the image analysis system and
were based on a total of approximately 200 fibres for each sample.
Differences between the three groups of animals were assessed by analysis of
variance followed by Newman-Keufs test.

RESULTS

The results are summarised in Tables 1 to 3 and Fig. 1. Table 1 shows that
there were proportionately more SO fibres in DFD bulls and DFD steers
than in normal bulls. As far as FG fibres were concerned DFD bulls
contained fewer of this type than the other two groups. When the results
from Table 1 (on fibre proportions) were combined with Table 2 (on mean
fibre cross-sectional areas) it was found that both DFD groups contained a
smaller proportion of muscle exhibiting FG characteristics than normal
bulls (Table 3). It has been shown for many animals (e.g. mouse: Goldspink
& Ward, 1979) that FOG fibres exhibit strong oxidative capacity (more so
than SO fibres by SDHase activity) and only a weak glycolytic capacity
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Fig. 1. Shows (a) the relative numbers and (b) the relative areas of oxidative muscle fibres
(SO + FOG) in the longissimus dorsi muscle of the three groups of animals. Bars represent
standard errors of the means. Groups with different letters are significantly (P < 005) different

as assessed by the Newman-Keul test.
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TABLE 1

Mean Proportions of Fibre Types in Longissimus dorsi Muscle for the
Three Categories of Animal (Means + SEM)

SO FOG FG

DFD bulls 27-5+ 1-4° 490+ 1-5° 23-5+1-5"
DFD steers 27-0+ 1-9° 41-5 + 2-3° 31-5+ 2-5"
Normal bulls 20-8 ±1-8' 41-5 ±2-7" 37-7 ±3-1"

SO = Slow oxidative fibres.
FOG = Fast oxidative glycolytic fibres.
FG = Fast glycolytic fibres.

SEM = Standard of error of the mean.

Within each column values with different superscripts are significantly
different at F<0 05.

TABLE 2
Cross-Sectional Area (/im2) of Fibre Types in the Longissimus dorsi

Muscle for the Three Categories of Animal (Means + SEM)

SO FOG FG

DFD bulls 2 244 + 207° 3 821 +385° 4035 + 393°
DFD steers 2 590 + 243° 4404 + 427° 5448 + 458"
Normal bulls 2 090 + 232° 3 004 ± 286" 4032 ±436"

SEM = Standard of error of the mean.

Within each column values with different superscripts are significantly
different at P < 0 05.

TABLE 3

Percentage Cross-Sectional Area of the Longissimus dorsi Muscle
Occupied by Each Fibre Type for the Three Categories of Animal

(Means Hh SEM)

SO FOG FG

DFD bulls 17-9 + 0-9° 54-4+ 1-8° 27-7 + 2-0°
DFD steers 19-4 + 2-7° 44-8 + 2-9" 35-8 + 3-6°
Normal bulls 13-9 + 2-7° 39-3 ± 3-4" 46-8 ±4-1"

SEM = Standard of error of the mean.

Within each column values with different superscripts are significantly
different at P < 0-05.
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(weaker than FG fibres by GPase activity). In this study also, examination
of the relative staining intensities of the different fibre types revealed that
FOG fibres exhibited strong SDHase activity (relative to SO fibres) and
weak GPase activity (relative to FG fibres), it is, therefore, more appropriate
to combine all oxidative fibres (SO and FOG) rather than glycolytic fibres in
any attempt to assess relative metabolic activities of the different samples.
This was carried out to produce Fig. 1 which shows that, both by numbers
and relative areas, the two DFD groups exhibited significantly more
oxidative metabolism in the longissimus dorsi muscle than the normal
animals.

DISCUSSION

Animals exhibiting dark-cutting 48 h post mortem had a significantly greater
proportion of oxidative fibres in longissimus dorsi than normal animals.
Furthermore, DFD bulls contained fewer and smaller FG fibres than the
DFD steers. Taken as a whole, the results clearly demonstrated a shift to
more oxidative metabolism in the muscle ofDFD cattle with some evidence
for a greater shift in DFD bulls. The following hypothesis is, therefore,
confirmed from our results: that cattle exhibiting a relatively high level of
oxidative metabolism within their muscles are more susceptible to the
development of DFD.
In order to understand the relationship between stress and the pattern of

glycogen depletion in different muscle fibres, dark cutting has been induced
by adrenaline injection (Hedrick et al., 1959; Ashmore et ai, 1973; Lacourt &
Tarrant, 1985) or 'mixing' stress (Lacourt & Tarrant, 1985). The results
demonstrated that glycogen is selectively depleted in muscle fibres in
response to stress. In fact, Ashmore (1974) reported an unpublished
observation that, in response to epinephrine injection, glycogen is depleted
more rapidly from a Red fibres than a White fibres. He suggested that this
pattern of glycogen depletion was a result of the fact that a Red (FOG) fibres
have a more substantial blood supply than aWhite (FG) fibres and
therefore, a Red fibres would respond to adrenaline at a faster rate. These
reports support our hypothesis that dark-cutting beef is closely related to a
high proportion of oxidative fibre types within muscles. In other words, it is
the ratio of SO and FOG fibres to FG fibres which is important. It is now
widely accepted that stress is an important factor in the development of
dark-cutting beef but most experimental work on dark-cutting beef has
involved animals which have been highly stressed, often by adrenaline
injection. The form of stress used is such that all experimental animals
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deplete their glycogen stores, leading ultimately to a high post-mortem pH.
The importance of the present investigation, however, is that it has
demonstrated a probable reason for some animals being more susceptible to
development of DFD than others under non-experimental abattoir stress
situations.
An important question which arises from these results concerns the

factors which affect fibre type proportions in bovine skeletal muscle. It is
interesting that many of the factors which are known to affect fibre type
proportions in laboratory studies (exercise, sex, weight, temperature) may be
linked to some of the suggestions put forward as contributory to DFD
problems in a survey by Tarrant (1980). Breed is one of these factors and it is
clear from muscle histochemical studies that the genetic background of an
animal has a marked effect on fibre type proportions (Ashmore, 1974). The
suggestion of a seasonal variation in DFD incidence may be linked to the
fact that temperature has been shown to affect the proportion of oxidative
fibres (Dauncey, 1988). Handel and Stickland (1987) showed that heavier
pigs contain a relatively greater proportional area of slow fibres than lighter
animals and this may be one reason why heavier animals tend to exhibit a
higher indicence of DFD. Bulls are said to be affected by DFD more than
steers and there is some indication here that DFD steers are intermediate in
their muscle fibre characteristics between DFD bulls and normal bulls (Fig.
1). Taken as a whole it would seem that all suggestions put forward in
Tarrant's survey (1980) as contributory factors to the problem ofDFD may
be relevant insofar as they may all relate to an effect on fibre type
characteristics.

Although stress is clearly the trigger which may induce dark cutting it is
apparent from this investigation that the factor which determines the
susceptibility of animals to this trigger is the relative dependence on a
glycolytic or oxidative metabolism within muscles. In the short term a
reduction in stress will reduce DFD problems but in the long term care must
be taken that genetic selection for beef animals does not unwittingly select
for an increase in oxidative metabolism (i.e. an increase in the relative
proportions of SO and FOG fibres).
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SOURCES OF VARIATION IN MYOFIBRE NUMBER WITHIN AND
BETWEEN LITTERS OF PIGS

C. M. Dwyer, and N. C. Stickland
Department of Veterinary Basic Sciences, The Royal Veterinary College, Royal College Street,

London NW1 OTU

abstract

A study of the determinants of inter- and intra-litter variation in muscle fibre number was carried out
on five litters of Large White piglets. Fresh frozen, whole mid-belly sections of m. semitendinosus
were stained to demonstrate acid-stable myosin adenosine triphosphatase activity. From these sections it
was possible to identify which fibres had developed as primary and which as secondary fibres.
Estimations of total muscle fibre number, total primary fibre number and ratio of secondary fibres to
primary fibres were made for each animal. Results demonstrated that primary fibre number varied
between litters (PcO-Ol) and was responsible for the variation in total muscle fibre number (P < 0 05)
between litters since there was no significant variation in secondary : primary ratio. Within-litter
differences in total fibre number could be attributed to both the secondary : primary ratio and primary
fibre number, in almost equal contributions. However, when only the largest and smallest extremes of
the litters were compared, variation in fibre number was due to the significant difference in the
secondary : primary ratio (PcOOl). Taken as a whole, the results appear to show that primary fibre
number is responsible for all the variation in muscle fibre number between litters, and also makes a
significant contribution, with secondary : primary fibre ratio, to the variation present within a litter. The
factors responsible for variations in primary and secondary fibre numbers are discussed.
keywords: litter traits, myofibrils, pigs.

introduction

Muscle fibre number is known to be the
most important determinant of muscle mass
(mouse: Luff and Goldspink, 1979; pig:
Miller, Garwood and Judge, 1975). In the
pig, muscle fibre hyperplasia is completed
during gestation and fibre numbers remain
fixed from birth (Staun, 1963; Stickland and
Goldspink, 1973). Exercise and nutrition
affect size and types of fibres in post-natal
animals but fibre number is unaffected

(Stickland, Widdowson and Goldspink, 1975;
Goldspink and Ward, 1979). However, fibre
number can be affected by conditions
occurring in utero during fibre development,
e.g. maternal nutrition (Wigmore and
Stickland, 1983; Ward and Stickland, 1991)
and innervation (McLennan, 1983). Therefore,
pre-natal conditions affecting fibre number
can have a long-term effect on post-natal
growth rate (Hegarty and Allen, 1978) and
size.

Muscle develops in a biphasic manner in
the pig (Ashmore, Addis and Doerr, 1973;
Swatland, 1973): an initial population of
myoblasts fuse rapidly to form primary fibres
followed by the slower fusion of a larger
population of myoblasts to form secondary
fibres. Previous work has shown that
variation in muscle fibre number within
litters is due to a variation in secondary
fibre number; the number of primaries which
form is relatively constant for a given litter
(Handel and Stickland, 1987). However, this
conclusion was based on an examination of

only two littermates per litter, selected for
extremes of birth weight.
This present investigation was designed to

examine the results of Handel and Stickland

(1987) in more detail by looking at every
member of five litters. The following
hypotheses were tested: (i) inter-litter variation
is due to variation in primary fibre number,
(ii) intra-litter variation is due to variation in

527



528 DWYER AND STICKLAND

secondary fibre number. A preliminary
communication of some of these results has

already appeared (Dwyer and Stickland,
1989).

MATERIAL AND METHODS

Five Large White litters, which had been
bred and reared under similar conditions,
were used in this study. Piglets were
weighed each week, to determine growth
rate, weaned at 3 weeks and killed at 5
weeks of age by an overdose injection of
pentobarbitone sodium into the heart. The
semitendinosus muscle was dissected out from
the left side, weighed and a complete mid-
belly slice rapidly frozen in
dichlorodifluoromethane (Arcton 12, ICI)
cooled to its melting point of —158°C in
liquid nitrogen. Sections of 10 p.m thickness
were cut at —25°C and stained for myosin
adenosine triphosphatase activity, using the
method of Guth and Samaha (1970).
Mature pigs exhibit a unique arrangement

of muscle fibres with central groups of slow
fibres surrounded by large numbers of fast
fibres. From previous studies (Wigmore and
Stickland, 1983) it is known that one of the
central slow fibres, in each cluster, was a

primary myofibre whereas all others
developed as secondary fibres. This therefore
means that the number of primary and
secondary fibres which formed during
development pre-natally can be determined in
the post-natal animal.
For each animal (no. = 48) the total

cross-sectional area of the muscle was first
determined. The number of primaries and
total number of fibres were then counted in
a number of randomly selected areas to total
proportionately about 003 to 005 of the
total number of primaries and fibres present.
These data were used to estimate the total
number of fibres, the total number of
primaries and the ratio of secondary fibres to
primary fibres (S : P ratio). A Seescan image
analysis machine (Seescan pic, Cambridge,
UK) was used throughout.
Inter-litter variations were compared by

analysis of variance. Comparisons of largest
and smallest littermates were carried out by
paired t tests to remove the influence of
inter-litter variations. In order to assess the
contribution of S : P ratio and primary fibre

number on total fibre number within litters
correlation coefficients were calculated.

RESULTS

The mean number of muscle fibres for all
animals was 358 400 (s.d. = 56 900).
However, the distribution was wide with
extremes varying by up to 2-5 s.d. from the
mean (Figure 1). Muscle fibre number was
significantly correlated with muscle weight
(r = 0-66, P< 0-001) and with average daily
increase in weight (ADG) to 5 weeks (r =
0-65, P< 0-001; Figure 2). When every
animal was considered, regardless of litter,
both primary fibre number and S : P ratio
were seen to be significantly correlated with
total fibre (P < 0-001; Figure 3). Correlation
coefficients were 0-84 and 0-66 for primary
fibre number and S : P ratio respectively.

Inter-litter variations

Analyses of variance were used to
compare muscle fibre data between litters.
This demonstrated a significant variation in
the mean muscle fibre number between litters
(P < 0-05). This variation appeared to be
almost totally due to the significant variations
in mean primary fibre number between litters
(PcO-01) since the variation in mean S:P
ratio was not significant (Figure 4).

Intra-litter variations
Handel and Stickland (1987) concluded

that, within litters, variations in S : P ratio
were far more responsible for variations in
total fibre number than were variations in

primary fibre number. However, this was
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TABLE 1
Litter extremes: paired t tests for comparison of
the largest and smallest litter mates as
determined by birth weight and by weight at

5 weeks

Largest v. smallest

(a) by birth weight
(b) by 5-week weight

No. of No. of
muscle fibres primaries S : P ratio
P > 0 05 P > 0 05 P < 0 05
P < 0 05 P > 0 05 P < 0 01

Fig. 2. Correlation of total muscle fibre number with (a)
muscle weight; r = 0-66, P< 0-001. (b) average daily gain in
weight (ADG); r = 0-65, P< 0-001.

20 30 40 50
Total no. of muscle fibres (X 1C)

Fig. 3. The correlation of primary fibre number (□) (r = 0-84)
and S:P ratio (♦) (r = 0-66) with total number of muscle
fibres for all data.

based on a comparison of extreme pairs of
animals selected by birth weight. Comparison
of large and small littermates, by birth
weight, from each of the five litters used in
this study was therefore carried out (Table
1). Although the S : P ratio was significantly
reduced in the smallest littermates there was

no significant difference between pairs for
total muscle fibre number or primary fibre
number. This was. due to the fact that only
two of the five litters produced animals
which could be defined as runts by birth
weight (less than 950 g). Handel and
Stickland (1987) found significant fibre
number differences between large and runt
littermates, but not between large and small
or between small and runt categories as
defined by birth weight.
Of the five litters investigated here, two

litters produced no birth weight runts and all
animals grew at a comparable rate; one litter
produced no birth weight runts but one
animal grew very slowly and, at 5 weeks,
was only proportionately 0-25 the weight of
the largest littermate; and two litters produced
animals defined as runts by virtue of their
weight at birth. Relative growth rate seems
to be more indicative of muscle fibre
number differences since small birth weight
pigs are able to reach similar weights to
their larger littermates (at birth) if they have
a relatively high fibre number (Handel and
Stickland, 1988). Therefore, large and small
littermates were also selected on the basis of
their weight at 5 weeks (Table 1). By 5
weeks fibre number was significantly reduced
(P < 0-05) in the smaller littermates by a
mean proportional difference of 0-30. Since
there was no significant difference in primary
fibre number this reduction seemed to be
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TABLE 2
Correlation of total fibre number with number of
primaries, and with secondary-to-primary fibre
number ratio (S : P ratio) for all data, and by

litter

No.
Litter 251 9
Litter 269 12
Litter 250 11
Litter 274 8
Litter 242 8

Average

No. of fibres
v.

no. of primaries
r = 0-40
r = 0-92***
r = 0-66*
r = 0-90**
r = 0-96***

r = 0-77
P = 0-59

No. of fibres
v.

S : P ratio
r = 0-68*
/- = 0-81**
/- = 0-79**
r = 0-51
r = 0-82*

r = 0-72
P = 0-52

solely due to the significant decrease in S : P
ratio from 25-16 to 20-84 (PcO-Ol).
The correlation of total fibre number with

number of primaries and with S : P ratio was
investigated for each litter (Table 2). The
average correlation coefficients were also
calculated. The correlation coefficient obtained

by combining all the data (Figure 3) was
not considered to be a good indicator of the
true variation within litters since this did not

take into account the significant variations in
primary fibre number between litters. The
square of the correlation coefficient (r2) was
also calculated. This is an indication of the

proportion of the variation in the dependent
variable (muscle fibre number) which can be
explained by the variation in the dependent
variables (primary fibre number and S : P
ratio). Values for ta of 0-59 and 0-52
respectively were obtained. Since all the
variation in muscle fibre number must have
been due to variation in either primary fibre
number or secondary fibre number this
suggested that both primary fibre number and
secondary fibre number made an
approximately equal contribution to total
muscle fibre number variations within litters.

DISCUSSION

The results clearly demonstrated the large
variation in myofibre number present in five
litters of pigs (Figure 1). The importance of
muscle fibre number as a determinant of
muscle mass and post-natal growth is also
emphasized (Figure 2) and supports earlier
work (Miller et al., 1975). The factors which
cause this wide variation in fibre number

are, therefore, of prime importance in the
selection and rearing of meat animals.
Inter-litter variations in mean number of

muscle fibres appeared to be largely
attributable to the variation in primary fibre
number (Figure 4) since variations in mean
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Fio. 4. Bar graphs of average muscle data for each litter
(mean ± s.e.): (a) total number of muscle fibres (P < 0-05);
(b) total number of primary fibres (7'<0 01); (c) secondary-
to-primary fibre number ratio (P > 0-05).



MYOFIBRE NUMBER IN PIGS 531

S : P ratio, between litters, were not
significant. This is consistent with the general
belief that primary fibre number is a fixed
genetic component of total muscle fibre
number and its development is unaffected by
conditions occurring in utero e.g. either
nutritional deprivation (Handel and Stickland,
1987), or innervation (McLennan, 1983).
Genetic variations in primary fibre number
are known to occur between different breeds
of pigs. Stickland and Handel (1986)
compared Large White pigs with genetically
small miniature pigs and found that any size
difference was caused by a lower fibre
number, due to a decreased primary fibre
number and a lower S : P ratio. The
contribution of a lowered primary fibre
number was found to be four times more

significant than S : P ratio in causing a
reduced total fibre number. The results

presented here suggest that significant within-
breed variations in primary fibre number also
exist although these are considerably smaller
than those that exist between breeds.
The causes of intra-litter variation in

muscle fibre number appear to be more
complex with variations in both S : P ratio
and primary fibre number playing a role.
Comparison of large and small littermates,
selected by birth weight, suggest that this
difference is due to a lower S : P ratio in
the smaller littermate (Handel and Stickland,
1987) in cases where low birth weight is
associated with a reduced fibre number.

Comparison was also made of animals
selected at 5 weeks of age (Table 1). By
this age some animals were seen to grow
well whilst others only grew very slowly.
This seemed to give some indication of their
fibre number since low birth weight animals
are able to exhibit catch-up growth to their
larger littermates if they possess a relatively
high number of muscle fibres (Handel and
Stickland, 1988). When extreme pairs of
animals were compared, using 5-week weight
as a selection parameter, both fibre number
and S : P ratio were significantly reduced.
There was no significant variation in primary
fibre number between littermate extremes

selected by either birth weight or 5-week
weight. Handel and Stickland (1987) noted
that two severely runted animals in their
study had a significantly reduced primary

fibre number and therefore excluded them on

the basis that they constituted a
subpopulation of animals (Royston, Flecknell
and Wootton, 1982). It is possible that these
animals experience the combined disadvantage
of a genetically lowered primary fibre
number and pre-natal undernutrition which
accounts for their extremely small size and
low fibre number or that the undernutrition
was so severe that it affected the primary
fibre population.
Correlation of both primary fibre number

and S : P ratio with total fibre number for
all animals within each litter demonstrated
that both varied significantly with fibre
number. The square of the coefficients of
correlation, calculated for primary fibre
number and for S : P ratio, suggested that the
variation in total muscle fibre number within
litters may be due an approximately equal
contribution from S : P ratio and primary
fibre number. However, the variation between
litters is quite high. This may be due to
additional factors such as litter size and
maternal metabolism which may affect foetal
nutrition and therefore affect the relative

importance of S : P ratio compared with
primary fibre number in determining total
muscle fibre number.
The underlying cause of small size in low

birth-weight pigs is thought to be
undernutrition in utero. This can be seen by
the U-shaped distribution of foetal weights in
each uterine hom which is believed to be a

consequence of differing nutrition (McLaren
and Mitchie, 1960; Perry and Rowell, 1969).
Runt animals also have a lower placental
weight and a reduced placental blood flow
when compared with their larger littermates
(Wootton, McFadyen and Cooper, 1977)
indicating a reduced nutrient supply.
Undernutrition in utero causes a reduction in
fibre number by affecting the secondary fibre
population (Wigmore and Stickland, 1983;
Handel and Stickland, 1987). The effect of
pre-natal undernutrition on fibre number is
also well established under experimental
conditions due to maternal food restriction

(rats: Wilson, Ross and Harris, 1988; guinea-
pig: Ward and Stickland, 1991) and these
conclusions are supported by the results
presented here (Table 1).

However, primary fibre number also seems
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to vary within the litter (Table 2) to some
extent although this variation does not appear
to be influenced by nutrition since it has
been demonstrated that there is no significant
difference in primary fibre number between
littermate extremes of birth weight, caused by
nutritional differences in utero (Handel and
Stickland, 1987) except possibly in cases of
extreme runting. Small variations in primary
fibre number tend to cause a proportionately
greater effect than S : P ratio variations since
they act as a template on which the
secondary fibres form (Ashmore, Robinson,
Rattray and Doerr, 1972; Harris, Duxson,
Fitzsimmons and Rieger, 1989). Therefore,
piglets in the mid range of birth weights
may have similar S : P ratios, due to similar
locations in the uterine horns and similar
nutritional environments during gestation, but
varying muscle fibre numbers due to small
variations in primary fibre number caused by
factors other than nutrition.
As a whole, when considered with the

results of Handel and Stickland (1987), these
results suggest that primary fibre number is a
relatively more fixed genetic component than
secondary fibre number, and is therefore
more indicative of the genotype of an animal
with respect to muscle. Secondary fibre
number, although having a genetic
component, is more vulnerable to
environmental factors in utero. Both primary
fibre and secondary fibre variations seem to
make an equal contribution to the muscle
phenotype.

ACKNOWLEDGEMENTS

The authors wish to thank Catherine Sutton and
Andrew Crook for their technical assistance. CMD was

supported by a grant from Unilever Research.

REFERENCES

Ashmore, C. R., Addis, P. B. and Doerr, L. 1973.
Development of muscle fibres in the fetal pig.
Journal of Animal Science 36: 1088-1093.

Ashmore, C. R., Robinson, D. W., Rattray, P. V. and
Doerr, L. 1972. Biphasic development of muscle
fibers in the fetal lamb. Experimental Neurology 37:
241-255.

Dwyer, C. M. and Stickland, N. C. 1989. The
determinants of inter- and intra-litter variations in
muscle fibre number in the pig. Journal of Anatomy
167: 264 (Abstr.).

Goldspink, G. and Ward, P. 1979. Changes in rodent
fibre types during postnatal growth, undernutrition
and exercise. Journal of Physiology 296: 453-469.

Guth, L. and Samaha, F. J. 1970. Research note:
procedure for the histochemical demonstration of
actomyosin ATPase. Experimental Neurology 28:
365-367.

Handel, S. E. and Stickland, N. C. 1987. Muscle
cellularity and birth weight. Animal Production 44:
311-317.

Handel, S. E. and Stickland, N. C. 1988. Catch-up
growth in pigs: a relationship with muscle cellularity.
Animal Production 47: 291-295.

Harris, A. J., Duxson, M. J., Fitzsimmons, R. B. and
Rieger, F. 1989. Myonuclear birthdates distinguish
the origins of primary and secondary myotubes in
embryonic mammalian skeletal muscle. Development
107: 771-784.

Hegarty, P. V. J. and Allen, C. E. 1978. Effect of
pre-natal runting on the post-natal development of
skeletal muscles in swine and rats. Journal of
Animal Science 46: 1634-1640.

Luff, A. R. and Goldspink, G. 1970. Total number of
fibers in the muscles of several strains of mice.
Journal of Animal Science 30: 891-893.

McLaren, A. and Mitchie, D. 1960. Control of pre¬
natal growth in mammals. Nature, London 187:
363-365.

McLennan, I. S. 1983. Neural dependence and
independence of myotube production in chick
hindlimb muscles. Developmental Biology 98:
287-294.

Miller, L. R., Garwood, V. A. and Judge, M. D.
1975. Factors affecting porcine muscle fiber type,
diameter and number Journal of Animal Science 41:
66-77.

Perry, J. S. and Rowell, J. G. 1969. Variations in
foetal weight and vascular supply along the uterine
hom of the pig. Journal of Reproduction and
Fertility 19: 527-534.

Royston, J. P., Flecknell, P. A. and Wootton, R.
1982. New evidence that the intrauterine growth
retarded piglet is a member of a discrete
subpopulation. Biology of the Neonate 42: 100-104.

Staun, H. 1963. Various factors affecting number and
size of muscle fibres in the pig. Acta Agriculturae
Scandinavica 13: 293-322.

Stickland, N. C. and Goldspink, G. 1973. A possible
indicator muscle for the fibre content and growth
characteristics of porcine muscle. Animal Production
16: 135-146.

Stickland, N. C. and Handel, S. E. 1986. the
numbers and types of muscle fibres in large and
small breeds of pigs. Journal of Anatomy 147:
181-189.

Stickland, N. C., Widdowson, E. M. and Goldspink,
G. 1975. Effects of severe energy and protein
deficiencies on the fibres and nuclei in skeletal
muscles of pigs. British Journal of Nutrition 34:
421-428.

Swatland, H. J. 1973. Muscle growth in the fetal and
neonatal pig. Journal of Animal Science 37: 536-545.

Ward, S. S. and Stickland, N. C. 1991. Why are
slow and fast muscles differentially affected during
prenatal undernutrition? Muscle and Nerve In press.



MYOFIBRE NUMBER IN PIGS 533

Wigmore, P. M. C. and Stickland, N. C. 1983.
Muscle development in large and small pig fetuses.
Journal of Anatomy 137: 235-245.

Wilson, S. J., Ross, J. J. and Harris, A. J. 1988. A
critical period for the formation ofj secondary
myotubes defined by prenatal undernourishment in
rats. Development 102: 815-821.

Wootton, R., McFadyen, I. R. and Cooper, J. E.
1977. Measurement of placental bloodflow in the pig
and its relation to placental and foetal weight.
Biology of the Neonate 31: 333-339.

(Received 3 October 1990—Accepted 27 October 1990)



J. Anat. (1993) 183, pp. 91-96, with 2 figures Printed in Great Britain 91

Satellite cell content in muscles of large and small mice

S. C. BROWN AND N. C. STICKLAND

Department of Veterinary Basic Sciences, Royal Veterinary College, London, UK

(Accepted 16 March 1993)

ABSTRACT

Quantitative analyses of the satellite cell content in the biceps brachii muscle of mice genetically selected for
high (QL) and low (QS) bodyweight showed that selection alters the total number of satellite cell nuclei
rather than the relative proportions of nuclei in the myofibre and satellite cell populations. These findings
are in accordance with those previously published for other tissues of these mice and support the hypothesis
that regulatory mechanisms remain unaltered by selection pressure. Size at birth, however, is a reflection of
nutritional status as well as genetic background, and comparisons between differently sized littermates within
each of the lines showed a significant increase in satellite cell density in larger compared with smaller
individuals. These differences between littermates were not accompanied by any alteration in myofibre
nuclear density. It is therefore suggested that whilst both genetic and nutritional factors exert their effects on
muscle growth through an influence on satellite cell division, both do so at different stages during the
programme of satellite cell differentiation.

INTRODUCTION

The role of nuclear proliferation during the postnatal
growth of muscle was originally recognised through
the work of Enesco & Puddy (1964) who showed that
fibre hypertrophy was accompanied by an increase in
the total number of nuclei. Extensive autoradio¬

graphic studies carried out both in vivo and in vitro
have since identified the satellite cell as the sole source

of nuclei added to the muscle fibre postnatally (Moss
& Leblond, 1971; Bischoff, 1975, 1986a, b). Since
between 50 % and 99% of the total nuclear content of
the muscle accumulates postnatally (Allen et al. 1979),
and there is evidence to suggest that DNA accretion
precedes protein accretion (Moss et al. 1968a, b), it
seems that the satellite cell population represents
some considerable potential for the postnatal growth
of skeletal muscle.
Satellite cells characteristically lie wedged between

the sarcolemma and basal lamina of the muscle fibre

(Mauro, 1961). In young fast growing animals these
cells display a high rate ofdivision and may contribute
up to 32 % of the total myogenic nuclear population
(Schultz, 1974; Cardasis & Cooper, 1975). However,

during the early stages of postnatal growth, more than
50% of the cells produced by satellite cell division
become incorporated into the muscle fibre, thereby
successively reducing the satellite cell percentage to
around the 4% level seen in the adult (Schultz, 1972,
1974; Ontell, 1974; Cardasis & Cooper, 1975).
Whereas the quantitative differences associated with
growth are well documented, the contribution made
by this cell population to genetically determined
differences in muscle mass has remained unclear.
The present study therefore set out to compare the

satellite cell population in the biceps brachii muscle of
Q strain mice genetically selected for high (QL) and
low (QS) bodyweight (Falconer, 1973). These mice
diverge in size around the time of birth (Rucklidge,
1981), after which their markedly different growth
rates result in animals differing by as much as 63 % in
adult bodyweight. This pattern of growth suggests
that comparison of high and low birthweight
individuals both within and between each of the lines

provide a situation for determining whether actual
body size or genetic potential is more important in
determining the satellite cell content of a given muscle.
Biceps brachii was selected for such a study since fibre

Correspondence to Dr S. C. Brown, Department of Biochemistry, Royal Free Hospital School of Medicine, Rowland Hill Street, London
NW3 2PF, UK.
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Table 1. Transverse sectional area ofmuscle fibres in biceps
brachii of newborn QL and QS mice

Mean transverse

Line Littermate sectional area*

QL Large 71.67 ±5.06
QL Small 73.06 ±11.6

QS Large 79.16X4.31
QS Small 84.24 ±11.8

* Figures represent the mean(±s.E.M.) of measurements taken
from 4 individuals.

formation is complete by the time of birth, thereby
avoiding any confusion between myoblasts, which will
form new fibres, and satellite cells.

materials and methods

The largest and smallest littermate, on the basis of
weight, were selected at birth from each of 5 litters of
high bodyweight (QL) and 5 litters of low bodyweight
(QS). Animals were killed by decapitation and all
limbs initially fixed in the resting position for 15 min
in 0.1 m sodium cacodylate buffer, pH 7.3, containing
2% glutaraldehyde. The muscle was then dissected
from the limb, fixed for a further 3 h in 2%
glutaraldehyde, washed in cacodylate buffer for 1 h,
fixed for 1.5 h in an aqueous solution containing
0.6% osmium tetroxide and 0.4% potassium ferro-
cyanide (Aguas, 1982), washed in distilled water,
dehydrated through graded acetones up to 100%,
infiltrated and embedded in Araldite resin (CY212)
which was polymerised at 60 °C for 4-6 d.
Before comparisons could be made regarding

satellite cell content, measurements of fibre transverse
sectional area and nuclear lengths had to be made
since any differences in these parameters would affect
the estimations of satellite cell content.
Semithin (1 pm) sections were taken from the

midbelly of the muscle and stained with 1 % methylene
blue. Measurements of transverse sectional area were

made on 150 fibres selected across the girth of each
sectioned muscle using a Kontron MOP Videoplan
interactive image analysis system. Measurements of
nuclear length in 1 littermate from each of the QL
and QS lines were carried out on 200 nuclei sectioned
in 1 pm longitudinal sections. Ultrathin transverse
sections (90 nm) were taken from the midbelly portion
of each muscle and collected on 100 mesh copper

grids. Sections were stained in 1 % uranyl acetate
(40 min) followed by Reynolds (1963) lead citrate
(5 min), and examined using a JEOL 1200X electron

Fig. 1. Transverse section of a myofibre and associated satellite cell
(S) in the newborn biceps brachii muscle.

microscope operating at an accelerating voltage of
80 kV. Randomly selected areas of muscle were
chosen and 200 fibres evaluated for the presence of
myofibre or satellite cell nuclei. The criteria used
for the identification of satellite cells were those

employed by Ontell (1977), namely, the presence of a
heterochromatic nucleus compared with that of the
myofibre, enclosure within the basal lamina of the
fibre, close apposition to the surface of the fibre and a

complete absence of myofibrils (Fig. 1).

results

Morphological description of satellite cells in the
newborn QL and QS

Figure 1 shows a single mature myofibre with an
attendant satellite cell typically found in the newborn
mouse biceps brachii. The euchromatic myofibre
nucleus, which is peripherally located within the fibre,
contrasts with the more heterochromatic satellite cell
nucleus. Both satellite cell and myofibre are enclosed
within a common basal lamina, none of which
penetrates between the closely opposed membranes of
each cell. Also clearly identifiable is an immature
myotube closely apposed to an adjacent myofibre.
This myotube appears to be similar to the satellite
myotubes previously described by Ontell & Dunn
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Table 2. Satellite cell content of biceps brachii in newborn QL and QS

Relative Number of % Number of
size of Incidence satellite nuclei within
litter¬ Body- of myofibre cell nuclei the satellite

Line mates n weight nuclei* per 200 fibres cell population

QL Large 5 1.8+0.07 0.36 + 0.02 25.60 ±2.3 26.2+1.3
Small 5 1.4± 0.1 0.31 ±0.03 17.46 ±1.8 22.4 ±2.5

QS Large 5 1.42 + 0.03 0.35 + 0.03 21.98 + 2.76 23.6 + 2.8
Small 5 1.26 ±0.04 0.33 ±0.02 12.38 ± 1.48 16.2 ±1.7

* Population of myofibres containing a muscle nucleus in section.

(1978) in newborn rat muscle. The centrally located
nucleus is indistinguishable from that of the adjacent
myofibre, and myofibrils are scattered throughout the
cytoplasm. The larger gap between this myotube and
its parent myofibre, accentuated in this case by a
cellular process, acts as a further feature which
distinguishes the satellite myotube from the satellite
cell.

Measurements offibre transverse sectional area

A 2-way analysis of variance showed that fibre
transverse sectional area was not significantly different
between either the QL or QS or the large and small
littermates. The means+ S.E.M. are shown in Table 1.

Nuclear length measurements

Nuclear length in longitudinal section was not
significantly different between the 2 lines as de¬
termined by a U test of the length distributions of 200
randomly selected nuclei (the mean values for the QL
and QS were 10.24 + 0.19 and 9.824 + 0.21 pm re¬

spectively).
Comparisons of satellite content in the 2 lines could

therefore be made assuming the absence of any bias
due to differences in fibre transverse sectional area or
nuclear length.
Table 2 summarises the nuclear content of biceps

brachii for 5 large and 5 small individuals taken from
each of the QL and QS lines. The incidence of
myofibre nuclei (proportion of fibres displaying a fibre
nucleus in transverse section) was not significantly
different either between the QL and QS or between the
large and small littermates (see Table 3).
The percentage of satellite cell nuclei relative to the

number of myonuclei was not significantly different
between the QL and QS, although there was a

significant difference between large and small litter¬
mates (Tables 2, 3). Since there were no significant

Table 3. Results of2-way analysis of variance to test for the
effect of line (QL/QS) and littermatc size (large/small) on
nuclear content in biceps brachii in the newborn

QL/QS Large/small

Incidence of myofibre nuclei ns
Number of satellite nuclei per ns
200 fibres
% Number of nuclei within the ns

satellite cell population

ns

Significant (1 %)

Significant (2.5%)

ns, nonsignificant.

0.18
<u

| 0.16
0

E 0.14
CD

J" 0.12
CD

| 0'10
1 0.08-1CO
</)

° 0.06
Q)
-Q

E 0.04
3
z

0.02
1.0 1.2 2.0 2.21.4 1.6 1.8

Bodyweight (g)

Fig. 2. Relationship between the number of satellite cells per

myofibre and body weight in newborn QL (#) and QS (O) mice.
The line is the calculated regression line for the relationship in the
QL mice.

differences in the myonuclear population either be¬
tween the lines or littermates this follows the same

trend as the number of satellite cell nuclei per 200
fibres.
The number of satellite cell nuclei observed in a

transverse section of 200 fibres was converted to the
number of satellite cells per myofibre and presented
graphically in Figure 2. The regression equations
which describe the relationship between the number
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Table 4. Percentage number ofsatellite cell nuclei associated
with myofibre nuclei

Relative % of satellite
Line size cell nuclei*

QL Large 27.2 ±5.08
QL Small 24.4 ±4.18

QS Large 27.6 ±4.4
QS Small 17.6±4.12

* Based on counts of 200 fibres.

Table 5. Contingency table to test for the preferential
association of satellite with myofibre nuclei

No. of myofibres No. of myofibre
without a myo¬ with a myofibre
fibre nucleus nucleus Total

No. of fibres with a 266 95 361
satellite cell [300] [61]
nucleus
No. of fibres 2730 509 3239
without a satellite [2696] [543]
cell nucleus
Total 2996 604 3600

Expected values assuming no association between the 2 populations
of nuclei are shown in square brackets.

of satellite cells per myofibre (N) and birthweight
(BW) were as follows:

QL: N = -0.0087 + 0.0714 BW Rsq44.9%,
QS: N = 1.17 + 2.02 BW Rsq34.6%.

A t test of the regression coefficients showed that
these 2 parameters were significantly associated within
the QL (P = 0.034) but not the QS (P = 0.074).
Accordingly only the QL regression line is shown in
Figure 2.

Association of satellite nuclei with myofibre nuclei

Table 4 shows the mean percentage number of satellite
nuclei which were associated in the same section with
a myofibre nucleus in 5 large and small littermates
taken from each of the QL and QS lines. Analysis of
these data (1-way ANOVA after angular transform¬
ation) showed there to be no significant difference
between the number of satellite nuclei associated with

myofibre nuclei in either of these groups. It was
therefore considered appropriate to combine the data
to test whether there was a preferential association
between satellite and myofibre nuclei irrespective of
animal group (Table 5). A y2 analysis carried out on
the data was highly significant (P < 0.001), providing

strong evidence of a preferential association between
satellite and myofibre nuclei.

DISCUSSION

Comparisons between the QL and QS

During the early stages of postnatal growth the
density of satellite cells may either increase or
decrease, depending on the growth pattern of the
muscle (Gibson & Schultz, 1983). This has led to the
suggestion that each satellite cell division does not
regularly result in one daughter cell fusing with the
fibre and the other continuing as a satellite cell
(Campion, 1984). Interestingly, selection for divergent
body size seems not to have altered this pattern of
fusion, since the proportion of muscle nuclei be¬
longing to the satellite cell population was the same in
both the QL and QS. Indeed, previous work in the
high and control bodyweight lines of the Japanese
quail found that during growth the number of satellite
cells increased in proportion with the length of the
muscle fibres, thereby effecting no change in the
percentage of satellite nuclei between the lines at any
age (Campion et al. 19826). Nonetheless, the total
nuclear content of the biceps brachii at birth in these
mice does differ as a consequence of the divergence
which they show in fibre number (Penney et al. 1983).
This situation has been shown in the Japanese quail
(Coturnix coturnix japonica) where selection for high
body weight results in an increase in fibre number and
length (Fowler et al. 1980) but not nuclear density
which is unchanged (Campion et al. 19826). It
therefore seems that in both mice and quails a

genetically determined increase in muscle weight is
accomplished through an increase in the number of
satellite cell segments*(a single satellite cell plus the
number of nuclei contained in the adjacent segment of
fibre) rather than through any alteration in the satellite
cell segment size.
A number of authors have noted an association

between the nuclei of the myofibre and those of the
attendant satellite cell (Ontell, 1974; Schmalbruch &
Hellhammer, 1977). These muscle and satellite cell
nuclei 'doublets' were suggested by Ontell (1974) to
come about as a result of one daughter cell of a
satellite cell division fusing with the fibre, and the
other remaining within the satellite cell population. In
the present study between 23% and 28% of the
satellite nuclei were found to be associated with the
nuclei of the principal fibre, a proportion which did
not differ significantly between the QL or QS. Indeed,
if the hypothesis of Ontell (1974) is correct, no
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difference between the QL and QS would be expected,
since the proportion of satellite cells which are

incorporated into the muscle fibre after each round of
division appears not to be altered by selection.
Cell proliferation plays an important role in muscle

growth both prenatally, when the number of myo¬
blasts available for fusion may determine the number
of fibres that form (Penney et al 1983), and postnatally
when DNA accretion becomes a fundamental process
in fibre hypertrophy (Allen et al. 1979; Campion et al.
1982b; Purchas et al. 1985). The evidence presented
here suggests that differences in fibre number and
length between the QL and QS at birth must be the
consequence of alterations in the rate of cell pro¬
liferation prenatally. However, confirmation of this
awaits a study of prenatal development in these mice.

Comparisons between large and small littermates

Satellite cell density tended to be correlated with body
weight although this was only significant in the QL
line, with the largest (heaviest) littermate containing
the highest density of satellite cell nuclei. Since both
the QL and QS were inbred, thereby minimising
genetic heterogeneity between littermates, a large
proportion of this variation may be attributed to the
intrauterine environment (McLaren, 1965). Such
intrauterine effects are due to the variation in the
blood supply at different positions within the uterine
horn (McLaren & Mitchie, 1960), and appear to be
manifested principally during the latter half of
gestation when the nutritional demands of the fetus
are greatest (Widdowson, 1980). The smallest litter¬
mate within an inbred line of mice may therefore be
assumed to be small as a result of an inadequate plane
of nutrition. It is consequently interesting to note that
the effects of undernutrition appeared to be mani¬
fested principally in a reduction in the density of
satellite cells, whilst the density ofmyonuclei remained
unchanged. This latter observation might have been
expected in view of the close parallel which has been
shown to exist between DNA accretion and protein
synthesis during muscle growth (Moss, 1968 a; Allen
et al. 1979). However, differences in fibre length (and
therefore the total number ofmyonuclei) were evident
between divergently sized littermates (personal ob¬
servation), which implied that an alteration in the
density of satellite cells had affected the number of
nuclei able to fuse with the growing fibre. Whilst a
reduction in DNA accretion as a response to an
adverse nutritional environment has been noted by a
number of other investigators (Moss, 19686; Cheek et
al. 1971; Campion et al. 1982a), a direct relationship

between this response and the number of satellite cells
has not previously been demonstrated.
The embryological origin of the satellite cell

population remains unclear, although Cossu et al.
(1988) claim to have identified this cell type at 16 d
gestation in the mouse. Whilst such results require
further confirmation, it is interesting to note that the
appearance of this cell population during the later
stages of gestation coincides with that period of fetal
life which is most associated with nutritional con¬

straint. It might therefore be envisaged that the
reduced nuclear content of the smallest littermate
came about as a direct consequence of a gradual
reduction in the rate of satellite cell division during the
later stages of gestation, a reduction which in itself
was determined by the level of nutrition of each fetus.

Conclusions

The muscle mass attained by any given individual is
dependent on both genetic and nutritional factors,
both of which appear to operate through an effect on
the availability of nuclei. Other factors such as
mechanical activity, which may act postnatally, are
not considered in this investigation. Quantitative
analyses of the satellite cell content of mice which
display genetically determined differences in body-
weight indicate that selection fails to alter the relative
proportions of nuclei in the myofibre and satellite cell
compartments. In contrast comparisons between
differently sized littermates show an increase in the
density of satellite cell nuclei within the larger
individuals. This appears to suggest that adverse
nutritional circumstances may alter the rate of cell
division within the satellite cell compartment,
although as the proportion of myonuclei sectioned
within the fibres seems to show, this exerts no effect on
the density of nuclei within the fibre itself. These
findings are in general agreement with the hypothesis
proposed by Falconer et al. (1978) which suggests that
whilst selection for divergent bodyweight may act
upon component cellular processes, such as the rate of
cell division, the regulatory mechanisms, i.e. those
which determine such factors as the proportion of
nuclei which fuse with the fibre, remain unchanged.
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ABSTRACT: Fast-growing strains of pigs and of
other animals tend to have more muscle fibers than do
slow growing strains. The relationship between fiber
number and growth rate was extended by examining
pigs within the same strain. Seven litters of pigs (n =

66) were weighed at monthly intervals from birth to
approximately 80 kg. The semitendinosus muscle was
removed and an estimation of total fiber number, total
primary fiber number, and mean secondaryrprimary
fiber number (S:P) ratio was made for each animal.
Pig growth was divided into three approximately
linear phases: birth to 6 kg, 6 to 25 kg, and 25 kg to
slaughter weight. Average daily gain in the first two

phases was correlated with birth weight (r = .3614, P
< .05 and r = .5873, P < .001, respectively) but was not
correlated with total muscle fiber number. In the third

growth phase ADG was correlated with muscle fiber
number (r = .4149, P < .001) and was not correlated
with birth weight. The gain:feed ratio was also
calculated for each pig during the third growth phase
and was found to be correlated with fiber number (r =

.4191, P < .001). These results suggest that muscle
fiber number is an important determinant of postnatal
growth such that pig littermates with a high fiber
number tend to grow faster and more efficiently than
littermates with a lower fiber number.
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Introduction

Muscle fiber number is known to be an important
determinant of muscle mass (Luff and Goldspink,
1970; Miller et al., 1975). In addition, faster-growing
strains of many animals tend to have more muscle
fibers than do slower-growing strains (e.g., pig:
Ezekwe and Martin, 1975; Miller et al., 1975).
Comparison of Large White pigs with Gdttingen mini-
pigs suggests that the differences in muscle size are
solely due to differences in myofiber number (Stick-
land and Handel, 1986); mini-pigs had a reduced
primary fiber population and a reduced mean ratio of
secondary fibers to primary fibers (S:P ratio).
Between strains, therefore, it seems that myofiber
number is important in determining muscle mass,
mature size, and growth rate. There is some evidence
to suggest that a similar relationship exists within a
litter because runt pigs tend to grow more slowly and
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less efficiently than their larger littermates (Powell
and Aberle, 1980). These animals have been shown to
have a reduced muscle fiber number, caused by a
reduced secondary fiber population, compared with
their largest littermate (Wigmore and Stickland,
1983; Handel and Stickland, 1987).
The purpose of the present investigation was to

extend these observations by examining the growth
rate and muscle fiber numbers of all pigs within a
number of litters drawn from the same herd. The
hypothesis was that muscle fiber number determines
the postnatal growth rate of animals and the efficiency
of that growth within the same strain.

Materials and Methods

Seven litters of Large White x Landrace pigs were
bred and reared under similar commercial conditions.
Pigs were weighed at birth and at 1-mo intervals until
they reached approximately 80 kg in weight. Pigs
were weaned at 3 wk and housed thereafter in groups
of three to four pigs of similar weight. Pigs were given
ad libitum access to a commercial weaning diet (8%
oil, 21.5% CP, 2% fiber, 15.4 MJ per kg of diet) until
they reached 5 kg in weight. They were then fed a
commercial growing diet (5.5% oil, 22% CP, 3% fiber,
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14.4 MJ per kg of diet) to 26 kg and a commercial
finishing diet (4.5% oil, 20% CP, 3.5% fiber, 13.9 MJ
per kg of diet) to slaughter weight. Male pigs
remained intact. Pigs were housed in well-ventilated,
straw-bedded pens at a density of one pig per square
meter. Weaned pigs were kept at 20 to 23°C until they
reached 15 kg in weight, and thereafter at 15 to 20°C.
Pigs were killed at 80 kg by standard abattoir
procedures at the University ofNottingham slaughter¬
house. The left semitendinosus muscle was removed
from each animal (n = 66) and trimmed of fat and
connective tissues. A whole mid-belly slice, of approxi¬
mately 5 mm, was rapidly frozen in dich-
lorodifluoromethane cooled to its freezing point of
-158°C in liquid nitrogen. Sections of 10 ftm thickness
were cut at -25°C and stained for myosin adenosine
triphosphatase activity, using a modification of the
method of Guth and Samaha (1970).
For each animal the total cross-sectional area of the

semitendinosus muscle was first measured. The num¬

ber of primary muscle fibers and total number of
myofibers were then counted in approximately 50
randomly selected microscope fields at low power. The
number of fibers counted represented 3 to 5% of the
total number present. These data were used to
estimate the total number of fibers, the total number
of primary fibers, and the mean ratio of secondary
fibers:primary fibers in the whole muscle. A Seescan
image analysis system was used throughout (Seescan
pic, Cambridge, U.K.). The regression of pig weight on
age was calculated. No significant differences in
growth rate were found between pigs housed in groups
of three or groups of four; therefore, pen effects were
considered to be negligible. Simple correlations of total
fiber number with birth weight and growth rate were
calculated using an Oxstat statistics package
(Microsoft). An individual pig was considered to be an
experimental unit. Littermate extremes were com¬
pared using a Student's paired f-test.

Results

Mature pigs exhibit a unique histochemical ar¬
rangement of muscle fibers consisting of central
groups of slow fibers surrounded by large numbers of
fast fibers. From previous studies (Wigmore and
Stickland, 1983) it is known that one of the central
slow fibers in each cluster develops as a primary
myofiber, whereas all others are secondary myofibers.
This means, therefore, that the number of primary
fibers corresponds to the number of clusters of slow
fibers. Thus, the number of primary and secondary
fibers that formed prenatally was determined in the
postnatal animal.
Growth of pigs was divided into three main phases,

during which growth was approximately linear
(Figure 1). The first phase was from birth to 6 kg
(weaning weight), the second from 6 to 25 kg (10 wk

Figure 1. Live weight against age for all pigs (n = 66)
from birth to approximately 80 kg. Values are litter
means at each age. Growth was divided into three
approximately linear phases: birth to 6 kg, 6 to 25 kg,
and 25 kg to slaughter. Vertical arrow indicates
weaning age (21 d).

old), and the third from 25 kg to slaughter weight.
These phases coincided with changes in diets as
outlined in the Materials and Methods section. Fur¬

thermore, an age of 70 d (equivalent to a weight of 25
kg in this study) has been identified as the period
when growth is determined by the pig's own genotype
(Blunn et al., 1953). This is supported by a more
recent study in which pigs subjected to different
treatments differed in ADG only after 70 d of
postnatal growth (Pond et al., 1985). For these
reasons it was decided to divide the postweaning
growth into two phases. Growth rate was approxi¬
mately doubled in successive phases (regression
slopes were .24 ± .011, P < .001 for Phase 1; .48 ± .060,
P < .001 for Phase 2; and .89 ± .132, P < .001 for Phase
3). Slopes increased significantly between Phase 1
and Phase 2 (P < .001) and between Phase 2 and
Phase 3 (P < .005).
Effects of Birth Weight. The influence of birth

weight on ADG for each of the three growth phases is
shown in Figure 2. Average daily gain during the first
two growth phases was significantly correlated with
birth weight (Figures 2a and b). Correlation coeffi¬
cients of .361 (P < .05) for the first phase and .587 (P
< .001) for the second phase were obtained. In the
third growth phase there was no correlation of growth
rate with birth weight (Figure 2c).
Effects ofMyofiber Number. The correlation of total

myofiber number with ADG is shown in Figure 3.
There was no correlation between ADG and muscle
fiber number for the first two phases (Figures 3a and
b). However, in the third growth phase, fiber number
was correlated with growth rate (r = .415, P < .001;
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Figure 2. Average daily gain against birth weight (n
= 47) for (a) Phase 1, birth to 6 kg; (b) Phase 2, 6 to 25
kg; and (c) Phase 3, 25 to 80 kg. Correlations were
significant for Phase 1 (r = .361, P < .05) and Phase 2 (r
= .587, P < .001).

Figure 3c). Although both primary fiber number and
S:P ratio were significantly correlated with total
muscle fiber number (r = .764 and r = .409 respec¬
tively, P < .001), only S:P ratio was directly correlated
with ADG in the third phase (r = .439, P < .001). The
gain:feed ratio was calculated for all pigs during the
growth phase from 25 kg to slaughter weight. This
was found to be correlated with total muscle fiber
number (r = .419, P < .001; Figure 4). There was no

correlation between birth weight and muscle fiber
number when all pigs were considered. When litter-
mate extremes were compared by paired t-test
smallest pigs were found to have a 15.6% reduction in
total myofiber number (P < .05).

Discussion

These results demonstrate that birth weight is
correlated with growth rate only in the early stages of
pig growth, up to 25 kg in weight or 70 d of age
(Figure 2). Other studies have also shown that low-
birth-weight pigs grow more slowly to weaning than
do their larger littermates (Campbell and Dunkin,
1982), although their feed conversion efficiencies are
similar. Small pigs are able to compete less effectively
for nutrition from the sow; however, growth rates and
survival can be improved by separating into similar
weight groups (England, 1974). This suggests that
the relationship between birth weight and growth may
be partly due to feed intake.

The later growth period, following d 70, seemed to
be at least partially determined by the number of
muscle fibers and was unaffected by birth weight
(Figures 3c and 2c). This is consistent with other
results suggesting that growth at this stage is
determined by the pig's genotype (Blunn et al., 1953).
This was also the period of fastest growth in absolute
terms, with pigs increasing in weight by a mean of 890
g/d as compared with 480 g/d and 240 g/d for the
second and first growth phases, respectively. These
results also confirm that the same relationship exists
within a strain as exists for animals of fast- and slow-
growing lines, that is, a high muscle fiber number is
associated with a fast growth rate (e.g., Ezekwe and
Martin, 1975; Miller et al., 1975).
An additional result of this work was that feed

conversion efficiency was also correlated with muscle
fiber number for the third growth phase (Figure 4).
Studies in runt pigs (Powell and Aberle, 1980) and
genetically obese pigs (Hausman et al., 1983), both of
which have a low muscle fiber number, have shown
that these animals have slower and less efficient
growth than pigs of normal birth weight or lean pigs.
These pigs also have a greater proportion of fat in the
carcass at an equivalent live weight (Robinson, 1969;
Hausman et al., 1983). Additionally, strains of pigs
selected for fast growth had more efficient feed
conversion and contained less fat than the unselected
lines (Campbell and Taverner, 1988). Fat depth has
been shown to be inversely correlated with the total
muscle fiber number of an "indicator" muscle (m.
flexor digiti V brevis) in the pig (Stickland and
Goldspink, 1975). This suggests that pigs with a high
fiber number will have a lower amount of fat
deposition, which may explain their more efficient
growth. In the pig, the addition of new muscle fibers to
the body of the muscle is completed in utero (Wigmore
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Figure 3. Average daily gain against total fiber
number of semitendinosus muscle (n = 66) for (a) Phase
1, birth to 6 kg; (b) Phase .2, 6 to 25 kg; and (c) Phase 3,
25 to 80 kg. Correlation was significant for Phase 3 (r =

.415, P < .001).

and Stickland, 1983). Postnatal growth, therefore,
occurs entirely by the hypertrophy of the existing
fibers. At an equivalent live weight, animals with a

high fiber number will also have a smaller mean fiber
diameter than animals with a low fiber number.

Delivery of oxygen and nutrients to and removal of
waste products from thinner vs thicker fibers may be
more efficient because of the smaller diffusion dis¬
tances involved (Staun, 1968).

o5
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300000 400000

Number of muscle fibers

500000

Figure 4. Gain:feed ratio against total semitendinosus
fiber number (n = 66) for Phase 3 (25 to 80 kg).
Correlation was significant (r = .419, P < .001).

It is possible that "single-site" fiber number deter¬
mination, as used in this study, may not represent
total fiber number. It has been suggested (Swatland
and Cassens, 1972) that differences in fiber number
may be due to not all fibers appearing in the plane oi
section because of differences in longitudinal growth oi
intrafascicularly terminating fibers. However, Wig-
more and Stickland (1983) were unable to find
intrafascicularly terminating ends of fibers in the fetal
pig semitendinosus, except at the ends of the muscle,
making intrafascicular fiber growth in this muscle
unlikely. Furthermore, other studies (Powell and
Aberle, 1981; Handel and Stickland, 1987) have failed
to show an increase in semitendinosus fiber number in

low-birth-weight pigs with increasing postnatal
growth. Therefore, it seems likely that differences in
fiber number estimates, made from the mid portion ol
the muscle, represent real differences in total muscle
fiber number.

Although both primary fiber number and S:P ratio
were positively correlated with muscle fiber numbers
only S:P ratio was directly related to ADG. Primary
fiber number is known to be the determinant ol
interlitter variations in muscle fiber number (Dwyer
and Stickland, 1991), whereas the intralitter varia¬
tions in fiber number are due primarily to variations
in S:P ratio caused by environmental influences.
Because whole litters of animals were selected for this

investigation, variations between individuals were
more likely to be in secondary fiber number than in
primary fiber number.
In this study there was no correlation between

muscle fiber number and birth weight. Other studies
have suggested, by indirect methods (Hegarty and
Allen, 1978; Powell and Aberle, 1981) and by direct
counting of fibers (Wigmore and Stickland, 1983;
Handel and Stickland, 1987), that a low birth weight
is generally associated with a reduced muscle fiber

o a Qaco
□
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lumber. These results were, however, obtained by
omparing pairs of littermate extremes. Similar
esults were found in this study: smallest littermates
lad a 15.6% reduction in fiber number. However,
vhen whole litters are considered it seems that birth
veight is not a good indicator of total muscle fiber
lumber or of postnatal growth rate. This is also seen
n the phenomenon of "catch-up" growth, where pigs of
ow birth weight are able to achieve BW and growth
ates similar to those of their littermates of heavier
lirth weight if they have a relatively high muscle fiber
lumber (Handel and Stickland, 1988).
In conclusion, birth weight seems to determine the

arly growth rate of pigs, probably by limiting the
iffectiveness of competition for feed by the smaller
mimals. However, the number of muscle fibers seems
o be a more important determinant of growth after 10
vk of age; pigs that had a high fiber number tended to
Tow faster and more efficiently than those that had a
ow fiber number.

Implications

This work demonstrates that pig birth weight is a
pod indicator of growth rate during the early stages
f postnatal growth, but is not necessarily a deter-
ninant of growth performance to slaughter weight,
luscle fiber number may be a better indicator of
iotential growth during this period. Not all pigs with
. high fiber number have fast and efficient growth
ates. However, pigs with a low myofiber number
nvariably grow less well than pigs with a higher
ryofiber number. This indicates that a high myofiber
lumber is a prerequisite for the potential to grow well.
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Inability of muscles in the obese mouse (ob/ob) to respond to
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ABSTRACT

The fat-free carcass weight of the obese mouse (ob/ob) is generally less than that of wild-type siblings. The
aim of this investigation was to examine the effect of obesity on muscle weights and histochemistry and to
determine whether any effects could be eliminated when the obesity was largely prevented or reduced by
limiting food intake. For 5 muscles examined the weights were significantly greater (except for biceps
brachii) in the wild-type than in obese mice. Although there was a significant correlation between muscle
weight (except for soleus) and body weight in the wild-type mice, no such correlation held for the obese
mice. No remarkable differences between groups of mice were found in the histochemistry of the biceps
brachii and soleus muscles except that fibre sizes were generally smaller in the obese mice. It is concluded
that the skeletal muscles of obese mice cannot respond to the increased activity associated with prevented or
reduced obesity.

Key words'. Muscle histochemistry.

INTRODUCTION

The obese mouse (genotype ob/ob) is both hyper-
phagic and hyperlipogenic (Alonso & Maren, 1955).
These features result in a body weight as much as 4
times that of wild type siblings. The difference in
weight is due to massive depots of adipose tissue. The
fat-free carcass weight (ffew) is no greater or is less
than that of siblings (Hollifield & Parson, 1958;
Bergen et al. 1975), in spite of an adequate protein
intake. The animal becomes less active (Joosten & van
der Kroon, 1976) and its posture increasingly ab¬
normal as the obesity develops. Inactivity is known to
inhibit the growth of muscles (Booth, 1982). The
musculature of the obese mouse could be involved in

the reduced ffew for a combination of reasons which

might include either or both of the following: (1) a

genetic predisposition favouring development of fat
and disfavouring that of muscle: (2) atrophy of
muscle through disuse, with increasing obesity. The
obesity of the mouse may largely be prevented by
limiting its food intake without affecting the ffew

(Robinson et al. 1975). Similarly, adult obese mice
may be readily reduced in body weight. Several of the
features characteristic of the animal, such as insulin
resistance (Batt & Mialhe, 1966) and hypothermia
(Batt & Hambi, 1982) are resolved by limiting the
food intake.

Limb muscle variables were measured in both kinds
of obese mice, weight limited (prevented) and weight
reduced, in order to determine the relative influence of
genetic and mechanical factors on muscles of loco¬
motion. In addition, the muscles examined included
one from the trunk (sternomastoid), not directly
subject to the locomotor forces operating on limb
muscles and thus more indicative of a direct genetic
influence. The aim of this investigation was therefore
to assess the effect of obesity on muscle weights and
muscle histochemistry and to determine whether any
effects could be eliminated when the obesity was

largely prevented or reduced by limiting food intake.

Correspondence to Dr N. C. Stickland, Department of Veterinary Basic Sciences, The Royal Veterinary College, Royal College Street,
London NW1 OTU, UK.
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MATERIALS AND METHODS

Obese and wild type mice were produced in the ratio
of 1 to 3 from parents heterozygous for the ob gene, in
a closed colony of the BI01 strain at the Royal
Veterinary College. Weaned animals were grouped
and housed in polypropylene boxes at an average
ambient temperature of 24 °C under artificial light
(12 h light: 12 h darkness). Water and pelleted food
were provided ad libitum (diets 86 and FFGM;
Dixon's, Ware, UK).

Experiment 1—muscle weights

Ad libitum fed, male obese animals (n = 9) and their
wild-type litter mates (n = 9) were weighed and
decapitated at 265 d at which age the growth plateau
in the wild type had been attained. The following
muscles were removed from both sides of the animal
and weighed: biceps brachii, rectus femoris, tibialis
cranialis, soleus and sternomastoid. A further group
of male obese animals (n = 5) which had been limited
from weaning to that amount of food eaten by their
wild-type litter mates (up to 3.5 g daily) were treated
similarly.

Experiment 2—muscle histochemistry

Three groups of animals were selected, similar to
those in Experiment 1 except that they were all female.
A 4th group of obese animals were allowed to grow
and were subsequently reduced in body weight from a
mean value of 94.5 g to 58.0 g by limiting the food
intake to a minimum of 2.2 g daily over a period of
78 d. (The difference in final body weight for the
amount of food fed to obese mice prevented from
growing and those reduced in body weight would
indicate the reluctance with which their fat depots are

depleted). All 4 groups of animals (total n = 38) were
weighed and decapitated. The biceps brachii and
soleus muscles were removed, weighed and rapidly
frozen in dichlorodifluoromethane (Arcton, ICI Ltd),
cooled to its melting point of — 158°C in liquid
nitrogen. Transverse cryostat sections (10 pm) were
cut from each muscle and serial sections were reacted
for acid and alkali-stable myosin ATPase (Guth &
Samaha, 1970), succinic dehydrogenase (Nachlas et
al. 1957) and glycogen phosphorylase (Takeuchi,
1956). These sections were used to assess the number,
proportion and size of constituent muscle fibres in
each muscle. Fast fibres were detected by alkali stable
myosin ATPase reaction, slow fibres by acid stable
myosin ATPase, oxidative fibres by succinic dehydro¬

genase activity and glycolytic fibres by glycogen
phosphorylase activity. The use of serial sections
enabled muscle fibres in the mouse to be classified as

fast oxidative glycolytic (FOG), fast glycolytic (FG)
or slow oxidative (SO). For each muscle the total
number of fibres were counted as was the proportion
of each fibre type. Mean cross-sectional areas were
based on measurements of 100 fibres of each type for
each muscle. Muscle fibres were measured using a
Seescan image analysis system (Seescan pic,
Cambridge).
For both experiments differences between para¬

meters were assessed by analysis of variance followed
by a Neuman-Keul test with a probability of less than
5 % being deemed significant.

RESULTS

Experiment 1—muscle weights

The mean body weight of ad libitum fed, obese mice
was more than twice that of their wild-type litter-
mates (90 g compared with 40 g; Fig. 1). Pair feeding
obese with wild-type mice from weaning largely
prevented this difference although excessive adipose
tissue was still evident in these pair-fed animals. The
difference was not reflected in the muscle weights (Fig.
2). The mean value for all 5 of the muscles examined
was greater (12-33%; P < 0.05) in wild-type mice
than in either of the obese groups. The exception was
the biceps brachii for which only the limit fed obese
muscles were different from the wild type.
There was a significant correlation between the

weight of each muscle and body weight within the
wild-type group (except for the soleus) (see Table).
However, no such correlation held for the obese mice.
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Fig. 1. Body weights of the male mice used in Experiment 1. Error
bars represent s.e.m.s. Columns with different letters are signifi¬
cantly different at P < 0.05.
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Fig. 2. Muscle weights of the male mice used in Experiment I. Error bars represent s.c.M.s. For each muscle, columns not sharing the same
letters are significantly different at P < 0.05.

Table. Correlation coefficients ofmuscle weight against body
weight

Tibialis Rectus Biceps Sterno-
cranialis Soleus femoris brachii mastoid

Wild-type 0.844**
ad lib fed

(n = 9)
ob/ob ad lib 0.211
fed (n = 9)
ob/ob limit 0.056
fed (n = 5)

0.510 0.738*

0.084 0.213

0.481 0.287

0.713* 0.672*

0.466

0.769

0.037

0.552

* Significant at P < 0.05; ** significant at P < 0.01.

Muscle weights (Fig. 2) and their lack of correlation
with body weight (Table) remained unaltered in the
obese mouse following the prevention of the excessive
body weight, through pair feeding. Figure 3 shows the
relationship between muscle weight (tibialis cranialis)
and body weight for all 3 groups of mice.

Experiment 2—muscle histochemistry

Body weights were similar to those of the equivalent
groups in experiment 1 (Fig. 4). The additional,
weight-reduced group of obese mice weighed 58 g.
This was 21 g (57%) heavier than wild-type mice and
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Fig. 3. Correlation of weight of tibialis cranialis against body
weight for the 3 groups of mice used in Experiment 1.

12 g (26%) heavier than those prevented from gaining
weight. The mean total fibre number in soleus ranged
from 610 to 750 between all groups. No one group
was significantly different from any other (Fig. 5).
There was also no significant intergroup difference in
the total fibre numbers for biceps brachii (results not
shown).
The histochemistry demonstrated 2 main fibre types

in the soleus, namely FOG and SO fibres. The
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Fig. 4. Body weights of the female mice used in Experiment 2. Error
bars represent s.e.m.s. Columns with different letters are signifi¬
cantly different at P < 0.05.
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Fig. 6. Percentage of slow oxidative (SO) fibres in soleus of the mice
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percentage of SO fibres was significantly lower in the
weight-reduced obese mice (Fig. 6) and that of the
FOG fibres therefore higher. Although the mean
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Fig. 7. Mean cross-sectional area of slow oxidative (SO) fibres and
fast oxidative, glycolytic (FOG) fibres in soleus of mice used in
Experiment 2. Error bars represent s.e.m.s. Columns not sharing
the same letters are significantly different at P < 0.05.

cross-sectional areas of both FOG and SO fibres in

soleus appeared lower in all groups of obese mice than
in the wild-type mice (Fig. 7), the differences were only
significant for the SO fibres of ad libitum fed and
weight-reduced obese mice.
For biceps brachii the histochemistry demonstrated

that FOG and FG were the main fibre types. No
significant differences were found between groups of
mice in either fibre type proportions or in mean size of
fibre types.

DISCUSSION

A lower ffcw in the face of pronounced obesity has
frequently been recorded for the obese mouse. The
difference has been particularised for various muscles
(e.g. Almond & Enser, 1984; Purchas et al. 1985). This
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present study confirms the lower weights of muscles in
the obese mouse. The difference was considerable (as
much of 33% for rectus femoris), compared with
wild-type siblings. A small group of 3 ad libitum fed
obese female mice had similar muscle weights to those
of their male counterparts (Batt, unpublished ob¬
servation), indicating that the underdevelopment is
not due to reduced androgens. Immobilisation is
known to result in muscle atrophy (Booth, 1982), and
heavier obese mice are markedly immobile (Mayer,
1953). The pelvic limbs may not reach the floor due to
the width of the trunk and the animal may be
observed dragging its body forward by the use of its
fore limbs. Immobility may therefore be responsible
for lower muscle weights in the ad lib obese mice and
for lack of significant correlation in the group between
the weights of muscles of locomotion and body
weight. In the wild-type group a significant correlation
held for 4 of the 5 muscles examined. The low

significance for the 5th muscle, soleus, may be
attributed to its small size, such that errors in
dissection and muscle cleaning would be magnified.
The low muscle weights were not altered in those
obese mice prevented dietarily from attaining ex¬
cessive body weight. This is despite the fact that all
mice were less than 75 g, a weight at which obese mice
are quadrupedal. This is evidence for the low muscle
weights of ad lib obese mice not being due to
immobilisation. The weight of each muscle and its
relationship with body weight remained unchanged
following control of the obesity from 125% down to
25% in excess of wild-type body weight. Parrott &
Batt (1980) have shown the spontaneous activity rate
in such pair-fed obese animals to be the same as that
ofwild type siblings, and much greater than that of ad
lib fed obese mice (Batt, 1983). The experimental
protocol used in these behavioural studies was the
same as that used in the current study. However, even
when the activity of obese mice is increased, the ffcw
still remains low (Welton et al. 1973). Incidentally, the
adipose tissue was reduced but still excessive in these
pair-fed animals compared with their wild type
siblings (Alonso & Maren, 1955). Apart from the
evidence in the limb muscles, the sternomastoid (a
flexor of the head and neck on the trunk) is also
considerably lower in weight (by 33%) than in the
wild type. There is a possibility that the pair-fed obese
animals could not undergo muscle hypertrophy
because of the reduced food intake but feeding levels
were, of course, not less than for the wild type
controls. Overall the results suggest an intrinsic
incapacity in the muscles of the obese mouse to
respond to changes in body weight and activity. An

exception to this may be the biceps brachii. The
considerable work involved for the obese mouse in

dragging its body forward may account for the greater
relative weight of biceps brachii in obese mice
compared with the other muscles. Thus limiting the
body weight of obese mice resulted in a significant
reduction in the weight of this muscle. The jaw muscle
of obese mice (masseter) may also have some capacity
for hypertrophy. The animal is hyperphagic, con¬

suming 35% more pelleted food than wild-type
siblings in the present colony (Batt et al. 1978).
Associated with this increase in work, the masseter
was not significantly different in weight from that of
wild-type siblings (M. Robins, personal communi¬
cation).
The considerable difference in muscle weights was

not associated with obvious histological or histo-
chemical changes. Total fibre number in soleus and
biceps was similar in all 4 groups of mice. In soleus,
both fibre types were well represented. The proportion
of SO fibres appeared to be lower in the weight-
reduced obese muscle but, as the proportion in the
other 2 obese groups was similar to the wild type, it is
a difficult result to explain. However, weight reduced
and weight limited obese mice, though of similar body
weight, may not be strictly comparable preparations,
as the former group will exhibit greater hunger and
activity. Even so, this difference in activity does not
explain the difference seen in the proportion of SO
fibres. The cross-sectional areas of constituent muscle
fibres in soleus were generally less in the obese mice
although this was only significant for the SO fibres
in the ad lib and weight-reduced obese mice. The
tendency for smaller fibres in the obese mice is a
reflection of the lower solcus muscle weights in these
animals. However, the difference (up to 25 %) in fibre
areas does not account for the 33% difference in

soleus muscle weights. It is relevant, however, that the
long bones are reduced in length. Specifically the
femur is up to 10% reduced (M. Robins, personal
communication). Applying a similar reduction in
length to the soleus would account for a proportion of
the muscle weight difference. Possible differences in
muscle connective tissue between groups might also
have emphasised the difference. In biceps brachii there
was no difference between groups in the proportions
or sizes of fibre types, which is in agreement with
Almond & Enser (1984) and which reflects (for fibre
sizes) the lack of clear differences in weights of biceps
brachii (Fig. 2). Taken as a whole the results show no
evidence that muscles of obese mice are compromised
with respect to their contractile capacity but rather
that they exhibit a reluctance to hypertrophy.



532 N. C. Stick/and and others

The failure of the muscles of obese mice to respond
to recognised stimulating and inactivating forces
indicates that their reduced weight is due to a more
direct effect of the recessive gene rather than conse¬

quences of the obesity. The gene's retarding influence
on growth involves also the associated skeletal system
in the overall reduced ffcw. The systemic control of
somatic growth is determined ultimately by the
discharge of somatotropin-releasing-hormone from
the arcuate nucleus and the immediate surrounding
area of the hypothalamus (Jacobowitz et al. 1983).
Satiety is governed by the ventromedial nucleus of the
hypothalamus immediately adjacent to the arcuate
nucleus (Hetherington & Ranson, 1942). A reduced
sensitivity of the nucleus to glucose has been reported
for the obese mouse (Baile et al. 1970) as well as a

feeding behaviour characteristic of animals with
damage to the nucleus (Fuller & Jacoby, 1955).
Hyperlipogenic obesity in combination with retarded
growth has been produced in the weanling rat by
electrolytic lesions in the hypothalamus (Kennedy,
1966). The 2 features were not dissociable nor

accompanied by hyperphagia (Han et al. 1965). The
animal's concomitant sterility is probably hypo¬
thalamic in origin (Batt et al. 1982) and again it is
noteworthy that the site of origin of LHRH (the
median eminence) is confluent with the arcuate
nucleus. Moreover, of the numerous abnormalities
present in the obese mouse, it is the 3 functions
governed by these nuclei that do not respond to
controlling the food intake. All 3 functions determine
growth of their respective tissues. Their degree of
impairment is not extreme, indicating that the affected
gene is involved in a polygenic effect. Other genes

having a similar effect to ob have been well docu¬
mented for the mouse (Bray & York, 1979). The
combination of obesity, reduced ffcw and sterility also
occurs in the rat homozygous for the recessive gene, fa
(fatty) in which the reduced muscle weight (gastro¬
cnemius) is accentuated by pair-feeding, in contrast to
the obese mouse (Shapira et al. 1980). Studies on

inherently obese laboratory animals are relevant to
the strikingly similar combination of features charac¬
teristic of the Prader Willi syndrome in man

(Robinson et al. 1991).
At the tissue level there are many factors which are

known to affect muscle growth and several are

implicated in the obese mouse. Low circulating levels
of growth hormone, as found in the obese mouse

(Sinha et al. 1975), are known to impair muscle
growth (Buul-Offers, 1983) probably through effects
on insulin-like growth factor 1 (Zapf et al. 1981).
Growth hormone may also be implicated in the

apparent transition to a more oxidative metabolism in
obese muscles (Almond & Enser, 1984). High levels of
circulating corticosteroids which are found in obese
mice (Dubuc, 1977) are also known to impair muscle
growth (Goldberg et al. 1980). Furthermore, it is
possible that the reduced levels of androgens charac¬
teristic of obese mice may adversely affect the growth
of specific muscles, said to be sensitive to these steroid
hormones (Kelly et al. 1985). However, in this
histochemical study all mice used were female and
there seems to be no evidence in the literature for an

oestrogen effect on biceps brachii or soleus muscles.
Interestingly, beta blocking drugs are known to
aggravate the problem of obesity in ob/ob mice (Batt
et al. 1978). This may point to low levels of
noradrenaline at the muscle fibre level. Although
raised hypothalamic noradrenaline levels have been
reported in the obese mouse and these levels persist
with limit feeding (Oltmans et al. 1976), it has been
suggested that release of noradrenaline into the
circulation may be impaired (Batt et al. 1982).
The results of this present investigation have shown

that obese mouse muscle, although not showing
significant intrinsic abnormalities in physiological
properties, does exhibit an inability to hypertrophy in
response to functional demand.
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ABSTRACT

Selection for divergent body weight at 6 wk of age in the Q strain mouse has produced large (QL) and small
(QS) mice which differ 2-fold in their adult body weight. The purpose of this investigation was to identify
some of the cellular mechanisms which underlie the early divergence in size between the 2 lines. At birth, QL
mice (for similar litter sizes) were 28% heavier and 6 % longer than QS mice. This was reflected by
measurements of longitudinal bone length which were greater in QL (tibia 6.2%, humerus 4.2%) compared
with QS mice. Fibre number was found to be 18 and 17% greater in the biceps brachii and soleus muscles
respectively of the QL mice. It was concluded that this was not a consequence of any alteration in the ratio
of developing secondary to primary myofibres in either muscle. Fibre cross-sectional areas were only
significantly different between the QL and QS for the soleus muscle, which might be explained by the
relatively greater divergence in the length of its supporting bone (tibia) between the QL and QS compared
with the humerus. Estimates of nuclear number showed that there were significantly more nuclei in biceps
brachii muscle of QL than in the QS mice which could be attributed to the difference in fibre number,
although no such differences were found for the soleus muscle. There was no apparent alteration in the
proportion of nuclei found within the fibres of the biceps muscle. Overall the results indicate that selection
in this situation has acted through the normal cellular processes of growth.

Key words: Q strain mice; growth.

INTRODUCTION

Selection for divergent body weight at 6 wk in the Q
strain mouse has produced animals which differ 2-fold
in their adult body weight (Falconer, 1973). Fur¬
thermore, it has been shown that this selection
procedure produces the correlated response of an
increase in growth rate both before and after weaning
(Rucklidge, 1981). Whilst analyses of the body
composition of these mice seem to indicate that the 2
lines show similar patterns of postnatal growth
(Rucklidge, 1981), quantitative changes in total DNA
and protein:DNA ratios fail to define the cellular
mechanisms which underlie genetically determined
differences in muscle mass.

We have shown that primary myotube number is
significantly increased within the biceps brachii of QL
compared with QS mice (Brown & Stickland, unpub¬
lished results). These observations, in_the absence

of any detectable difference in nuclear density,
suggested that selection had altered the rate of
myoblast proliferation thereby affecting the number
of cells available for fusion. However, there is
increasing evidence to suggest that primary and
secondary myotubes are derived from separate myo¬

genic lineages (Miller & Stockdale, 1986), each of
which could respond differently to selection pressure.
Indeed previous work in the pig seems to indicate that
primary and secondary generation myotubes con¬
tribute unequally to genetically determined alterations
in fibre number (Handel & Stickland, 1984).
Fibre number is not the only variable altered by

selection for divergent body weight; alterations in
muscle length and fibre transverse sectional area are
also evident in mature mice (Hooper, 1978). Aspects
of fibre size may, however, be very responsive to
environmental influences and functional demand.

Many of these influences are minimal up to the time of
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birth such that any fibre size differences seen at birth
may be more indicative of direct genetic effects. The
present investigation therefore concentrates on the
relative importance of fibre and nuclear number, fibre
transverse section area and fibre length in the newborn
QL and QS, with the aim of identifying some of the
cellular mechanisms underlying the early divergence
in size between the 2 lines.

MATERIALS AND METHODS

Relationships between litter size and pup mean body
weight in the 2 lines were assessed on the basis of
measurements made from 11 QL and 29 QS newborn
litters. Crown-rump length and body weight were

specifically measured in 24 QL and 44 QS randomly
selected littermates. For analyses of muscle transverse
sectional area, fibre number and fibre size, the largest,
average and smallest littermates, on the basis of
weight, were selected at birth from each of 5 litters of
high body weight (QL) and 5 litters of low body
weight (QS).
Animals were killed by decapitation and all skinned

limbs were initially fixed in the resting position for
15min in 0.1m sodium cacodylate buffer pH 7.3
containing 2% glutaraldehyde. Biceps brachii was
dissected from the forelimb, fixed for a further 3 h in
2% glutaraldehyde, washed in cacodylate buffer for
1 h, fixed for 1.5 h in an aqueous solution containing
0.6% osmium tetroxide and 0.4% potassium fer-
rocyanide (Aguas, 1982), washed in distilled water,
dehydrated through graded acetone up to 100%,
infiltrated and embedded in Araldite resin (CY212)
which was polymerised at 60 °C for 4-6 d. Lower hind
limbs were processed intact but skinned due to the
difficulty in dissecting the newborn soleus muscle.
Semithin sections (1 pm) were taken from the mid-

belly of the biceps brachii muscles and stained with
1 % methylene blue. The midbelly region ofeach soleus
muscle was assessed by sequential sectioning through
a sample fore and hindlimb until the muscle displayed
its maximal girth, at which point the relative position
down the limb was noted together with the relative
sizes of adjacent muscles. Subsequent limbs were then
sectioned accordingly. In the absence of serial sec¬

tioning through each hindlimb this method was
deemed to be the most accurate way of assessing the
midbelly region of each soleus muscle. Ultrathin
transverse sections (90 nm) taken from the same

region of each muscle as the semithin (1 pm) sections
were collected on 100 mesh copper grids. Sections
were then stained in 1 % uranyl acetate (40 rnin)
followed by Reynolds (1963) lead citrate (5 min), and

examined using a JEOL 1200X electron microscope
operating at an accelerating voltage of 80 kV.
Since individual fibres were difficult to distinguish

in the centre of biceps brachii with the light micro¬
scope, low power (x 250) electron micrographs of
randomly selected areas were used to determine fibre
and nuclear density. Total fibre and nuclear numbers
were then calculated using total transverse sectional
area of the muscles measured by light microscopy.
Whilst this method may lead to inaccuracies as a

consequence of the differential rate of stretching in the
semithin and ultrathin sections, these were assumed to
be less than those which might result from direct fibre
counts on semithin sections. Moreover, any error
incurred would be expected to be the same within the
QL and QS. The proportion of nuclei in the myofibres
was evaluated on electron micrographs of more than
200 fibres taken at x 800. The relative proportion of
satellite to myofibre nuclei has previously been shown
not to be significantly different between these 2 lines of
mice (Brown & Stickland, 1993). Satellite cell nuclei
were therefore not counted separately and due to their
close apposition to the muscle fibre were included in
the counts of myofibre nuclei. Capillary nuclei were
not included in any estimations of nuclear number.
Fibre transverse sectional area measurements in

biceps brachii were carried out on low power electron
micrographs taken at x 400 and x 800 which were
calibrated using a grid ruled at 1200 lines/mm.
Measurements of areas of at least 200 fibres from each
muscle were made using an Apple He computer
(VIDS 11 analytical measuring system). Measurements
of fibre transverse sectional area in soleus were carried
out on light microscope images of 1 pm semithin
sections using a Kontron MOP interactive image
analysis system; 200 fibres were measured across the
entire girth of each muscle.
Ossified bone length was assessed in the fore and

hindlimb of randomly selected newborn QL (20
forelimbs and 17 hindlimbs) and QS (36 forelimbs and
19 hindlimbs) using microradiography. Radiographs
of limbs previously fixed in formalin were made using
a Hewlett Packard Faxitron x-ray machine with an

exposure of 40 kV, 2.5 mA for 15 min onto Kodak
Spectroscopic plates. Development was carried out in
D19 (Kodak) for 10 min. Negatives were subsequently
printed and the length of ossified bone measured using
the Kontron MOP Videoplan image analysis system.
A scale bar on the original radiograph provided the
basis for calibration. Whilst this measurement did not

represent the actual bone length, it was considered the
most accurate assessment of this variable in view of
the size of the specimens.
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Fig. 1. Relationship between mean pup weight and number in the litter in the QL and QS mice. The regression equations for the QL and
QS were y = 2.19—0.09x (r2 = 0.5) and y = 1.5 — 0.02* (r2 = 0.3), respectively. •—•- QL; O—O, QS.
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Fig. 2. Relationship between crown-rump length and body weight in the newborn QL and QS mice. The regression equations for the QL
and QS were y = — 0.8 + 23.4.X (r2 = 0.5) and y = 5.6 + 18.06.x (r2 = 0.4), respectively. #, QL; O, QS; —, QL/QS.

RESULTS

Birth weight in the QL and QS mice

There appeared to be no significant difference in
gestational age between the QL and QS. Figure 1
shows the relationship between litter size and mean

pup weight for 11 QL and 29 QS litters.
A comparison of randomly selected QL (n = 24)

and QS (n = 44) showed that both crown-rump

length and body weight were significantly different
between the 2 lines at birth (P ^ 0.001). However, in
view of the above correlation between litter size and

mean litter weight, comparisons of crown-rump

length and weight were carried out on 4 litters
matched for litter size from each of the lines. These
results confirmed the findings on randomly selected
individuals (T^O.Ol). Crown-rump length was in¬
creased by 6% in the QL relative to the QS, whilst the
corresponding increase in body weight was 28%.

Crown-rump length in newborn QL and QS mice

Figure 2 shows the relationship between crown-rump
length and body weight in newborn QL and QS mice.

25-2
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Fig. 3. Relationship between the length of the humerus and body weight in the newborn QL and QS mice. The regression equations for the
QL and QS were y = 0.9 + 3.2x (r2 = 0.6) and y = —1.11 + 3.5x (r2 = 0.6), respectively. #—•. QL; O—O. QS.
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Fig. 4. Relationship between the length of the tibia and body weight in the newborn QL and QS mice. The regression equations for the QL
and QS were y = —1.8 + 3.93x (r2 = 0.7) and y = — 1.3 + 3.6x (r2 = 0.4), respectively. #—#. QL; O—O, QS.

These 2 variables were significantly associated in the
QL (P ^ 0.001) and the QS (P ^ 0.001) mice (t test
of the regression coefficients). A statistical comparison
of the 2 lines showed no significant difference either in
the slope or intercept.

Bone length in newborn QL and QS mice

Measurements of ossified bone length in the upper
forelimb and lower hindlimb of the QL and QS mice
were performed in order to obtain an approximation
of muscle length in biceps brachii and soleus.

A comparison of the length of the humerus in
randomly selected newborn QL and QS mice showed
there to be a significant difference between the lines
{P ^ 0.05). The percentage increase in the QL relative
to the QS was 4.2. Figure 3 illustrates the relationship
between the length of the humerus and body weight in
the newborn QL and QS mice. These 2 variables were

significantly associated in the QL (P ^ 0.001) and the
QS (P ^ 0.0001) mice (t tests of the regression
coefficients). A statistical comparison of these 2 lines
with respect to slope and intercept indicated a
significant difference in the intercept only (P < 0.002).
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Fig. 5. Relationship between the transverse sectional area of biceps brachii and body weight in the QL and QS mice. The regression equation
for the QL and QS data combined were y = 65.1+401* (r2 = 28.2%). O, QS; •, QL; —, QL/QS.

Comparisons of bone length at equal body weight in
the 2 lines showed bone length to be greater in the QS
compared with the QL.
Tibial length was significantly greater in the QL

relative to the QS mice at birth (P ^ 0.05). Analyses
of the data show that the percentage increase in the
QL relative to the QS was 6.2%. The relationship
between the length of the tibia and body weight in the
newborn QL and QS mice is shown in Figure 4. A
t test of the regression coefficients showed a significant
association between tibia length and body weight in
both the QL (P ^ 0.001) and QS (P ^ 0.001). A
comparison between these 2 lines showed a significant
difference in the intercepts. As with the humerus,
comparisons at equal body weight in the 2 lines
indicated that the length of the tibia was greater in the
QS mice.

Muscle transverse sectional area in the newborn QL
and QS mice

Figure 5 shows the relationship between the transverse
sectional area of biceps brachii relative to body weight
in the QL and QS mice. A statistical comparison of
these 2 lines showed there to be no significant
difference between either the slope or intercept. A 2-
way analysis of variance showed a significant effect of
line (P ^ 0.009) and littermate size (P ^ 0.006) on the
transverse sectional area of biceps brachii. The mean
values showed that muscle transverse sectional area
was increased by 13 % in the QL relative to the QS
mice.

A 2-way analysis of variance showed there to be a

significant effect of line on the transverse sectional
area of soleus (1 % level), although the effect of
littermate size was not significant. There was on

average a 39% increase in the transverse sectional
area of the QL soleus compared to the QS.

Fibre number

Fibre number was evaluated in both muscles in order
to determine what proportion of the difference in
muscle transverse sectional area between the lines was
due to alterations in this parameter. A 2 way analysis
of variance was carried out on the data for biceps
brachii contained in Table 1 to compare the effect of
line (QL/QS) and littermate size. This showed a

significant difference between the QL and QS (P ^
0.025) mice with respect to fibre number (18% greater
in QL) but not between littermates.
In soleus (Table 1) there was a significant effect of

both line and littermate size on fibre number (P ^
0.01). The overall increase in fibre number within
soleus was 17%. Comparisons between the large,
average and small littermates of each line showed a
21, 24 and 3% increase, respectively.

Fibre transverse sectional area

Muscle transverse sectional area is mainly a conse¬

quence of both fibre number and fibre transverse
sectional area. Fibre number was shown in the
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Table 1. Fibre number in biceps brachii and soleus*

QL biceps QS biceps QL soleus QS soleus

Large littermate 3301 ±209 (4) 3136± 145 (4) 695 ±19 (3) 572 ±41 (3)
Average littermate 3302 ±173 (4) 2646 ±211 (4) 663 ±34 (3) 533 ±26 (3)
Small littermate 3293 ±252 (4) 2611 ±341 (4) 508 ±15 (3) 492 ±26 (3)
Total mean 3299 ±3 2798 ±169 622 ±58 532 ±23

* Means±s.e.m. The number of animals on which the mean for each sized littermate is based is shown in brackets.

Table 2. Fibre transverse sectional area (pm2) in biceps brachii and soleus* t

QL biceps QS biceps QL soleus QS soleus

Large littermate 67.2 ±7 (6) 64.8 ±6 (5) 95.4±6 (3) 58.8 ±12 (3)
Average littermate 70.8 ±7 (6) 61.2 ±6 (5) 91.8±6 (3) 56.7±9 (3)
Small littermate 61.9 ± 6 (6) 58.3 ±7 (5) 74.8 ±0.4 (3) 52.7 ±9 (3)
Total mean 66.6 ±3 61.5 ± 2 87.3 ±6.4 56.1 ±2

* Means+ S.E.M. The number of animals on which the mean for each sized littermate is based is shown in brackets.

Table 3. Nuclear number in transverse sections of biceps brachii*

Proportion % total nuclear
Total no. of fibres No. fibre population
nuclei Fibre no. with nucleus nuclei within fibres

QL mice
Large littermate (4)
Average littermate (4)
Small littermate (4)

QS mice
Large littermate (4)
Average littermate (4)
Small littermate (4)

2195 ± 90
2073 + 187

1952 ±200

1750 ±376
1824 ±280
1478 ±218

3301 ±206
3165±149
3092 ±216

3147 + 205
2597 ±291
2602±483

0.35 ±0.01
0.28±0.01
0.26 ±0.02

0.29 ±0.04
0.28±0.01
0.27 ±0.02

1145 ±109
895 ±42
806 ±9.3

934 ±160
739 ±97
700 ±105

52±3.2
44 ±3.2
43 ±4.7

55 ±7.2
40.7 ±1.5
47.7 ±3.7

* Means±s.e.m. The number of animals on which the mean for each sized littermate is based is shown in brackets.

previous section to be increased in the QL relative to
the QS mice. Table 2 shows fibre transverse sectional
area for biceps brachii within the QL and QS mice. A
2-way analysis of variance showed there to be no

significant differences either between the QL and QS
(jP = 0.47) or within the litters (P = 0.45). Further¬
more, there was no significant correlation between fibre
size and body weight in either line (correlation coeffic¬
ients for the QL 0.28, n = 18 and QS 0.29, n = 15).
Table 2 gives mean fibre transverse sectional area in

soleus. A 2-way analysis of variance of these data
showed a significant effect of line (P ^ 0.001) but not
littermate size (P < 0.37).

Nuclear number in transverse section

Fibre hyperplasia and hypertrophy are dependent on
a supply of nuclei for fusion. The following calcula¬
tions were therefore performed to determine whether

selection had acted to alter the number of nuclei either
within or outside of the fibres. Table 3 summarises the
data on the total number of nuclei counted in
transverse sections of biceps brachii at birth in the QL
and QS mice. Column 1 contains the total number of
nuclei counted in transverse section, column 2 the
fibre number (for the mice used in this particular
analysis), column 3 the proportion of fibres showing a
nucleus in transverse section, column 4 the total
number of fibre nuclei (calculated from the product of
columns 2 and 3) and column 5 records the percentage
number of the total nuclei contained within the fibres.

Analyses of these data were performed using a 2-way
analysis of variance to check for the effect of line
(QL/QS) or the effect of littermate size within each
line. The results of the statistical analyses are shown in -

Table 4.

Tables 3 and 4 show that the total number of nuclei
in transverse section was significantly increased within
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Table 4. Results of a 2-way analysis of variance of the data contained in Table 3
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Total no.

Comparison nuclei Fibre no.

Proportion
of fibres
with nucleus

No. fibre
nuclei

% total nuclear

population
within fibres

QL/QS **
Littermates n.s.

n.s.

n.s.

" P ^ 0.05; **/>< 0.025.

the QL compared to the QS mice. Since there was no
difference between the lines with respect either to the
percentage number of myofibres sectioned with a
nucleus (column 3) or to the proportion which this
represented of the total nuclear population (column
5), this difference was attributed to the variation in
fibre number between the lines. Indeed this conclusion
is confirmed by the significant increase seen in the
total number of myofibre nuclei of the QL compared
with the QS (column 4).
There was no significant difference between litter¬

mates with respect to the total number of nuclei
(column 1). However, the total number of myofibre
nuclei (column 4) together with the proportion of the
total nuclear population which this represented
(column 5) was significantly reduced in the smaller
individuals.
There was no significant effect either of line or of

littermate size on the total number of nuclei in

transverse sectional area of soleus. Further analyses of
the compartmentalisation of the nuclei was not
possible due to the method of counting nuclei in this
muscle.

DISCUSSION

In agreement with the previous findings of Rucklidge
(1982) birth weight was found to differ significantly
between the QL and QS. However, birth weight is
influenced by environmental as well as by genetic
factors (McLaren, 1965) and a negative correlation
between mean pup weight and litter size was observed
in both the QL and QS mice. Previous work attributes
this well known effect to haemodynamic factors within
the uterus which effectively determine the level of
nutrients delivered to each fetus (McLaren &
Mitchie, 1960). Whilst it might be argued that such
factors could act differentially in the QL and QS,
thereby partly contributing to the differences seen
between the lines at birth, the reciprocal transfer of
fertilised eggs between high and low body weight Q
strain mice has demonstrated that prenatal maternal
effects are of limited importance and arise only from

variations in litter size (Al-Murrani & Roberts, 1978).
It may therefore be concluded that the differences seen
in birth weight between the 2 lines, when matched for
litter size, are a reflection of an alteration in fetal
genotype, brought about as a direct consequence of
selection pressure.
These observations do, however, contrast markedly

with those previously reported by Penney et al. (1983)
who found that body weight was not significantly
different between the QL and QS until 10 d post¬
partum. This discrepancy may be explained in one of
two ways. The first and most likely explanation relies
upon the fact that both the QL and QS were formed
from the combination of several of the replicate lines
originally selected by Falconer. Falconer himself
noted that selection had led to the fixation of different

alleles within each of these replicate lines, although
within each size category each has regulated to
approximately the same body weight (Falconer, 1973).
The combination of several of these replicate lines to
form the QL and QS would therefore be expected
effectively to increase genetic variation. Since several
generations separate the present study and that of
Penney et al. (1983) it might be envisaged that the
segregation of minor genes, throughout this period,
could have led to the observed differences in growth
rate.

A second explanation is based upon the failure of
Penney et al. (1983) to observe a negative correlation
between mean litter weight and litter size in the 2 lines.
As this is a well recognised effect in polytocous species
such as the mouse (McLaren & Mitchie, 1960;
McLaren, 1965; Wahlsten & Bulman-Fleming, 1987),
it seems highly unlikely that the QL and QS would be
exceptions. Instead, it may be suggested that the
number of litters observed for each size category (this
information was not reported) was insufficient to
permit Penney et al. (1983) to carry out a proper
evaluation of the effect of litter size on mean pup

weight. The subsequent failure to take an effect of
litter size into account when one existed may therefore
have led to biased comparisons between the QL and
QS.
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The lengths of both the humerus and tibia were

significantly greater in the QL. This might have been
expected since alterations in both the length and
diameter of the long bones are known to contribute to
genetically determined differences in body weight
(Hooper, 1978). However, perhaps a more interesting
observation was that the tibia showed a greater
percentage change in length than the humerus. This
difference between the 2 bones may be related to the
pattern of limb development which determines that
the rate of growth of the more distal segments (lower
limb) exceeds those which are more proximal (upper
limb). The difference in the proportional change in
length seen between the 2 bones therefore reflects the
effect of selection, altering the rate of longitudinal
bone growth prenatally.
At comparable body weights, bone length in the QL

was less than in the QS. Similar results have previously
been reported by Hooper (1978) postnatdlly, who
found that bone length was greater in the QS when the
2 lines were compared at 25 g body weight, whilst the
reverse trend was shown if the 2 lines were compared
at the same age. These results were taken to imply a

relationship between bone length and developmental
age as opposed to body weight (Hooper, 1978).
Indeed this would seem to apply to the data presented
here, since comparisons between the QL and QS at
equal birth weight necessarily involves comparisons
between the largest QS and the smallest QL litter-
mates. In view of the graded stages of morphological
development often evident between fetuses in utero
and assuming this is reflected in birth weight, it might
very well be suggested that the lowest birth weight QL
were developmentally earlier than the larger QS.
Transverse sectional area measurements of biceps

brachii and soleus were significantly increased in the
newborn QL compared with the QS mice. This
increase, together with the changes in bone length
discussed above, confirms the previous findings of
Hooper et al. (1973) that selection for increased body
weight is accompanied by corresponding changes in
muscle mass. Muscle weight is determined by 3
parameters: fibre number, size (transverse sectional
area and length) and the deposition of extracellular
matrix. Since an analysis of fibre density and fibre
transverse sectional area in biceps brachii failed to
provide any evidence suggesting that the deposition of
matrix was altered disproportionately between the
lines, the following discussion will be confined to the
relative"contribution of fibre number and size.
Fibre number in both biceps brachii and soleus was

significantly increased in the QL relative to the QS
mice. These results are therefore in general agreement

with a number of other studies which have shown an

association between an increase in fibre number and
selection for high body weight (Byrne et al. 1973;
Hanrahan et al. 1973; Hooper, 1975; Penney et al.
1983; Stickland & Handel, 1986). However, there are
a number of discrepancies with respect to both the
pattern and magnitude of response between studies.
For example Luff& Goldspink (1967) failed to record
any alteration in fibre number within soleus of
genetically large and small Q strain mice, whilst both
the present study and that carried out by Byrne et al.
(1973) reported a significant increase in this variable
in soleus. Some diversity in the response of biceps
brachii has also been demonstrated, with Byrne et al.
(1973) reporting up to a 50% difference in fibre
number and Penney et al. (1983) and the present study
reporting a 30 % and 15 % divergence, respectively.
Reasons for the aforementioned variation in re¬

sponse could be severalfold. Previous work has
indicated that the magnitude of response may be
related to the number of generations of selection
pressure which have been applied (Byrne et al. 1973).
Hanrahan et al. (1973) and Byrne et al. (1973) both
used mice which, whilst originating from the original
Q strain, were the result of individual selection
programs terminated at 10 and 14 wk, respectively.
Others such as Penney et al. (1983) used lines directly
descended from those which had been selected by
Falconer (1973) for 23 generations. The variation in
the number of generations of selection in each case

may therefore underlie some of the differences
apparent between studies.
A further factor to be taken into consideration is

the genetic variation within the individual populations
under investigation. Both Penney et al. (1983) and the
present study used the QL and QS lines of mice which
were originally derived from the combination of
several of Falconer's replicate lines (see above dis¬
cussion). However, the present study reported a 15%
divergence in fibre number whilst that by Penney et al.
(1983) observed up to a 30% divergence. These
differences may only be accounted for by assuming
that natural selection, through the number of gener¬
ations which separate the 2 studies, had led to some
alteration in the genetic determinants for fibre
number.

The difference of 18 % between QL and QS in fibre
number of the biceps brachii muscle is similar to the
difference found for primary myotube number (S. C.
Brown & N. C. Stickland, unpublished observations).
This therefore suggests that fibre number differences
between the QL and QS in the newborn biceps brachii
were due to alterations in primary myotube number
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rather than any alteration in the ratio of secondary to
primary myotubes. This is in contrast to the situation
found by Stickland & Handel (1986) in the pig where
genetically determined differences in fibre number
were due to alterations in both primary myotube
number and the secondary to primary myotube ratio.
Fibre formation and growth are dependent on a

supply of nuclei since DNA accretion precedes or

closely parallels protein accretion (Moss, 1968 a, b).
However, despite the increased growth potential of
the QL mice there was no difference in the percentage
number of nuclei either within or outside the fibres of

biceps brachii at birth. These observations are of
considerable importance since they indicate the ab¬
sence of any alteration in the regulation of fusion
within the early muscle, thereby lending support to
the hypothesis that selection only acts through the
normal cellular processes of growth (Falconer et al.
1978). However, due to the differences in fibre number
and fibre length between the 2 lines, the total number
of nuclei was increased within the QL biceps brachii
compared with the QS. These results are therefore both
in agreement with and also explain the biochemical
analyses of Penney et al. (1983), who found an
increase in the total number of nuclei but no alteration
in the protein:DNA ratio between the lines.

Soleus in contrast showed no significant differences
between the QL and QS mice with regard to the total
number of nuclei in transverse sections of the muscle.

This was somewhat surprising since fibre number was
significantly increased in the QL compared with the
QS, as in biceps brachii. However, since fibre
transverse sectional area was also increased in the QL
soleus compared with the QS, it might be suggested
that this result was due to some change in the
protein: DNA ratio incurred as a result of the rapidly
diverging growth rates of soleus in the 2 lines.
However, to confirm this, further data on the
compartmentalisation of nuclei within this muscle
would be required.
A comparison of nuclear number in biceps brachii

and soleus of differently sized littermates showed no

significant difference in either the QL or QS. However,
a more detailed analysis in biceps brachii showed that
the percentage number of nuclei incorporated into the
fibres was significantly reduced in the smaller individ¬
uals. These results tend to imply that under conditions
of nutritional constraint the fusion of nuclei into the

fibre is affected prior to the rate of cell division. On the
basis of these observations it seems that whilst

genetically and environmentally induced difference in
muscle growth may be implemented by separate
mechanisms, the basis for both still relies on DNA

accretion as was found previously by Moss et al.
(1968 a, b) in the chicken.
Selection for divergent muscle weight acts not only

on fibre number but also on fibre size (Byrne et al.
1973). Fibre size has 2 main components: fibre
transverse sectional area and fibre length. Fibre length
in biceps brachii and soleus was estimated by the
length of the ossified humerus and tibia respectively.
At birth soleus but not biceps brachii showed a

significant increase in fibre transverse sectional area,
whilst of the 2 bones the tibia showed the greater
proportional increase between the QL and QS lines.
This would initially seem to lend support to the
hypothesis that longitudinal bone growth promotes
fibre hypertrophy (Hooper, 1978; Vandenburgh &
Karlisch, 1989). However, comparisons between
muscles which differ in their fibre type profile may be
inherently unreliable in view of probable differences in
their pattern of growth (Gibson & Schultz, 1983).
The main aim of the present investigation was to

determine the cellular variables associated with the

early divergence in size between the QL and QS.
Muscle length (as determined by the length of the
humerus and tibia) was significantly increased in both
the biceps and soleus of the newborn QL compared
with the QS. Both muscles showed a significant diver¬
gence in fibre number between the lines. Fibre
cross-sectional areas were only significantly different
between the QL and QS in soleus. This was suggested
to be a reflection of the role played by the rate of
longitudinal bone growth on fibre hypertrophy since
the divergence in the length of the tibia was more
marked than that of the humerus. However, further
analyses of muscles with different fibre type profiles
would be required to confirm this. Detailed analyses
of the nuclear content of biceps brachii showed that
alterations in fibre number had arisen without any
alteration in the proportion of nuclei incorporated
into the fibres. On the basis of these results it was

concluded that selection pressure had altered fibre
number through the normal processes of cellular
growth.
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ABSTRACT Previous experiments on the effects of either male castration or injection of an¬
drogens have concluded that levels of androgens are responsible for different muscle fiber type
proportions between the sexes. However, these conclusions are based on invasive techniques which
may involve secondary factors. The sex-reversed (Sxr) mouse is genetically female (X/X) but phe-
notypically male due to the presence of part of the short-arm of the Y chromosome containing the
testis determining gene (Tdy). Serum testosterone in this mouse is in the low normal range and
therefore provides a model for investigating the possible control of muscle fiber types by male
specific genetic factors.

Tten males, ten females, and ten Sxr mice of approximately 60 days of age were used, together
with ten males weight-matched to the females. The animals were killed and biceps brachii and
soleus muscles removed and prepared for routine muscle histochemistry. Body and muscle weights
were similar in the males and Sxr mice and significantly greater than in the females and the
weight-matched males. Muscle fiber sizes in biceps brachii reflected the differences in muscle
weights and there were no significant differences in fiber type proportions for this muscle. In the
soleus muscle, the percentage of slow, oxidative (SO) fibers was higher in the female mice than in
any other group. Furthermore, although the fast, oxidative, glycolytic (FOG) fibers were larger in
the heavier animals, SO fibers were largest in the female mice.
The results indicate that, although the size of FOG and fast, glycolytic (FG) fibers may be

a result of work-load hypertrophy related to body weight, the proportion and size of SO fi¬
bers in the soleus is directly influenced by genetic factors derived from the Y-chromosome,
probably Tdy. © 1994 Wiley-Liss, Inc.

It is well known in many species that, at the
same age, adult males are heavier than adult fe¬
males. These differences have been shown in some

studies to be reflected in a difference in muscle
weights with certain muscles more affected than
others. Investigations into the fiber type compo¬
sition of these more sexually dimorphic muscles
have also shown differences between the sexes

(e.g., levator ani of the rat; Fishman and Breed-
love, '80). These sex differences have generally
been attributed to the presence of testicular-de-
rived androgens in males although castration ex¬
periments have been conflicting. The castrated
mouse has been shown to exhibit fiber type pro
portions in its soleus muscle similar to those in
the female, which in both are different from the
intact male (Vaughan et al., '74). In another study,
however, castration had no affect on fiber type pro¬
portions in the extensor digitorum longus (Jiang
and Klueber, '89). Injection of androgens has been

shown to affect fiber type proportions in the highly
androgen-sensitive muscles (Kelly et al., '85).
There are some potential problems, however, with
using castration experiments in this way. Andro¬
gen production by the testis begins soon after tes¬
ticular differentiation and androgen levels, .in
many species, reach a peak around birth (Gondos,
'80). In animals which are subsequently castrated,
even soon after birth, there will have been expo¬
sure to significant levels of androgen during de¬
velopment. In addition, the effects of castration
are more widespread than simply removal of tes¬
ticular androgen. Circulating levels of several hor¬
mones will be altered by this procedure including
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thyrotropin and growth hormone (Christianson et
al.., '81; Jansson and Frohman, '87). Similarly in
females treated with androgens the animals will
not have been exposed to male levels of androgen
during fetal development. An alternative approach
to the study of sex influences on muscle develop¬
ment is use of the sex-reversed (Sxr) mouse. The
Sxr mutation causes genetic (X/X) females to de¬
velop testes due to the presence of part of the short
arm of the Y-chromosome carrying the testis de¬
termining gene (Tdy) attached to the distal end
of one of the X-chromosomes (Evans et al., '82;
McLaren et al., '88). We therefore have a model
in this mouse for investigating the possible con¬
trol of muscle fiber types by genetic factors spe¬
cific to the short-arm of the Y-chromosome.
The purpose of this investigation was first to

determine what differences there are between the
muscles of male and female mice and second, to
investigate whether these differences are due to
genes associated with the short arm of the Y-chro¬
mosome, including Tdy. A sex effect on muscles
may be mediated through differences in body
weight, e.g., body weight has been shown to af¬
fect slow fiber content in muscles (Handel and
Stickland, '87). It was therefore important to con¬
trol for this also in this study. The muscles cho¬
sen for this study were the biceps brachii, which
is predominantly a fast muscle in the mouse, and
the soleus muscle, which has a relatively high slow
fiber content being predominantly a postural
muscle. Neither muscle is of known high andro-
gen-sensitivity. The characterization of both fast
and slow muscles as influenced by genetic sex,
weight, and androgen levels were investigated.

MATERIALS AND METHODS

Tfen males, ten females, and ten Sxr mice from
the same background strain and all of approxi¬
mately 60 days of age were used for this study. A
fourth group of male mice, weight-matched to the
females, was also used. These mice were approxi¬
mately 35 days of age. The animals were killed
by decapitation and the blood collected for hor¬
mone analysis (O'Shaughnessy and Sheffield, '90).
The testes and epididymides were removed and
weighed. The muscles used for this study were
the biceps brachii (a predominantly fast muscle)
and the soleus (a mixed muscle with a relatively
high slow fiber content). These two muscles were
removed, weighed, and then frozen in dichlorodif-
luoromethane (Arcton 12, ICI Ltd, Macclesfield,
UK) cooled to its melting point of -158°C in liq¬
uid nitrogen. Transverse sections (10 pm) of the

muscles were obtained in the midbelly region on
a cryostat. Histochemical tests were employed on
the sections to determine the activity of the fol¬
lowing enzymes: Succinic dehydrogenase
(SDHase) (Nachlas et al., '57), Glycogen phospho-
rylase (GPase) (Takeuchi, '56), alkali-stable Ad¬
enosine triphosphatase (b-ATPase), and acid-stable
ATPase (a-ATPase) (Guth and Samaha, '70). The
use of serial sections for these tests enabled
muscle fibers to be classified as slow, oxidative
(SO), fast, glycolytic (FG), or fast oxidative, glyco¬
lytic (FOG). For each muscle the proportion ofeach
fiber type present and the mean cross-sectional area
(based on 100 fibers) of each type was estimated
using a Seescan Image Analysis System (Seescan
pic, Cambridge, UK). Differences between the four
groups of mice were assessed by analysis of vari¬
ance followed by a Newman-Keul test.

RESULTS

The males and Sxr mice were similar in body
weight and were significantly heavier than the fe¬
males and the lighter (weight-matched) males
(Fig. 1). The differences in body weight were re¬
flected in the differences in weight of both biceps
brachii and soleus muscles (Table 1). There was,

in fact, no difference between groups ofmice when
the muscle weights were expressed as a percent¬
age of body weight. Serum testosterone levels were
much higher in the males than the females. Lev¬
els in the Sxr mice were not as high as in the
normal males.
As expected the total number of muscle fibers

in the soleus muscle was not different between

Fig. 1. Mean body weights for females (F), males (M), Sxr,
and weight-matched (W) males. In each group, n = 10. Error
bars are standard errors of the means. Groups showing the
same letter are not significantly different by the Newman-
Keul test.
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TABLE 1. Serum testosterone levels and muscle weights

Weight-matched
Female Male Sxr male

Serum testosterone (fmol/ml) ND (< 250) 4,841 1,190 2,200
Biceps brachii weight (mg) 14.4 19.9 20.3 14.3
% of body weight 0.068 0.069 0.070 0.066

Soleus weight (mg) 5.02 6.73 6.23 4.61
% of body weight 0.022 0.023 0.021 0.021

ND, not detectable.

the groups (Fig. 2). This parameter was not mea¬
sured in the biceps brachii muscle owing to the
much larger size of this muscle. The soleus
muscles contained SO and FOG fibers only. The
percentage of SO fibers was significantly higher
in the soleus muscle of the female mice than in
any of the other three groups (Fig. 3). Further¬
more, the mean cross-sectional area of the soleus
SO fibers was also greater in the female mice (Fig.
4a). The FOG fibers in the soleus muscles tended,
however, to be larger in the bigger males and in
the Sxr mice (Fig. 4b).
As for the biceps brachii muscle, the differences

in body weights were reflected in the sizes of both
the FOG and FG fibers (Fig. 5) in that both fiber
types were larger in the larger males and Sxr mice
than in the females and lighter (weight-matched)
males. FOG and FG fibers were the only fiber
types in the biceps brachii muscles except in the
normal females. In four of ten of the females there
was a very small proportion of SO fibers (less than
1%) with the highest proportion in the youngest
and lightest female.

DISCUSSION

Serum androgen levels in Sxr mice were sig¬
nificantly lower than in normal adult males as
described previously (Daley and Younglai, '78) and
this may be related to alterations in testicular
blood flow (O'Shaughnessy et al., '91). The results
show, however, that the levels of androgens in the
Sxr mice were sufficient to increase their body
weights to those of normal males. In all the muscle
parameters tested there was no difference between
normal adult males and Sxr mutants although
both differed significantly from adult females as
discussed below. This would confirm that differ¬
ences in muscle function between males and fe¬
males are related to genetic factors associated
with the short arm of the Y-chromosome. The num¬

ber of genes present on this portion of the chro¬
mosome in unknown but includes Tdy and it is
likely that androgens derived from the testes of
Sxr mice are responsible formaintaining the male
phenotype of the muscles tested.
Not surprisingly the differences in body weights

were reflected in differences in muscle weights and

Fig. 2. Total muscle fiber number in the soleus muscles
of females (F), males (M), Sxr, and weight-matched (W) males.
In each group, n = 10. Error bars are standard errors of the
means. Groups showing the samp letter are not significantly
different by the Newman-Keul test.

Fig. 3. Percentage of SO fibers in the soleus muscle of
females (F), males (M), Sxr, and weight-matched (W) males.
In each group, n = 10. Error bars are standard errors of the
moans. Groups showing the same letter are not significantly
different by the Newman-Keul test.
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Fig. 4. Mean fiber areas for (a) SO fibers and (b) FOG
fibers in the soleus muscles of females (F), males (M), Sxr,
and weight-matched (W) males. In each group, n = 10. Error
bars are standard errors of the means. Groups showing the
same letter are not significantly different by the Newman-
Keul test.

Fig. 5. Mean fiber areas for (a) FOG fibers and (b) FG
fibers in tho bicopG brachii muscle of females (F), males (M),
Sxr, and weight-matched (W) males. In each group, n = 10.
Error bars are standard errors of the means. Groups charing
the samo lettor arc not significantly different by the Newman
Keul test.

in the sizes of their constituent fibers (apart from
the SO fibers in the soleus). There was no evi¬
dence in this investigation for a difference in rela¬
tive muscle weights (expressed as a percentage of
body weight) between the groups of mice. Both
the biceps brachii (a fast muscle) and the soleus
(a postural, slower muscle) maintained the same

percentage of body weight in each group. There is
evidence, however, from other work that some
muscles in the mouse (Rowc, '68), rat (Fichman
and Breedlove, '80), and guinea pig (Kelly et al.,
'85) may be directly androgen-sensitive. For the
biceps brachii and soleus muscles in this investi¬
gation the differences can be attributed to differ¬
ences in work-load wrought by body weight
differences.
A parameter that was not related to body weight

differences was the proportion of SO fibers in the

soleus muscle. The proportion of these SO fibers
in the soleus was significantly higher in the fe¬
male mice than in the other three groups. The
incidence of SO fibers in the biceps brachii of fe¬
male mice alone corroborates the finding in the
soleus. The fact that this is not a weight-related
result is highlighted by the lower proportion of
SO fibers in the lighter males (matched in weight
to the females). Furthermore any affect which has
noted a relationship between SO fiber content and
bodyweight has shown that the proportion of SO
fibers increases with bodyweight (Handel and
Stickland, '87). In this situation the lighter fe¬
males have more SO fibers in the soleus than the
heavier males. The results suggest that androgens
maj' bo responsible for a transition from slow to
fast contractile proteins within the soleus muscle.
Androgens have been shown to affect fiber type
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transitions in other studies. Tbstosterone admin¬
istration will stimulate transition from FOG to
FG fibers in the temporalis muscle of the guinea
pig (Kelly et al., '85) and myosin heavy chain
isoenzymes in ventricular muscle are also affected
by testosterone levels in rats (Schever et al., '87).
The mechanism of action of androgens on

muscle is unclear. A direct effect would be medi¬
ated through the androgen receptor and one might
speculate that muscle sensitivity might be related
to receptor density. It has also been suggested that
the action of testosterone on muscle might be me¬
diated through growth hormone (Kawai et al.,
1982). There is also likely to be a relationship with
thyroxine, which is known to be sex-dependent
and also to have a profound effect on expression
of contractile proteins in muscle tissue (Christ-
ianson et al., 1981).
A further interesting finding from this investi¬

gation is the large size of the SO fibers in the
soleus muscle of female mice compared to the
other three groups of mice. This again is not a
weight-related parameter. If it is suggested that
androgens are responsible for the increase in fast
fibers it is difficult to explain the stimulus which
increases the size of the SO fibers (which are al¬
ready greater in number in the females).
In conclusion, it would appear that, whereas the

size of FOG and FG fibers may be a result ofwork¬
load hypertrophy related to body weight, the pro¬
portion and size of SO fibers in the soleus, and
possibly other muscles, is directly influenced by
genetic factors, probably acting through formation
of the testes.
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Abstract
The Snell dwarf mouse exhibits impaired growth of the anterior pituitary result¬
ing in reduced levels of growth hormone and thyroid stimulating hormone. Ten
dwarf mice and 10 phenotypically normal littermates were killed at 33 days of
age. M. biceps brachii (a predominantly fast muscle) and m. soleus (a relatively
slow muscle) were removed from each animal and complete frozen transverse
sections obtained. Serial sections were reacted for various enzyme activities in
order to identify muscle fibre types. There was no difference in the total number
of muscle fibres in m. biceps brachii but a small difference in m. soleus between
normal and dwarf mice. There were marked differences in the size of all fibre

types between normal and dwarf mice with the largest differences in m. soleus.
The percentage of slow oxidative fibres was similar (about 32%) in both groups
of mice for m. soleus but there was a marked difference for this fibre type in m.

biceps brachii being about 1.5% in normal mice and 8.0% in dwarf mice. This
may be related to a difference in levels of thyroid hormone. Nuclear density was
very significantly greater in dwarf muscles although total nuclear numbers were
less than in normal muscles. These differences are most likely due to growth hor¬
mone levels. Differences in nuclear content were much greater in m. soleus than
in m. biceps brachii.

Introduction

The Snell dwarf mouse (dw) exhibits impaired anterior
pituitary growth which has a consequent effect on growth
hormone and thyroid-stimulating hormone [van Buul-Of-
fers, 1983]. This results in reduced growth in the mutants.
Although the endocrinology of the Snell dwarf mouse has
been studied in some detail, there is a lack of comprehen¬
sive data on the characterisation of the muscles in these ani¬
mals. Experimental manipulation of growth levels [Cheek
and Hill, 1970] and thyroid hormone levels [D'Albis et al.,
1987] have indicated the importance of these hormones in
normal muscle growth. This has been highlighted more

recently by inserting growth hormone gene into mice [Pal-
miter et al., 1982] which grew bigger, and pigs [Pursel et
al., 1990] which grew faster and more efficiently. The mus¬
cles of such animals, however, have not been studied in
detail. The Snell dwarf mouse provides an opportunity to
study the effect of genetically altered levels of anterior
pituitary hormones on muscle growth and to compare the
results with those utilising more experimental techniques to
study the effect of these hormones. The hypothesis to be
tested is that differences in the muscles between dwarf and
normal mice can be attributed to different levels of growth
hormone and thyroid hormone as revealed by previous ex¬
perimental studies.
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ATPase = Adenosine triphosphatase; CSA = cross- July 28. 1993
sectional area; FG = fast glycolytic; FOG = fast oxidative Accepted:
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Table 1. Gross parameters (means ±SE)
for dwarfmice and normal phenotype
at 33 days of age

Parameter Dwarf Normal Ratio normakdwarf

n 10 10

Body weight, g 6.2410.35 17.9810.51 2.9

Biceps brachii weight, mg 3.2210.34 10.6910.43 3.3
Soleus weight, mg 0.8410.11 3.9010.17 4.6

Biceps brachii length, mm 3.6910.20 5.2310.16 1.4
Soleus length, mm 3.3310.08 5.3510.27 1.6

Biceps brachii CSA, mm2 1.3610.13 2.5310.14 1.9
Soleus CSA, mm2 0.3910.04 1.1810.09 3.0

All differences significant at p < 0.001. CSA = Cross-sectional area.

Materials and Methods

Ten Snell dwarf mice and 10 phenotypically normal littermates
were sacrificed at 33 days of age. Various gross measurements (in¬
cluded in table 1) were noted. M. biceps brachii (a predominantly fast
muscle) and m. soleus (a relatively slow muscle) were removed from
each animal and frozen immediately in liquid dichlorodifluorome-
thane (Arcton 12, ICI) cooled to -158 °C in liquid nitrogen. Complete
10-jim transverse sections were cut on a cryostat through the mid-
belly region of each muscle. Serial sections from each muscle were
reacted for the following enzymes: alkali (pH 10.2) and acid-stable
(pH 4.6) myosin ATPase (based on Guth and Samaha [1970]), succi¬
nate dehydrogenase [Nachlas et al., 1957] and glycogen phosphory-
lase [Takeuchi, 1956]. Using these reactions muscle fibres were clas¬
sified as slow oxidative (SO), fast oxidative glycolytic (FOG) or fast
glycolytic (FG). M. biceps brachii was found to contain all three fibre
types whereas m. soleus contained only SO and FOG fibres. Using a
projection microscope, under low magnification, the complete cross-
sectional area (CSA) of each muscle was measured and the total num¬
bers of each fibre type making up each muscle were counted. Under
higher magnification the cross-sectional areas of 100 fibres of each
type for each muscle were measured using an Image analysis system
(Seescan pic, Cambridge). Sections stained with haematoxylin and
eosin were used to count the number of nuclei in transverse sections
for each muscle. The procedure given by Abercrombie [1946] was
used to adjust these figures for section thickness. The numberof nuclei
per mm1 (N1) was calculated by the formula:

N
A-T'

where N = adjusted number per section, A = muscle cross-sectional
area and T = section thickness. A figure for total number of nuclei per
muscle was obtained from the formula:

N'-A-L,

where L = length of the muscle. These figures made no allowance for
tapering ends ofmuscle and so would be overestimates but as relative
values were of interest in this investigation this was not considered a

problem. Differences between normal and dwarf animals for various
parameters were assessed by Student's t test.

Results

The gross parameter measurements are given in table 1.
It can be seen that for all gross muscle values the differ¬
ences between normal and dwarf mice were greater for the
soleus muscle than the biceps brachii muscle.

The cellular parameters of the muscles studied are
shown in figures 1—5. Figure 1 shows the results of alkali-
stable ATPase reactions on the muscle sections. It must be
stressed that the identification of fibres was, however, based
on analysis of all three of the histochemical methods men¬
tioned above. In biceps brachii sections (fig. 1) the darkest
fibres were FOG, intermediate were FG and the lightest
were SO. The same differential staining was also seen by
Goldspink and Ward [1979] in murine biceps brachii. In the
soleus sections, although some differential staining of fast
fibres was evident (fig. 1), all dark and intermediate fibres
were FOG according to their reactions for succinate dehy¬
drogenase and glycogen phosphorylase.

There was no statistically significant difference be¬
tween normal and dwarf mice for muscle fibre number in
m. biceps brachii, although there did appear to be a small
significant difference (17%) for m. soleus (fig.2). Differ¬
ences in muscle fibre CSA were large and differences were

greater in m. soleus than in m. biceps brachii (fig. 3). A very

significant difference was found in the percentage of SO
fibres in biceps brachii and a small difference in m. soleus
(fig. 4). Nuclear concentration in the dwarf muscles was
approximately 1.6 and 2.0 times greater than in the normal
for biceps and soleus, respectively (fig. 5a). Total nuclei
number in the dwarf muscles was approximately 60 and
40% of the normal values for biceps and soleus, respec¬
tively (fig. 5b).
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Fig. 1. Transverse sections reacted for alkali-stable myosin ATPase from (a) control m. biceps brachii; (b) control
m. soleus; (c) dwarfm. biceps brachii, and (d) dwarfm. solous. Fibre typing is based on three histochcmical reactions.
Muscle fibres are labelled 1 (SO, slow oxidative); 2 (FOG, fast oxidative glycolytic); 3 (FG, fast glycolytic).
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Fig 7 Total number of muscle fibres in m. biceps brachii and m.
soleus for normal and dwarf mice. Error bars are SEMs. Differences
between normal and dwarf: NS = not significant; *p < 0.015.

Fig. 3. Mean muscle fibre cross-sectional areas for each fibre
type in m. biceps brachii and m. ooleus for normal and dwarf mice.
Error bars are standard errors of the means. SO = Slow oxidative;
FOG = fast oxidative glycolytic; FG = fast glycolytic. For all fibre
types differences between normal and dwarf are *p < 0.001.
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I ig. 4. Percentage of slow oxidative (SO), fast oxidative glyco¬
lytic (FOG) and fast glycolytic (FG) fibres in m. biceps brachii and m.
soleus for normal and dwarf mice. Error bars are SEMs. Differences
between normal and dwarf: NS = not significant; ***p< 0.001;

0.05.

Discussion

Impaired anterior pituitary growth has an obvious effect
on the growth of skeletal muscles. In the Snell dwarfmouse
structural defects in the growth of the anterior pituitary are
not evident until 5 days after birth [Francis, 1944]. In the
mouse there is no new muscle fibre formation after the time

of birth [Ontell and Kozeka, 1984]. It is, therefore, surpris¬
ing that a significant difference, albeit small, was found in
the total number of muscle fibres in m. soleus between the
normal and dwarf mice (fig. 2). As it is unlikely that this
difference was achieved prenatally a possible explanation is
that the reduced growth stimuli to the muscles caused the
smaller fibres to gradually degenerate in the dwarf mice.
However, Slabaugh ct al. [1981] concluded that growth
lioiinoue deficiencies (in contiast to suuciuial defects in the
anterior pituitary) could be detected at the time of birth in
the Suell mouse. It is also claimed by some workeis that
growth hormone may be important in prenatal growth [Kim
:t al., 1993], There is, therefore, a possibility that the dwarf
mouse exhibits reduced prenatal muscle fibre hyperplasia.
A. growth study from fetal to postnatal ages would be re¬

quired to clarify this point.
The difference in size of all constituent muscle fibre

:ypes in both muscles is very evident between normal and

3 -

2 -

□ Normal
-T~ □ Dwarf

BICEPS SOLEUS

Fig. 5. Concentration (a) and total number (b) of nuclei in m.

biceps brachii and m. soleus for normal and dwarfmice. Error bars are
SEMs. Differences between normal and dwarf, for each muscle, are
*p < 0.001.

dwarf animals (fig. 3). It is clear that this difference is
greater in the soleus muscle than in the biceps brachii. This
is probably related to the fact that the solcus is a postural
muscle; it has a high content of slow fibies (about a thiid)
and all of its fibres are oxidative. The biceps brachii is pre¬

dominantly a fast muscle. It is known that postural muscles
(or postural parts of mixed muscles) grow relatively more
than fast muscles as animals increase in body weight [Han¬
del and Stickland, 1987]. The relatively larger difference in
muscle fibre size of the soleus compared to the biceps is,
therefore, a function of the difference in body weight.

It is known from studies of the postnatal growth of fast
muscles, such as m. biceps brachii of the hamster [Gold-
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spink and Ward, 1979], that the small proportion of SO
fibres decreases with growth. This is in contrast to postural
muscles in which the proportion of SO fibres increases with
growth [Kugelberg, 1976; Handel and Stickland, 1987].
The conversion of slow to fast fibres appears to be under
the control of thyroid hormone [D'Albis et ah, 1987]. The
fact that the Snell dwarf mouse has low thyroid gland activ¬
ity may, therefore, be the reason for the higher proportion
of SO fibres in the dwarf biceps compared to the normal
(fig-4).

The higher concentration of nuclei, but lower total num¬
ber of nuclei in the muscles of dwarf compared to normal
mice is a reflection of lower protein synthesis and reduced
nuclear division, respectively. Both of these activities in
muscle can be related to levels of growth hormone [Cheek
and Hill, 1970], Again, the effect is more marked in the
soleus than in the biceps for the reasons outlined above
concerning the relatively greater stimulus to slow muscle as

animals increase in body size. Another contributory factor
in the dwarf mouse may be its more sluggish behaviour
associated with its hypothyroidism [Boettiger, 1941] which
would invoke less functional demand on its fast muscles

compared to normal mice.
Taken as a whole the differences found between geneti¬

cally dwarf and normal muscles are consistent with the
results from other studies which used experimental manip¬
ulation of growth hormone and thyroid hormone levels.
However, it is clear that more experiments are required to
address specific roles of these hormones acting alone versus
in concert.
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27. Muscle cellularity and its relationship with birth weight and growth. By S. E. Handel and
N. C. Stickland. Departments of Anatomy, Royal (Dick) School of Veterinary Studies,
Edinburgh and The Royal Veterinary College, London

A study of muscle growth and development was undertaken on the semitendinosus muscle of
36 Large White pigs of various ages. Frozen transverse sections were obtained from the muscle
for histological and histochemical examination. At each selected age two littermates, categorised
as the largest or smallest (less than 950 g) at birth, were used.
Low birth weight was associated with a reduced muscle fibre number which remained fixed

during postnatal growth. The mechanism of this reduction has been elucidated prenatally
(Wigmore & Stickland, J. Anat., 137, 1984) and this hypothesis has now been confirmed post-
natally on a larger number of animals in this present study. The results verify that a reduced
secondary-to-primary muscle fibre ratio in the pig of low birth weight, of approximately 11-0%
(P < 0 01), is mainly responsible for the lower fibre number. These ratios were, on average,
25-5 and 22-7 in the large and small littermates respectively. Primary fibre number, which had a
mean value of 17 844, was not significantly affected except in a subset ofextreme cases. A severely
low relative birth weight, when the' small' pig was less than 50 % of the' large' in weight at birth
and was more than 2-5 s.d. from the mean litterweight, constitutes the exception. In this situa¬
tion primary fibre number was up to 55 % less than in the largest littermate. The consequential
growth potential of these animals was inevitably seriously limited.
The implications of these results on the distribution of myofibre types of m. semitendinosus

and general body growth of large and small birth weight littermates are discussed.

Work supported by an AFRC grant.



XII International Anatomical Congress

A.271

TH".r. ULTR.»STR1*CTUBAI. DEVELOPMENT OF TVO MYOFIBRF TYPES.

S. E. Handel and N. C. Stickland.

Department of Anatony. The Royal Veterinary College.

London NW1 CTU, England.

Ultrastructural (electron microscopical) investigations are an ideal
component of a ccnprehensive growth study, complimenting and augmenting
light microscopical observations. Moreover, quantitative studies provide an
invaluable reference in investigations of muscle pathology, aiding the
early identification of myopathies, and enabling the evaluation of the rate
and extent of their manifestation in the affected tissue. Despite this there
is an apparent lack in the literature of comparative studies of the
development of different myofibre types, from birth to maturity, which
quantify the changes in different subcellular organelles.

An ultrastructural investigation into the postnatal development of
oxidative (slew-twitch, oxidative metabolism) and non-oxidative
(fast-twitch, glycolytic metabolism) fibres from the deep and superficial
portions of m. semitendinosus, respectively, was therefore performed on 32
purebred Large White pigs from 11 litters. This study was undertaken to
evaluate (by stereological analysis) changes in the mitochondrial, lipid
droplet andmyofibrillar percentage volumes of these twomyofibre types between
birth and 84 days of age, and to quantify differences between largest (mean
birthweight of 1559g), smallest (mean birthweight of 1147g), and runt (mean
birthweight of 758g) littermates. The subcellular organelles chosen were
selected in order to ascertain, as well as the general morphological changes
occurring in rayofibres after birth, whether variations in birthweight between
littermates resulted in any permanent difference in themyofibrillar protein
oontent (a measure of muscle strength) or capacity for oxidative metabolism
(as the mitochondrial and lipid droplet values would reveal) of their
respective muscles.

The oxidative and non-oxidative fibres possessed, as would be expected,
different compliments of mitochondria and lipid droplets; the high ccxitent
of these organelles within the oxidative fibres prior to weaning was an
apparent reflection of the high-fat diet. The oxidative and non-oxidative
fibres, as well as presenting different myofibrillar compliments showed
differential rates of myofibrillar accumulation. The relatively larger
postnatal change in the percentage volume of myofibrils of the non-oxidative
fibres, as opposed to the small change within the oxidative fibres,
presented a cytological basis by which to explain the lack of sparing
of the non-oxidative fibres, with respect to the oxidative fibres , to the
effects of growth retardation. The ultrastructural compositionofmyofibreswas
not significantly different between littermates of disparate birthweight
except vhen, as in two extreme cases, birthweight was severely reduced. In
these instances themyofibrillar percentage volume of the non-oxidative fibres
was greatly affected, once again illustrating the transient nature of
Myofibrillar protein content of the non-oxidative fibres of the young animal.
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MUSCLE CELLULARITY IN LARGE AND SMALL BREEDS OF PIGS

N.C. Stickland and S.E. Handel

Department of Anatomy, The Royal Veterinary College

London NW1 OTU, England

During prenatal muscle development there is an initial formation
of large primary myofibres. A larger population of smaller secondary
myofibres then form around the primaries. It has been shown in many
muscles that the primary myofibres take on slow-contracting character¬
istics and that the secondary myofibres take on fast-contracting
characteristics (although some secondaries become slow during late
prenatal and postnatal growth). These "metabolic bundles", derived
from one primary myofibre and its surrounding secondaries,can be
readily identified in postnatal pig muscle. Furthermore it has
been shown that pigs which develop at disadvantaged sites in the
uterus and which develop fewer muscle fibres in their muscles do so
because fewer secondary myofibres form around each primary; the
number of primary myofibres is not affected (l).

This present study was carried out in order to investigate
whether genetically small animals develop fewer muscle fibres in
their muscles by the same mechanism as in nutritionally small animals.
The semitendinosus muscle was removed from eight commercial Large
White pigs and from eight Miniature pigs. Complete frozen trans¬
verse sections were obtained for each muscle in its mid-belly region
and stained for myosin adenosine triphosphatase activity; this
enabled the identification of "metabolic bundles".

It was found that the Large White pigs had 173$ more muscle
fibres in their muscles than the Miniature pigs. The most important
factor in bringing about this large fibre number difference was shown
to be -the number of primary myofibres contained in the muscles of the
two breeds. Primary myofibre number was found to be about four
times more important than secondary to primary myofibre ratios in
determining muscle cell number in these genetically different sized
animals.

1. Wigmore, P.M.C. & Stickland, N.C. (1983). Muscle development
in large and small pig fetuses. J. Anat., 137, 235-21-5•
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14. Skeletal muscle characteristics ofSnell dwarfmice. By N. C. Stickland, Patricia E. Mescall
and A. R. Crook. Department ofAnatomy, The Royal Veterinary College, London

The Snell dwarfmouse (dw) is associated with impaired growth of the anterior pituitary resulting
in reduced production of growth hormone and thyroid-stimulating hormone. It is known that
administration of growth hormone can improve muscle growth in normal animals but cnanges
in muscle due to genetically altered hormone levels have not been fully characterised.
Six Snell dwarf mice and six phenotypically normal littermates were used in this study and

killed at 33 days of age. M. biceps brachii (a predominantly fast muscle) and m. soleus (a mixed
fibre type muscle) were removed from each animal and complete frozen transverse sections
obtained for all muscles. Serial sections were stained for various enzyme activities in order to
identify muscle fibre types.
Analysis of the muscle sections revealed no difference in total muscle fibre number between the

two groups of mice but there was a marked difference (particularly in m. soleus) in mean
cross sectional area of the muscle fibres. The percentage ofslow, oxidative fibres was approximately
32% in m. soleus for both groups ofmice. However, there was a marked difference in the percentage
of this fibre type in m. biceps brachii, being about 0-5% in the normal mice and 6-5% in the dwarf
mice. Density of nuclei was approximately doubled in the muscle of dwarf mice although total
nuclei numbers were half those found in normal mice. M. soleus exhibited greater differences in
these parameters than m. biceps brachii.
The results presented here suggest that dwarfism affects only the postnatal growth of muscle

with the slower muscle seemingly more affected than the fast muscle; there appears to be no lasting
prenatal effect on muscle as far as the development of muscle fibre numbers is concerned.

The animals for this investigation were kindly provided by Dr A. T. Holder of the Institute of
Child Health, London.
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D. 9. The determinants of inter- and intra-litter variation in myofibre number in the pig. By C. M.
Dwyer and N. C. Stickland. Department of Veterinary Basic Sciences, The Royal
Veterinary College, University of London.

In the pig fetus muscle fibre hyperplasia occurs by the formation of primary and secondary
fibres. The number of primary fibres which form is believed to be genetically determined, whereas
the number of secondary fibres which form on each primary is more susceptible to environmental
influences. The pig is a multiparous species and exhibits wide variation in size within and between
litters. This study investigates the influence of genetic and environmental factors on this variation
at the level of muscle cellularity both within and between litters.
Five Large White sows were mated and fed normally throughout pregnancy at levels currently

used in pig production. Piglets were killed at 5 weeks and fresh, frozen sections of m.
semitendinosus were taken and prepared for myosin ATPase histochemistry. The total number of
muscle fibres, total number of primary fibres and the secondary-to-primary fibre number ratio
were determined for each litter member (n = 48).
The results clearly showed the wide variation in myofibre number both between litters and

between members of the same litter. Analysis of variance demonstrated that there was a significant
variation in primary fibre number (P < 0 005) between litters and this accounted for inter-litter
variations in myofibre number since there was no difference in secondary-to-primary ratio between
litters. Within individual litters, however, both the number of primary fibres and the secondary-
to-primary ratio contributed to the variation in total fibre number. The more important factor
determining intra-litter variation tended to be secondary-to-primary ratio in litters containing a
large number of animals, or when the litter extremes were compared. In small litters or average
litter members both factors seemed to make an important contribution.
These results suggest that the primary fibre number is less susceptible to environmental

influences and therefore is a good indicator of the animal's genotype. The secondary-to-primary
ratio, however, seems to be much more labile and is affected by environmental and nutritional
factors.
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19. The effects of genetic sex and androgens on skeletal muscle tissue. By N. C. Stickland and
P. J. O'Shaughnessy. Department of Veterinary Basic Sciences, The Royal Veterinary College,
London

Previous studies have shown that certain muscles may exhibit different muscle fibre type
proportions between the sexes. Experiments on the effects of either male castration or injection of
androgens into female animals have led investigators to conclude that these differences are due to
levels of androgens. However these conclusions are based on invasive techniques which may
involve secondary factors, and results have usually only been apparent on a few highly 'androgen-
sensitive' muscles. The sex-reversed (Sxr) mouse is genetically (X/X) female but phenotypically
male due to the presence of the testis determining gene (Tdy). Serum testosterone in the Sxr male
is in the low normal range and this animal provides the opportunity to examine whether factors
other than androgens affect sexual dimorphism in muscle.
The biceps brachii (predominantly a fast muscle) and soleus (a slow muscle), neither of known

high androgen-sensilivity, were removed immediately post mortem from ten normal (X/Y) males,
ten normal (X/X) females, and ten (X/X) Sxr males. The muscles were sectioned and serial
sections reacted for myosin adenosine triphosphatase, glycogen phosphorylase and succinic
dehydrogenase activities. These tests enabled the fibre type proportions of each muscle to be
assessed as well as the mean size of each fibre type.
In m. soleus the proportion of slow fibres in the Sxr male was similar to that in the normal male,

being less than that in the normal female. Furthermore the mean sizes of each fibre type in the Sxr
male were similar to the normal male, the fast fibres being larger and the slow fibres being smaller
than the normal female. In m. biceps brachii only normal females contained a few slow fibres.
However, in contrast to m. soleus, the last fibres (of which there were two types in the biceps) were
larger in the normal male than in both the Sxr male and normal female.
In conclusion, it would seem from this study that both muscles were sensitive to androgens with

respect to fibre type differentiation but that one muscle (m. soleus) was more sensitive to
androgens as far as muscle fibre growth was concerned. An alternative explanation is that genetic
sex may be more important than androgen levels in determining muscle fibre growth in some
muscles.
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D.10. Preparation techniques for automatic counting of skeletal muscle fibres. By N. C. Stickland,
Catherine M. Sutton and A. R. Crook. Department of Veterinary Basic Sciences, the
Royal Veterinary College, London

Manual counting of skeletal muscle fibres in complete muscles is clearly a laborious technique.
There are now several image-analysis systems available which may help with this task. However,
for accurate counting the skeletal muscle fibres must be completely separated from their
neighbours by a sufficiently different grey level. If the fibres are not separate the system will have
difficulty in recognising them as separate objects.
Various techniques were attempted, on both frozen and wax-processed transverse sections, for

visually separating muscle fibres. Techniques assessed included a reticulin stain, Masson's
trichrome technique (which stains collagen and muscle fibres different colours), Sirius Red (stains
collagen and basement membrane), and detection of fibronectin (present around all muscle fibres)
using an antibody with peroxidase labelling. The best technique was found to be the staining of
reticulin (with no counterstain) using a silver impregnation technique (based on Gomori, Am. J.
Path. 13, 1937) on frozen sections. The fresh, frozen sections were first fixed in buffered formal
saline for 10 minutes, then washed in water before the reticulin technique was applied.
Automatic fibre counts were performed using the Seescan Image Analysis System (Cambridge,

U.K.) on the reticulin-stained muscle sections. With no image editing there was a mean
underestimate of 4-3% when compared with manual counting. However, a great advantage of the
reticulin stain is that fibre outlines are very obvious (more so than in any routinely stained
244
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sections). Any errors of the system can therefore be readily detected and quickly corrected (adding
only seconds to each sample time) to provide 100% accuracy.
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Stickland, N. C., A. R. Crook, and C. M. Sutton (London, U. K.): Divergent Speciali¬
sations of Skeletal Muscle Fibres in Cats and Dogs.
M. semitendinosus was removed immediately post mortem from a range of cats and dogs, both

wild and domestic. The muscles were rapidly frozen and transverse sections taken at the mid-belly
level. Histochemical tests were performed on these sections; tests included myosin ATPase activity,
succinic dehydrogenase and glycogen phosphorylase activities. Using these tests muscle fibres could
be classified as slow oxidative (SO), fast oxidative glycolytic (FOG) or fast glycolytic (FG). The
proportions and cross-sectional areas of each fibre type were estimated for each animal.

The results showed that wild cats have a relatively greater slow muscle fibre content in their
muscles than either domestic cats, wild dogs or domestic dogs. This result may be associated with the
greater body weight of the wild cats used in this investigation. A more important result is that all
muscle fibres in wild and domestic dogs exhibited oxidative metabolism. In contrast, the great
majority of fast muscle fibres in wild and domestic cats exhibited non-oxidative, glycolytic metabo¬
lism. This result can be related to the different locomotory behaviour of dogs and cats.
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D.28. Localisation of IGF-1 and IGF-2 in a range of vertebrate skeletal muscle tissue. By S. C. F.
Rawlinson, M. L. Usher*, C. M. Dwyer and N. C. Stickland. Department of
Veterinary Basic Sciences, The Royal Veterinary College, London, and * Department of
Physiology, University College London

Antibodies to Insulin-like Growth Factors (IGF) 1 and 2 were used in an immunocytochemical
approach to the localisation of IGF-1 and IGF-2 in sections of vertebrate skeletal muscle tissue.
The aim of the investigation was to develop the technique and to test its applicability to various
vertebrate muscles as a prerequisite to further investigations.
The antibodies were polyclonal, raised in rabbit (for IGF-1) or rat (for IGF-2) against human

IGFs. Muscles used were m. tibialis anterior from chick embryos (18 days in ovo), m. lateralis from
juvenile carp, and m. biceps brachii and m. soleus from guinea-pigs, both fetal (50 days' gestation)
and postnatal (six weeks). The muscles were removed immediately post mortem, chilled by
precipitate immersion in Arcton (ICI, Ltd) cooled in liquid nitrogen, and sectioned transversely
in a cryostat. 10 /im-thick sections were air dried, and fixed in 3-7% formaldehyde in phosphate-
buffered saline (PBS) at pH 7-4 for one hour, followed by washing ( x 3) in PBS. The sections were
background blocked in 5% heat inactivated goat serum for one hour. Primary antibody was then
applied for one hour before washing ( x 3) in PBS. This was followed by secondary antibody
application (either FITC or TRITC, Sigma) for 40 minutes. Sections were finally washed in PBS
( x 3) and mounted in PBS: glycerol (1:9) including 5 % propylgallate. Sections were viewed under
UV illumination.
The localisation of IGF-1 appeared to be similar for all muscle samples with a homogeneous

distribution within all muscle fibres but with evidence of some concentration within the periphery
ofmuscle fibres in the fetal guinea-pig. The pattern of IGF-2 distribution was not as clearly defined
although, in the chick and fetal guinea-pig, there again appeared to be a concentration within the
periphery of some muscle fibres as well as some inter-fibre localisation.

The IGF antibodies were kindly supplied by Dr D. J. Baylink (Veterans' Hospital, Loma Linda,
California, USA).
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18. Skeletal muscle in the genetically obese mouse (genotype, ob/ob). By N. C. Stickland,
R. A. L. Batt, A. R. Crook, and C. M. Sutton. Department of Veterinary Basic Sciences,
The Royal Veterinary College, London

The genetically obese mouse is up to three times heavier than its phenotypically normal (wild-
type) littermate. Many features significantly affected in the obese mouse may be 'normalised' by
a limited feeding regime designed to prevent the excessive weight gain. The present study
comprised two experiments designed to test the hypothesis that there are differences in skeletal
muscle characteristics between wild-type and obese mice which can be attributed to the enormous
difference in body weight.
The first experiment involved three groups ofmice: (a) wild type fed ad lib. (b) obese fed ad lib.

and (c) obese limit-fed (for each group n = 5-9). Mice in the latter group were limit-fed such that
by 1 year of age they were not significantly different in body weight from the wild types. All
animals were killed by decapitation at approximately 1 year of age and 5 muscles were removed
from each. All 5 muscles were significantly heavier in the wild-type animals; muscle weight in the
2 obese groups did not differ. Furthermore, there was a significant correlation between muscle
weight and body weight within the wild-type group but not in either of the obese groups.
The second experiment was designed to investigate the histochemica! characteristics of the

muscles. In addition to the 3 groups of mice used in the first experiment, an obese group was
reduced in weight dietarily. Mice (all female; n = 6-10) were killed at approximately 9 months of
age and m. biceps brachii and m. soleus were removed and prepared for histochemistry. There was
no marked difference in the total number of muscle fibres or in proportions of muscle fibre types
between the groups apart from a reduction in the proportion of slow, oxidative fibres in the soleus
muscle of the weight-reduced obese mice.
Arguably the reduced muscle weight in obese mice fed ad lib. could be attributed to their posture

and reduced activity. However, the inability of muscles of limit-fed animals (which enabled
increased activity) to increase in weight suggests that other factors are involved and that the effects
on muscle may be a primary genetic effect rather than a secondary one.



POSTNATAL GROWTH IN THE PIG AND ITS RELATIONSHIP TO MUSCLE FIBRE

NUMBER.

C. M. Dwyer, J. Fletcher *, & N. C. Stickland
Royal Veterinary College, University of London, Royal Coll. St., London NW1 OTU
*Unilever Research Colworth Laboratory, Sharnbrook, Beds.

Fast growing strains of many species, including the pig, are known to have more

muscle fibres than slower growing strains (Ezekwe & Martin, 1975; Stickland &
Handel, 1986). These observations have been extended by examining the growth
of pigs within the same strain.

This project involved seven litters of Large White x Landrace pigs which were bred
and reared under commercial conditions. Piglets were weighed at birth and at

monthly intervals during growth. Pigs were killed at approximately 80 kg and the
semitendinosus muscle was dissected out from the left side and weighed. A whole

mid-belly slice was cut and prepared for histochemistry. Sections of 10 |im

thickness were cut and stained to demonstrate myosin ATPase activity, using a

modification of the method of Guth and Samaha (1970). An estimation of total fibre
number was made for each animal (n = 66). In addition, estimations of primary fibre
number and secondary-to-primary fibre number ratio (S : P ratio) were made for
each muscle in order to assess the relative contributions of nutritional and genetic
factors (Dwyer & Stickland, 1991).

Piglet growth could be divided into three main phases : from birth to 6 kg, from 6 kg
to 25 kg, and from 25 kg until slaughter. The first two growth phases were

significantly correlated with birth weight (r = 0.3614, P < 0.05 and r = 0.5873, P <

0.001, respectively) but were not correlated with total muscle fibre number. In the
third growth phase, however, when the pigs were growing most rapidly, the average

daily gain (ADG) in weight was significantly correlated with muscle fibre number (r =
0.4149, P < 0.001) and was not correlated with birth weight. Primary fibre number
and S : P ratio were both significantly correlated with muscle fibre number ( r =

0.7642 and r = 0.4093, P < 0.001, respectively), however only S : P ratio was

correlated with ADG (r = 0.4393, P < 0.001). In addition the feed / gain ratio was

calculated and found to have a negative correlation with muscle fibre number



during this period of growth (r = -0.4571, P < 0.001).

These results suggest that muscle fibre number is an important determinant of post
natal growth, such that pig littermates with a high muscle fibre number tend to grow

faster and more efficiently than littermates with a lower fibre number.

Dwyer & Stickland (1991) Anim. Prod. 5 2 : 527 - 533
Ezekwe & Martin (1975) Growth 3 9 : 95 - 106
Guth & Samaha (1970) Exp. Neurol. 2 8 : 365 - 367
Stickland & Handel (1986) J. Anat 1 47 : 181 -189



3. Fish and avian muscle development, growth and adaptation
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Relationship Between Size of Muscle Fibres and Body Dimensions in a Number of Teleosts
In 1956, Joubert1 reviewed some of the literature

which dealt with the effect of species on muscle fibie
size. He quoted Bowman2, who in 1840, must have been
one of the first to suggest some sort of genetic control
over muscle fibre size. He stated that within each class of
animals there is an extensive range of body size and
probably also muscle fibre size. Since then, several studies
have been made to investigate the effect of species on
muscle fibre size within the mammalian class. Warrings-
h01.z.a, and later Joubert1, measured muscle fibre
diameter in 4 domestic mammals, but they found no
relationship with body size. However, Gauthier and
Padykula4, in a more recent extensive survey, did
establish a direct relationship between fibre size in the
diaphragm of 13 mammalian species and body size.
George and Naik5, working on birds, also found that
muscle fibre area increased with body weight. This last
study seems to be the only one concerned with investigat¬
ing the relationship between fibre size and body size
outside the mammalian class. It was decided, therefore,
to investigate this relationship (if any) in fish, which
have so far not been studied and which also have an

easily measured 'shape' in contrast to mammals.
Materials and methods. 17 different species of teleost

(Table I, identified according to Smith6) were caught
over a 3-day period from rock pools found in the exposed
coral reef off the Kenya coast (4°20'S). The fish were
stunned by a blow on the head and then fixed in 5%
formalin for 24 h with a small dorsal and ventral skin
incision to aid penetration of fixative. After fixation, the
length (/) of the fish was measured (from snout to base of
tail) as well as its greatest height (h) and width (w)
(using microcalipers). The fish were then decalcified,
according to Schaffer7, in order to make sectioning
easier. The whole fish was sectioned transversely at a
position about two-thirds of its length from the head
end; 7 p.m sections were cut on a Leitz rotary microtome
and stained in Haematoxylin and Eosin.
By means of an eye-piece gracticule in a Leitz micro¬

scope, 100 muscle fibres were measured8 for each fish.
The approximate 'volume' (V) of each fish was estimated
using the following equation:

1 h-w I
V — ' 71 ' ■— (see above for fivplnntinn nf «;vt))nnk)

This equation is the volume of 2 elliptical conc3 (total
length, I) with their bases end to end. This will give some
indication, at least, of relative volumes of the fish used.
It was found that the lengths of the fish used were on

average 29.9% (with a standard error of ± 4.2) of the
maximum length they can attain (according to Smith6).
In order to standardize the results, it was decided to
adjust all Volume and Fibre diameter measurements to
their estimated values at 30% of the maximum length of
the fish. These were very small adjustments, which could
easily be carried out assuming that, for volume changes,
length:height:width ratios are constant for each species.
Muscle fibre diameter adjustments were based on the fact
that changes in fibre diameters are related to changes in
overall muscle girth9.

Results. Table I lists all the fish used in this investiga¬
tion together with the mean muscle fibre diameter (D),
'volume' (V) and length:maximum height ratio (l/h)
for each fish. The parameters D and V shown in this
table have both been 'adjusted' to 30% of the fish's
maximum length. Table II shows the coefficients of
correlation between various parameters. All coefficients

Table I. List of fisb used in investigation with mean muscle fibre
diameter {!)), estimated bndv volume (V) and length:height ratio
dlh)

No. Name D([xm) V (c.c .) llh

1 Canthigaster margaritatus 44.3 2.94 2.38
2 Scorpaena mossambica 42.3 1.72 2.42
3 Stethojulis strigiventcr 27.2 0.71 3.18

4 Halichoeres dianthus 16.0 0.38 2.96

5 Halichocres scapularis 34.9 1.23 4.27

6 Caracanthus zeylonicus 48.0 2.41 2.77
7 Abudcfduf lacrymatus 25.1 1.31 2.13
8 Cheilodipterus quinquclineatus 35.4 0.95 2.94
9 Branchiostegus japonicus 48.6 - 1.70 3.53
10 A budefduf sparoides 51.5 1.31 1.85
11 A pogon monochrous 49.5 0.94 2.51
12 Gobiodon citrinus 15.1 0.04 4.07
13 Siganus oramin 88.7 20.18 2.26
14 A pogonichthyoides uninotatus 28.6 0.67 3.32
15 Petroscirtes mitratus 21.9 0.1 1 8.51

16 Acropomajaponicum 23.3 0.30 3.16
1 7 (Irammistes sexlincatus 47.9 8.44 2.63

Tabic 11. Coefficient:', of correlation (r) botw'ecu various parameters'1

Parameters correlated n r P

1) v. V 1 7 0.814 < 0.001
I) v. log (V) 17 0.844 < 0.001
I) v. V (13 omitted) 16 0.536 < 0.05
1) v. log (V) (13 omitted) 16 0.765 < 0.001

l)v. l/h 17 -0.412 n.s.

I) v. log (l/h) 17 -0.482 < 0.05
I) v. 1 /h (13 omitted) 16 -0.432 n.s.

1) v. log (l/h) (13 omitted) 16 -0.493 < 0.1

111), muscle fibre diameter; V, volume of fish; l/h, length : height
ratio.

in this tabic arc based on the 'adjusted' values shown
in Table i. In some correlations, fish number 13 was
omitted as it appears to be very different in fibre size
and volume from the other fish (see Figure). It should be
noted that, using original values for Volume and Fibre
diameter (with no adjustment to 30% of the fish's maxi
mum length), correlation coefficients were significant for D
against log(V) (r = 0.68, p < 0.01) and for 1) against l/h
(r = 0.57, p < 0.02). Other correlations were of the same
order as Table 11 but not significant. The Figure shows
the variation of muscle fibre diameter with volume and

length: height ratio of the fish.
Discussion. The results of this investigation appear to

show that the diameter of muscle fibres in various species
of fish is related in some way to the volume of the fish.
Larger species of fish seem to have larger muscle fibres.
The fact that the correlation coefficients are highest when
log (Volume) is used, seems reasonable when it is realized
that the volume parameter is a cubed dimension as com
pared to the diameter measurement. As alreadymentioned,
this relationship between fibre size and body size has
already been demonstrated in several species of birds by
George and Naik5. Smith10, working with chickens,
also concluded that muscle size is related to body size.
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In mammals, although this relationship has been demon¬
strated by Gauthier and Padykula4 using 13 species,
other workers1'3 have not been able to show this, even
though the later workers used smaller numbers of species.
This discrepancy in the mammalian class may be due in
part to the much greater range of body sizes and dimen¬
sions than that found in the bird or fish class. In fact, if
certain groups of mammals are treated separately, a
direct relationship between fibre size and body size is
seen. Julian and Cardinet11 found that large dogs had
larger muscle fibres than small dogs, and Luff and
Goldspink12 found a similar stituation in mice.
The results of this investigation also suggest that there

is an inverse relationship between muscle fibre size and
length: height ratio (l/h). This relationship becomes
statistically significant when log (l/h) is used, suggesting
that the relationship is not linear.

l/h

Shows the relationship between mean muscle fibre diameter (D) and
(a) Volume of fish (V), (b) length: height ratio (//A). Both V and l/h
axes are written on a log scale. The equations for the plotted lines
of regression are shown. The numbers against each fish correspond to
the fish numbers shown in Table I.

There is some evidence13 that faster fish tend to have a

higher length: height ratio. It would seem, therefore, that
faster fish may have smaller fibre diameters. In mammals,
Gauthier and Padykula4 reasoned that fibre size is

related to body size because body size is inversely related
to metabolic activity14. Only if metabolic activity in
fish is related to relative speed can it be said that the
results presented here agree with those found in mammals.
In mammals, the decrease in fibre size with increasing

metabolic activity is due to a higher proportion of red
muscle fibres, as well as a decrease in size of the white
muscle fibres4. In the fish studied here, the character¬
istic lateral line strip of red muscle fibres15 appeared very
small or non-existent, and, in any case, these fibres were
not included in the measurements. However, in some of
the 'faster' fish, a 'mosaic' arrangement of small and
large fibres was seen in the bulk of muscle which might
correspond to the mosiac arrangement of red and white
muscle fibres seen in some fish15. A histochemical study
would be required to investigate this idea.
Taken as a whole, the results pose difficult problems.

If muscle fibre size is directly related to body size and
inversely related to l/h then this suggests that smaller
fish are more stream-lined with smaller muscle fibres. It
is possible that the relationship between fibre size and
l/h is a result of a relationship in the fish used here be¬
tween body size and l/h. A wider range of te'leosts should
be examined, preferably in which body size and l/h are
unrelated, in order to investigate these inter-relationships
more fully16.

Summary. In a survey of 17 species of teleosts, a direct
relationship was found between the diameter of muscle
fibres and estimated volume of the fish. The results also

suggested an inverse relationship between muscle fibre
diameter and 'streamlinedness' of the fish (as measured by
length: height ratio).

N. C. Stickland

Department of Veterinary Anatomy and Histology,
University of Nairobi, P.O. Box 30197,
Nairobi (Kenya), 2 June 1975.
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Abstract The distribution of succinic dehydrogenase activity was investigated in the
pectoralis muscle of thirteen East African birds, representing five Orders. It
was found that the pectoralis muscle of the most primitive birds studied
(Galliformes) contained all "white" muscle fibres whereas the more advanced
birds (Passeriformes) had all "red" muscle fibres. Intermediate Orders had
mostly a mixture of red and white muscle fibres. There also appeared to be a
direct relationship between body size and average muscle fibre size. However,
it was concluded that the most important factor in relation to the muscle
structure is the bird's mode of flight. The relationship with the degree of
evolution and body size only held true in so far as the birds which had
developed the facility for sustained flight, by increasing their red muscle fibre
content, were also smaller in size and constituted the more "evolved" Orders
of birds. In support of this it was noted that migratory birds (i.e. engaging in
sustained flight) from more primitive Orders also had a high red muscle fibre
content in their pectoralis muscles.

Introduction

Based upon a classification of muscle fibres into
red, white or intermediate nearly all combina¬
tions of muscle fibre types have been found in
the avian pectoralis by George and his associates
(e.g. Chandra-Bose and George 1965, George and
Talesara 1962). The results of this work suggest
that there is an evolutionary trend in the avian
pectoralis towards the all red muscle fibre type
(George and Berger 1966). However, apart from
this work on Indian birds and a little work on

North American birds by Salt (1963), no such
work on the characterisation of muscle fibre

types in the avian pectoralis has been carried out
on birds from any other country. It was therefore
felt that, owing to the large range of birds
available in East Africa, such a study in this
country might help to further the understanding
of the cellular organisation of the avian pectoralis
and perhaps lend support to the theory men¬
tioned above.

Materials and Methods

Several species of East African birds (listed in
Table 1), which had been caught in nets, were

killed by dislocation of the neck and small pieces
of pectoralis muscle were immediately removed
near the anterior border of the sternum. The
muscles were placed on a Leitz freezing microtome
stage (knife and stage set at —20°G) with rapid
freezing aided by spraying the muscle with liquid
Arcton 12 (ICI Limited, England). 15 /tm trans¬
verse sections were cut and then treated to show
the distribution of succinic dehydrogenase activity
by the method of Nachlas et al. (1957). Sections
were also stained for fat using Sudan IV.
By means of a Leitz projection microscope the

number of muscle fibres (red, white and total) per
mm2 was counted, using the sections stained for
succinic dehydrogenase activity. Using the same

projected image the areas of the cross sections
occupied by red and white muscle fibres were
outlined on white paper and the area ratios esti¬
mated by paper weight ratios. The average size of
the muscle fibres was estimated by measuring the
diameters of one hundred fibres of each type, using
a calibrated eye-piece graticule.
It should be noted here that a "red" muscle

fibre in this present investigation was one high in
succinic dehydrogenase activity and a "white"
muscle fibre was one with low activity. All sections
underwent identical treatment with equal incuba¬
tion times so that different birds could be com¬

pared.



Table1.Musclefibrecharacteristicsinthepectoralismuscleofbirdsusedinthisinvestigation Galliformes Numidamitrata(HelmetedGuinea-fowl) Pternistisleucoscepus(Yellow-neckedSpurfowl) Francolinusafer(Grey-wingFrancolin) Gruiformes Eupodotissenegalensis(White-belliedBustard) Charadriiformes Calidrisminuta(LittleStint) Pteroclesexustus(Chestnut-belliedSandgrouse) Columbiformes Streptopeliasenegalensis(LaughingDove) Streptopeliacapicola(Ring-neckedDove) Columbalivia(BlueRockPigeon)* Passeriformes Ploceuscucullatus(Black-headedWeaver) Coliuspasserardens(Red-collaredWidow-bird) Queleaquelea(Red-billedQuelea) Estrildaastrild(Waxbill)

LengthMusclefibreŝ (in.)^ No./mm.2No.No.AreaAreaSize(^m)Size(/tm) Red:White(%)Red:White(%)RedWhite
a"

EL

20—22

210

0:
:100

0:
:100

—

70.4

13—14

318

0:
:100

0:
:100

—

54.2

11

298

0;
;100

0;
:100

—

58.5

24

926

90.4:
:9.6

81.7:
:18.3

27.0

52.3

5—5V2

1960

100

:0

100

:0

26.5

12

843

80.7:
:19.3

63.0:
:37.0

25.4

51.9

9'/2

634

90.4

:9.6

80.6

:19.4

38.8

59.5

10

861

86.8

:13.2

67.2

:32.8

24.5

57.0

885

91.0

:9.0

73.5

:26.5

31.4

50.1

7

1084

100

:0

100:
:0

31.4

—

5

1023

100

:0

100

:0

31.9

—

5

1144

100

:0

100

:0

31.3

• —

4'/2

1040

100

:0

100

:0

27.7

—

*NotstrictlyanEastAfricanbird,butincludedforcomparisonswithworkofotherresearchers.
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Results

Table 1 lists all the birds used in this investiga¬
tion and shows all the measurements made on

the muscle sections. The birds were identified and
named according to Williams (1963). The length
shown for each bird is the average length from
tip of bill to tip of longest tail feather. This
information is also taken from Williams (1963)
and is included to give some indication of the
size of the bird. The birds are listed in their
Orders from the most primitive (Galliformes) to
the most advanced (Passeriformes).
The results in Table 1 were obtained from

sections reacted for succinic dehydrogenase acti¬
vity. The sections stained for fat, however, show¬
ed a similar picture with the "red" fibres (high
succinic dehydrogenase activity) being high in fat
content and the "white" fibres being low, al¬
though the distinction was often not so clear in
the fat-stained sections.
The results in Table 1 show that the pectoralis

muscles of the Galliformes contain all large
"white" fibres whereas the Passeriformes have an

all "red" fibre pectoralis. The intermediate
Orders appear to have a mixture of both red and
white muscle fibres.

Discussion

It can be seen from Table 1 that the large Galli¬
formes have a pectoralis muscle characterised by
a population of large muscle fibres whereas the
smaller Passeriformes are characterised by narrow
muscle fibres. The intermediate-sized birds have
a mixture of large and small fibres so that the
average muscle fibre size is also intermediate. It
should be pointed out that the Little Stint, a
small bird, although in one of the intermediate
Orders, has only narrow muscle fibres the same
as the other small birds. The largest bird used
in this investigation is the Helmeted Guinea-fowl
which has by far the largest muscle fibres. The
White-bellied Bustard, although longer than the
Helmeted Guinea-fowl by virtue of its relatively
long neck, is by no means heavier which helps to
explain its smaller muscle fibre size. Further
possible reasons for this are, however, discussed
below.
This relationship between muscle fibre size

and body size which this present investigation
appears to demonstrate has also been shown by
Gauthier and Padykula (1966) in the mammalian
diaphragm, in so far as body size was inversely

related to metabolic rate and breathing frequency,
and by Stickland (1975) in fish. This relation¬
ship was first suggested in birds by George and
Naik (1959) so that this present investigation
appears to support this theory.
When considering the muscle fibre types in

this investigation it would seem that the results
support the theory (George and Jyoti 1955,
George and Berger 1966) that there is an evolu¬
tionary trend from the broad "white" muscle
fibre to the narrow "red" muscle fibre type. This
trend is shown in the five Avian Orders repre¬
sented here from the primitive Galliformes to the
advanced Passeriformes. The Little Stint is per¬
haps an exception here in that its pectoralis
muscle contains all "red" muscle fibres although
it is placed in a fairly primitive Order. The
over-riding factor here is that this bird is a
palaearctic migrant (none of the other birds in
this investigation are migrants) and so would
need a high content of red muscle fibres for
long-distance flying. The White-bellied Bustard
might be considered as having a large proportion
of red muscle fibres for a bird in such a primitive
Order. This may possibly be explained by the
fact that other European Bustards are in fact
migratory and as all Bustards would have follow¬
ed the same evolutionary path the local Bustard
would also have the same pectoralis muscle fibre
characteristics. It should be mentioned here that
the classification of muscle fibres in this investiga¬
tion into red and white has been based on mito¬
chondrial succinic dehydrogenase activity. Clas¬
sification of muscle fibres is strictly more com¬
plicated than this, as put forward by Davies and
Gunn (1972) amongst others. It is indeed con¬
ceivable that the white muscle fibres of the
Galliformes used here could be Intermediate
muscle fibres although they did appear to have
the same level of activity as the white muscle
fibres in the other Orders.
From the foregoing discussion it can be con¬

cluded that, although muscle fibre size seems to
be related to body size and muscle fibre type
proportions seem to be related to the level of
evolution, the important factor is the develop¬
ment of the bird's mode of flight. Hence, the
relationships of muscle fibres with body size and
evolution, only hold true by virtue of the fact
that birds in the more evolved Orders have

generally become smaller in size and have devel¬
oped a more advanced mode of flight, being
capable of sustained flight, whereas the more

primitive birds with 'whiter' muscle fibres can

only fly short distances. It is worth pointing out
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here that the inconsistencies of one or two of the
so-called 'primitive' birds having a high content
of red muscle fibres may be due, in part, to a

present inadequacy in the classification of some
birds.

Acknowledgements

I would like to thank Mr. S. Paye for technical
assistance. Thanks are also due to Drs. Z. U. R.

Javed, D. J. Pearson and M. D. Purton for sup¬
plying the birds used in this investigation.

Williams, J. G. 1963. A Field Guide to the Birds
of East and Central Africa. Collins, London.
288 pp.

Dr N. C. Stickland

Department of Anatomy
Royal (Dick) School of Veterinary Studies
Edinburgh EH9 1QH
Scotland, U.K.

References

Chandra-Bose, D. A., George, J. C. 1965. Studies
on the structure and physiology of the flight
muscles of birds. 13. Characterization of the
avian pectoralis. Pavo 3: 14—22.

Davies, A. S., Gunn, H. M. 1972. Histochemical
fibre types in the mammalian diaphragm.
]. Anat. 112:41—60.

Gauthier, G. F., Padykula, H. A. 1966. Cytological
studies of fibre types in skeletal muscle. A com¬

parative study of the mammalian diaphragm.
/. Cell Biol. 28: 333—354.

George, J. C., Berger, A. J. 1966. Avian Myology.
Academic Press, New York, London. 500 pp.

-—- Jyoti, D. 1955. Histological features of the
breast and leg muscles of bird and bat and
their physiological and evolutionary significance.
J. Animal Morphol. Physiol. 2: 31—36.

— Naik, R. M. 1959. Studies on the structure and
physiology of the flight muscles of birds. 6.
Variation in the diameter of the fibres of the

pectoralis major and its relation to the muscle
size and mode of flight. J. Animal Morphol.
Physiol. 6: 90—94.

— Talesara, C. L. 1962. Histochemical demonstra¬
tion of certain oxidizing enzymes in the pecto¬
ralis major muscle of the Rosy Pastor (Pastor
roseus), Goose (Anser albifrons) and Fowl (Gal-
lus domesticus). J. Animal Morphol. Physiol.
9: 59—62.

Nachlas, M. M., Tsou, K., de Souza, E., Cheng, C.,
Seligman, A. M. 1957. Cytochemical demon¬
stration of succinic dehydrogenase by the use
of new p-nitro-phenyl substituted ditetrazole.
/. Histochem. Cytochem. 5:420—436.

Salt, W. R. 1963. The composition of the pecto¬
ralis muscles of some passerine birds. Can. ].
Zool. 41: 1185—1190.

Stickland, N. C. 1976. Relationship between size
of muscle fibres and body dimensions in a
number of teleosts. Experentia 31. 1279—1281.



J. Anal. (1983), 137, 2, pp. 323-333
With 7 figures
Printed in Great Britain

323

Growth and development of muscle fibres in the
rainbow trout (Salmo gairdneri)

N. C. STICKLAND

Department ofAnatomy, Royal (Dick) School of Veterinary Studies,
Edinburgh EH9 IQH

(Accepted 1 December 1982)

INTRODUCTION

It is now generally accepted that, in mammals, muscle hypertrophy during normal
postnatal growth is due almost exclusively to muscle fibre hypertrophy, with very
little contribution from fibre hyperplasia (Rowe & Goldspink, 1969) except, perhaps,
in the very early postnatal period in some animals (Rayne & Crawford, 1975).
The far fewer studies that have been carried out on muscle growth in fish suggest,

however, that hyperplasia may be an important factor in muscle hypertrophy during
postlarval growth (Greer-Walker, 1970; Weatherley, Gill & Rogers, 1979) although
not all studies are in agreement with this (Kryvi & Eide, 1977). Some of the dis¬
crepancies may be due to the fact that the fish are not usually studied throughout
their whole period of growth, and it is quite likely that the relative contributions of
fibre hypertrophy and hyperplasia to muscle growth change during the lifespan of
the fish, as is the case in prenatal muscle development in mammals (Stickland, 1981).
As in most teleost fish the lateralis muscle of the rainbow trout can be divided into

a superficial layer, near the lateral line, of red fibres and, beneath this, a far larger
mass of white fibres. Within the large mass of white muscle there are small diameter
fibres which give the muscle a mosaic appearance (Boddeke, Slijper & Van der Stelt,
1959), but these small fibres were shown by Johnston, Ward & Goldspink (1975) to
have the same histochemical properties as the large white fibres. Weatherley, Gill &
Rogers (1980) suggest that these small fibres are a stage in the development of the
larger white fibres. The lateralis muscle of the rainbow trout does therefore provide a
means of studying the growth of red and white muscle fibres separately.
The present investigation was carried out in order to estimate the contribution of

fibre hyperplasia and hypertrophy to the growth of red and white muscle in the
rainbow trout during the whole period of postlarval growth.

MATERIALS AND METHODS

Seventeen rainbow trout (Salmo gairdneri) ranging in length from 2-2 cm (im¬
mediately postlarval) to 71 cm (approximately the normal maximum size of rainbow
trout) were obtained from Hopewood Trout Farm, Peebles. Immediately after
killing the fish by a sharp blow to the head, a complete transverse slice of lateralis
muscle was removed from one side of the fish at a level two thirds of the length from
the head end. This slice was frozen in dichlorodifluoromethane (Arcton 12, I.C.I.),
which was cooled to its melting point (—158 °C) with liquid nitrogen. The slices
were then cut at - 20 °C, using a cryostat, in order to obtain 20 /on transverse
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sections of the complete lateralis muscle (red and white components) from one side.
The sections were stained with haematoxylin and eosin. Low power photomicro¬
graphs of whole sections were made, as well as high power photomicrographs of red
muscle and three regions of white muscle dorsal to the lateral line, namely, superficial,
middle and deep.
A Videoplan image analyser (Reichert-Jung) was used to estimate the cross

sectional area of the red and white, muscle portions in the complete sections. The
analyser was also used to measure 100 fibres from each of the high power photo¬
micrographs of red muscle and superficial, middle and deep white muscle. The
measurements obtained were fibre cross sectional areas (fibre areas) and diameters of
circles with equivalent areas (fibre diameters). For the superficial white muscle
measurements, the two or three most superficial layers of fibres were not included in
the measurements because these are known to have slightly different properties and
to be generally smaller than the remainder of the white muscle, being known as pink
fibres (Johnston et al. 1975).
The fibres in the high power photomicrographs were counted so that estimates of

the number of fibres per unit area were obtained for both red and white muscle.
These estimates, together with the red and white muscle cross sectional area measure¬
ments, were used to calculate the total number of fibres in the complete sections.
Enough photomicrographs were used to ensure that approximately 5 % of the total
number of fibres were counted.
The effects of growth on fibre size (both cross sectional area and diameter) and

fibre number were examined by plotting these parameters against fish length. Fibre
diameter measurements were used so that a comparison could be made with the
results of several other workers who have used this parameter. Relationships were
defined by regression equations, using simple transformations (e.g. log, power,
exponential) as necessary to find the best-fit regression line.

RESULTS

The relationships between the cross sectional areas of red and white muscle from
one side of the fish and fish length are shown in Figure 1. The regression coefficients
of the two power curves (Table 1) are not significantly different, which indicates
that red and white muscle increase in cross sectional area at the same rate throughout
growth (as measured by fish length increase). The ratio of cross sectional area of
white muscle to that of red muscle remained at about 25 : 1 throughout growth.
The increase in the total number of red muscle fibres and white muscle fibres (from

one side of the fish) with increasing fish length is shown in Figure 2. Table 1 shows
that for the white muscle the best fit curve is a polynomial, indicating (Fig. 2) that
fibre number increases rapidly at first and then slowly, reaching a plateau, at about
65 cm, of 150000 muscle fibres. The relationship between red fibre number and
length is much more variable and none of the regressions attempted (logarithmic,
power, exponential, various degree polynomials) was significantly better than the
linear regression (Table 1) shown. Owing to the large amount of variability, however,
(indicated by the high Sb value) it is not possible to state whether the red fibre
number rate of increase changes during growth, although there is clearly an overall
increase.
The increases in mean fibre cross sectional area for red and white muscle with

length (Fig. 3) are exponential in form (Table 1). This means that for every 20 cm
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Length (cm)
Fig. 1. Total cross sectional area of white muscle and red muscle versus fish length.
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Fig. 2. Total muscle fibre number in complete cross sections for white muscle

and red muscle versus fish length.
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Table. 1 Equations of computed regression lines

Parameters

Figure X Y Line s„

1 Length White muscle CSA Y — 0-372. X2'18 0-04

Length Red muscle CSA Y= 00168.2f£'13 0-07

2 Length Total white fibre no. Y = 5505.*-44. X2 Or~-II

-22215 S„ = 8-0
Length Total red fibre no. Y = 434. A"—1055 74

3 Length Mean white fibre CSA Y = 1383.1-041* 0-004

Length Mean red fibre CSA Y = 502.1-034* 0-004

4 Length Mean white fibre diameter Y= 1-64. X+ 29-5 0-12

Length Mean red fibre diameter Y = 24-9.1-017* 0-002
— White muscle CSA Total white fibre no. Y = 54033. log*- 49724 5929
— White muscle CSA Mean white fibre CSA y= 5-17.*+1786 0-22
— Red muscle CSA Total red fibre no. y= 10252. log*+831 7489
— Red muscle CSA Mean red fibre CSA y = 24-6. X+ 823 3-0

CSA, Cross sectional area. Sb, Standard error of regression coefficient. Units: Length, cm; Muscle
CSA, mm2; Fibre CSA,/tm2; Fibre diameter, //m.

Length (cm)
Fig. 3. Mean muscle fibre cross sectional area for white muscle and red muscle versus fish length.

increase in fish length the mean red fibre cross sectional area doubles; the mean white
fibre cross sectional area doubles in a slightly shorter time (about every 17 cm).
In other words, mean fibre cross sectional area increases at an increasing rate with
growth.
Increase in mean white fibre diameter (Fig. 4) shows a linear relationship (Table 1)

with fish length, whereas the increase in mean red fibre diameter exhibits an ex¬

ponential relationship (Table 1) with fish length. From an examination of the 'red'
points in Figure 4, however, it would appear that, although the relationship may be
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Length (cm)
Fig. 4. Mean muscle fibre diameter for white muscle and red muscle versus fish length.

exponential overall (this gave the best-fit regression when using all the points), there
is little change in fibre diameter until about 40 cm, which is possibly also shown in
Figure 3 for mean red fibre cross sectional area.
Table 1 shows that there is a linear relationship between muscle fibre cross

sectional area and total muscle cross sectional area for both red and white muscle,
whereas muscle fibre number exhibits a logarithmic relationship with total muscle
cross sectional area, also for both white and red muscle. The latter relationship
demonstrates that muscle fibre number increase slows down as muscle cross sectional
area increases.

Histograms were constructed for muscle fibre diameter distributions for each fish.
Figures 5 and 6 show these distributions for white and red muscle, respectively, in
representative fish taken at approximately 10 cm-intervals. Each white fibre diameter
histogram (Fig. 5) is the average for the three white sampled areas (superficial,
middle and deep) in each of which 100 fibres were measured. It should be pointed
out that within each fish the histograms for the three areas did not show any apparent
significant differences and, in particular, did not show evidence of one area having a
larger proportion of smaller fibres than another. Figure 5 shows that the increase in
mean white fibre diameter during growth is due to an increase in width of the histo¬
gram so that, even at 52 cm, there are still some fibres in the smallest size class
(10-20 /^m) although they represent less than 1 % of the total population at this stage
compared to over 10% at the 2-2 and 10-0 cm stage. In contrast, Figure 6 shows
that the increase in mean red fibre diameter is due to the distributions shifting to the
right so that, even at 34-0 cm, there are no fibres less than 20 /tm in diameter. The
distributions are much narrower for the red muscle, especially when it is appreciated
that the classes are 5 /<m wide in the red (Fig. 6) compared to 10 ft-m in the white
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Fig. 5. Muscle fibre diameter percentage frequency histograms for white muscle from fish of
lengths indicated alongside each histogram. The arrows mark the mean fibre diameter for
each histogram.

(Fig. 5). In fact, for all the histograms shown in Figures 5 and 6, except for the 2-2 cm
stage, the variances (based on standard deviations quoted as percentages of the
means) are significantly greater (P< 0 05) for the white muscle than the red.

DISCUSSION

It has been shown that the cross sectional area of both red and white muscle is

proportional to approximately the square of fish length (Fig. 1, Table 1), which is
perhaps not surprising when plotting an area against a length. Kryvi & Eide (1977),
however, found linear relationships between red and white muscle cross sectional
areas and fish length in the shark, although this possibly could be explained by the
fact that only a relatively narrow range of lengths, namely about 5-25 cm, was used.
They also concluded that white muscle cross sectional area increases more than that
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Fig. 6. Muscle fibre diameter percentage frequency histograms for red muscle from fish of
lengths indicated alongside each histogram. The arrows mark the mean fibre diameter for each
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of red muscle over the period of study whereas, although the equations in Table 1
show a slightly larger rate of increase in white cross sectional area than that in red,
the differences are not significant in this present study.
The rate of increase in the total number of white muscle fibres was found to

decrease with increasing fish length (Fig. 2). As far as the red muscle fibres are
concerned, there is a definite increase over the length range studied but, owing to the
variability found, it is not possible to state with certainty how the rate of increase
varies during growth. In contrast to these results, Kryvi & Eide (1977) found no
increase in white muscle fibre number in the shark and only a slight increase in that of
red. Greer-Walker (1970), however, did find an increase in the number of red and
white muscle fibres (added together) throughout the growth of cod from about 5 to
120 cm, but with no rate decrease at the upper end of the range.
It is possible that any change in muscle fibre number with growth may be due to a

change in the arrangement of muscle fibres within the muscle. An apparent increase
in fibre number may be due to the growth of intrafascicularly-terminating fibres
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entering the plane of section. However, the lateralis muscle of fish is segmented into
myomeres which are separated by sheets of connective tissue, the myocommata.
Within these myomeres the muscle fibres are only a few millimetres long and run,

roughly parallel to the long axis of the body, from one myocomma to the next.
No fibre terminations have been observed between the myocommata when muscle
samples have been teased under a microscope (personal observation). It is also
known that, although individual fibres extend only from one myocomma to the next,
successive fibres lying on opposite sides of myocommata can be teased out as long
threads over many myomeres; these threads are known as muscle fibre trajectories
(Alexander, 1969). These observations, together with the fact that the arrangement
and number of myomeres do not change with growth, indicate that any increase
observed in the number of muscle fibres per cross section must be due to the forma¬
tion of new muscle fibres.
As far as muscle fibre diameter is concerned, there is a continuing increase when

plotted against length (Fig. 4) which appears exponential overall for the red muscle
although linear for the white. In his study on the cod, however, Greer-Walker (1970)
found that red and white muscle fibre diameters increased in a sigmoid manner
which, in the white muscle, was followed by a decrease from 83 cm onwards.
The relative contributions of hyperplasia and hypertrophy to increase in muscle

cross sectional area were calculated for both white and red muscle and the results are
shown in Figure 7. This figure was calculated by estimating the increase in fibre
number per unit length (every 5 cm) from Figure 2, and the increase in fibre cross
sectional area per unit length from Figure 3, and expressing one increase as a
percentage of the two combined. This figure shows that, for the white muscle (Fig.
la), hyperplasia is at first the major contribution to the increase in muscle cross
sectional area but throughout growth its relative importance decreases so that at the
end of the trout's growth (65-70 cm) increase in muscle cross sectional area is due
entirely to fibre hypertrophy. Based on biochemical analyses of rainbow trout muscle
(DNA content and ratio of fresh weight to DNA), Luquet & Durand (1970) con¬
cluded that hyperplasia accounted for 70% of the increase in muscle weight up to
400 g body weight (about 33 cm) and thereafter continued to account for 90%, cells
having reached 75 % of their final size by 400 g. It must be appreciated, however,
that the hyperplasia to which the authors referred was increase in the number of
nuclei, not fibre hyperplasia, and their conclusions on cell size indicate only that the
cytoplasmic to nuclear ratio shows little increase after 400 g.
It is interesting to note from Figure 5 that the first histogram in which there are no

fibres in the smallest size class (10-20 /tm) is that for the 63 cm fish. It may be reason¬
able to assume that a lack of these very small fibres indicates that no new fibres are
being formed, i.e. that hyperplasia has ceased. If this is true then the histogram
results are in agreement with Figure 7 a which shows that hyperplasia does, in fact,
cease by this 63 cm stage. Weatherley et al. (1979) produced histograms for fibre
diameters in the white muscle of rainbow trout up to about 33 cm in length. They did
not count the number of fibres but deduced, in agreement with this present investiga¬
tion, that, as the number of fibres in the smallest size class was reducing, so hyper¬
trophy became relatively more important than hyperplasia in muscle growth.
The large range of fibre diameters seen in the white muscle of trout give it a

characteristic mosaic appearance (Boddeke et al. 1959) which was once assumed to
be a mixture of small red and larger white fibres. Johnston et al. (1975), however,
showed that both the small and large fibres of this mosaic muscle had the same
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Length (cm)

Length (cm)
Fig. 7 (a-b). Relative percentage contributions of hyperplasia and hypertrophy to total muscle
cross sectional area growth versus fish length for (a) white muscle and (b) red muscle. The
broken line in (b) is explained in the text.

histochemical properties. Carpene & Veggetti (1981) working on Mugilidae fish
species found small fibres in the white muscle with different histochemical properties
from the rest of the white muscle. They concluded that small fibres were produced
at certain times of the year and enlarged to evolve mature white fibre properties. It
seems reasonable to assume here, therefore, that the smallest fibres are the newly
formed fibres which gradually enlarge, hence the widening histograms in Figure 5.
It is possible that the seasonal variation observed by Carpene & Veggetti (1981) may
be present in the rainbow trout. For example, in Figure 4, the fish at 24 cm has, in
relation to its very small length difference, much bigger white muscle fibres than the
fish at 23 cm. The former was obtained in November whereas the latter was obtained
in June. The data from this investigation are insufficient, however, to indicatewhether
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this seasonal variation is significant in the trout; more work needs to be carried out
in order to elucidate this point. On the other hand, a difference in fibre diameters
between fish at the same length may be due to these fish having different growth rates
with the fastest growing fish having smaller fibres (Weatherley et al. 1979).
As mentioned earlier the red muscle situation is difficult to assess. The continuous

line in Figure 7b is based on the 'red' lines in Figures 2 and 3. If a disappearance of
fibres in the smallest size class is an indication of the cessation of hyperplasia, then,
from Figure 6, this occurs at 34 cm (the first stage when there are no fibres less than
20 /^m). This would then support the validity of the broken line shown in Figure lb,
so that from 34 cm onwards all increase in red muscle cross sectional area is due to
fibre hypertrophy. However, although it is perhaps most likely that hyperplasia does
cease by about 34 cm, the variability in the results (particularly those shown in
Figure 2 'red') means that the possibility that hyperplasia continues throughout
growth cannot be ruled out, althouth its relative contribution must decrease.
In conclusion, it has been shown that postlarval muscle growth in the trout is due,

firstly and mainly, to hyperplasia, which is then gradually replaced by hypertrophy
as the major factor until hyperplasia ceases completely. Although this is somewhat
analogous to the prenatal growth of mammalian muscle (Stickland, 1981), there is
little hyperplasia postnatally in mammalian muscle (Goldspink, 1962). The newly
formed fibres found in growing fish muscle are probably produced from satellite
cells or persistent myoblasts rather than by fibre splitting. No evidence of fibre
splitting has been observed in the samples used in this investigation. The exact
mechanism of fibre production is, however, being presently examined in this labora¬
tory. Another interesting question posed by the results described here is how the
new muscle fibres became innervated. Easter (1979) found that there was no increase
in axon number in the trochlear nerve supplying the superior oblique eye muscle in
the goldfish during growth, although the number of neuromuscular synapses in¬
creased greatly to accommodate the more numerous muscle fibres. The innervation
of the newly formed fibres found in the lateralis muscle is presently being investigated
in this laboratory.

SUMMARY

The growth of red and white muscle was investigated in the rainbow trout, using
fish from 2-2 cm to 71 cm in length. In the white muscle, fibre hyperplasia, initially,
accounted for all muscle growth but its relative contribution decreased as the
contribution from fibre hypertrophy increased. At and above about 65 cm there
was no hyperplasia, and this corresponded approximately to the stage when there
were no more fibres in the smallest size class (less than 20 /mi). The results for the red
muscle are more variable and hence more difficult to assess. Although red fibre
hyperplasia may continue throughout growth, at 34 cm there are no fibres in the
smallest size class, which possibly indicates no new fibre formation beyond this stage.

The author gratefully acknowledges the technical assistance of Mr S. Mitchell and
Mr J. Strathearn.
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Summary. From fertilisation to hatching one group of salm¬
on embryos was reared at ambient temperatures (fluctuat¬
ing around 1.6° C) and another at 10° C. At Gorodilov
stages 28, 30 and 33 transverse sections of whole embryos
were obtained for light and electron microscopy. Total
cross-sectional areas, fibre numbers, fibre diameters and
myofibrillar areas of the white muscle of m. lateralis were
measured. At hatching (stage 33, which occurred much ear¬
lier at the higher temperature), the higher temperature em¬
bryos had significantly larger (P < 0.01) but fewer (P < 0.05)
muscle fibres. These larger fibres contained significantly
more myofibrillar material (P< 0.05) than the smaller fibres
of the lower temperature embryos. Lesser differences were
found at pre-hatching stages. Higher temperatures caused
myofibre hypertrophy to increase at a greater rate than
hyperplasia. Hence, the cellularity of the tissue produced
under the different temperature regimes was quite different.

Key words: Salmon - Myogenesis - Temperature

Introduction

It has long been known (Krogh 1914) that the rate of em¬
bryonic development is influenced by temperature in a vari¬
ety of animals, and in the salmon this was demonstrated
by Hayes et al. (1953). However, less is known about the
effects of temperature on cellular aspects of developing tis¬
sues. Embryonic stages of myogenesis in fish are associated
with myofibre hyperplasia as well as hypertrophy. The pres¬
ent study investigated the effects of temperature on these
two features of embryonic muscle development in Atlantic
salmon (Salmo salar L.).

Materials and methods

Eggs were stripped from a 4-year-old female salmon on
28 November 1985, and fertilised with sperm from a 4-year-
old male. They were transferred to perspex hatching trays
in mesh baskets, which were kept in hatching troughs
through which water flowed at 1.5-2.0 1/min, at the DAFS
Smolt Rearing Station, Almondbank, Perthshire. Half the
eggs were incubated at 10° C, maintained constant by
means of a proportional electronic thermostat. The other
half were kept at ambient temperature which fluctuated

Offprint requests to: N.C. Stickland

around a daily median of 1.6° C (S.E. 0.2) for the study
period (127 days from fertilisation).

From the onset of somitogenesis, samples of 10 eggs
from each temperature regime were sent by train to London
at defined intervals, wrapped in cotton wool soaked in river
water, inside a jar cooled with ice. All eggs arrived alive.

Development stages were defined according to Gorodi-
lov's (1983) system. Stages 28, 30 and 33 were used, corre¬
sponding to ages 83, 103, and 127, and 34, 40 and 54 days
after fertilisation for the ambient and 10° C embryos respec¬
tively. For both regimes, stage 33 were newly hatched.

The embryos were removed from their shells, decapi¬
tated and the first 15-somite region placed in 2.5% glutaral-
dehyde in 0.1 M sodium cacodylate (at pH 7.3) for 2-3 h.
Then they were post-fixed in 1% osmium tetroxide, dehy¬
drated in acetones and embedded in araldite. Semi-thin

(0.5-1 pm) transverse sections were cut and stained with
methylene blue. These complete body-sections, taken be¬
tween the 10th and 15th somites, were used for the light
microscopic analyses. Ultrathin sections were obtained
from stage 33 for electron microscopy.

A total of 18 embryos (3 at each stage, under each re¬
gime) were analysed. The whole transverse sectional area
of muscle (m. lateralis) on one side was measured using
a VIDS II image analyser (Analytical Measuring Systems
Ltd). The number of fibres in this area was counted from
photomicrographs (Fig. 1). Superficial red muscle was ex¬
cluded from all analyses. Cell size analysis was made from
a region dorsal to the lateral line, excluding the most super¬
ficial white fibres (Fig. 1). As it was impossible to identify
fibre boundaries in the light microscope sections, mean
myofibrillar areas (readily seen within individual fibres)
were measured in up to 100 fibres in each region. To assess
variation in these areas across the muscle blocks, myofibril¬
lar areas were measured across a transect for all the stage
33 fish (Fig. 1).

Electron micrographs (from the square sample area,
Fig. 1) of 10 fibres were analysed by the VIDS system for
all stage 33 fish, to assess the relationship between muscle
fibre area and myofibrillar area for each temperature re¬
gime. The significances of differences in various parameters
were determined by Student's /-test between temperature
regimes.

Results

The salmon embryos developed much faster at the higher
temperature (Fig. 2).
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Fig. 1. A complete transverse section of one
side of a newly hatched fish reared at
ambient temperature. The line AB indicates
the position of a typical transect along which
all myofibrillar areas were measured. The box
indicates the region where measurements were
made to estimate mean muscle fibre cross-

sectional areas and myofibrillar areas. 1,
lateral line; 5, spinal cord; n, notochord
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Days after Fertilisation
Fig. 2. Shows the relationship between stage number and days after
fertilisation for each temperature regime

The total muscle cross-sectional area (of one side) of
the ambient embryos was slightly but not significantly
larger than the 10° C embryos at all stages (Fig. 3). Also,
there was no significant difference between the lengths of
ten ambient and ten 10° C embryos at stage 33. At stages
28 and 30, there were no significant differences between
treatments in the total number of muscle fibres in the m.

lateralis of one side, but these increased at a much greater
rate with respect to stage number in the ambient embryos
(Fig. 4) so that at hatching the 10° C embryos contained
about 30% fewer fibres. Mean myofibrillar areas were sig¬
nificantly larger in the 10° C embryos at stages 28 and 33
(80% and 50% larger respectively) (Fig. 5).

Myofibrillar areas from a transect (Fig. 1) of representa¬
tive ambient and 10° C embryos at stage 33 gradually in¬
creased in size from the lateral towards the middle region
of the muscle (Fig. 6). The size of these areas then levelled
off before falling rapidly at the most medial border. The
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larger size and fewer number of fibres was also evident
in the 10° C embryos.

Electron micrograph measurements on the stage 33 em¬
bryos showed that myofibrils occupied significantly more
(PcO.05) of the fibre areas in the 10° C embryos
(64.8% ±3.9) than in the ambient ones (59.3% ±1.5)
(Fig. 7).
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Fig. 5. Shows the relationship between mean myofibrillar area and stage number for each temperature regime. Significance of differences
at each stage are indicated: NS, Non-significant; *, P<0.05; **, P<0.01
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7. Electron micrographs of muscle taken from newly hatched fish reared at (a) ambient temperature and (b) 10° C

scussion

gher rearing temperatures increase the developmental
e of fish embryos and advance the time ot hatching
ayes et al. 1953; Kinne and Kinne 1962; Balon 1980),
1 the present study confirms this. It is also clear that
developmental rate of all the muscle parameters mea-
ed has been increased by the higher rearing temperature,
wever, to assess differential effects of temperature on
scle parameter development the embryos have to be
npared at the same developmental stage. Hayes et al.
53) suggested that the order of appearance of anatomical
tures in salmon morphogenesis might be altered by tem-
ature, but Gorodilov (1983) showed a constancy in this
uence independent of temperature between 0.5 and
C. We therefore used developmental stages as defined
Gorodilov as the instants for quantitative comparison
"nyogenesis under the contrasted temperature regimes.
Both fibre hyperplasia and hypertrophy occurred during
non myogenesis in this study. Hyperplasia was evi-
iced by an increase with age in the total number of myo-
"es seen in the complete body sections. Hypertrophy was
n as an increase in both fibre cross-sectional area and
myofibrillar content. Both fibre hyperplasia and hyper-
phy continue in post-hatch salmonid muscle growth
eatherley et al. 1979, 1980; Stickland 1983; Villarreal
3; Higgins 1985), whereas in mammals hyperplasia
ses near the time of birth (Stickland 1981; Wigmore
1 Stickland 1983). If it is accepted that the newest fibres
the smallest, then the transect histograms (Fig. 6) indi-
; that new fibres form at the lateral borders of the myo-
le. Waterman (1969) found a similar situation in Brachy-

danio rerio. There also appear to be zones of proliferation
dorsally and ventrally in the salmon myotome (Fig. 1). In
post-hatch salmon this lateral proliferation zone is not evi¬
dent, and very small fibres are found throughout the myo¬
tome (Brooks, personal communication).

The most interesting result is the finding that tempera¬
ture had a greater effect on the rate of embryonic fibre
hypertrophy (as measured by myofibrillar area increase)
than on hyperplasia. It would seem that temperature had
a differential effect on cell division and protein synthesis.
By the time of hatching the higher temperature embryos
had fewer but 40% larger muscle fibres than the ambient
embryos. Also, as theirmyofibrillar areas were 50% greater,
the 10° C embryos had relatively more myofibrillar material
in their fibres at hatching (.P<0.01). This may be due to
increased temperatures causing increased embryonic move¬
ments (Fluchter and Rosenthal 1965), in turn stimulating
myofibril production. However, this contrasts with the gen¬
eral finding that fibre hyperplasia is greater among faster
than among slower growing fishes (Weatherley and Gill
1987), and requires further study.

In summary, higher incubation temperature produced
muscles at hatching with fewer but larger fibres, with rela¬
tively higher myofibrillar content. So although higher tem¬
peratures increased the development rate, not all mecha¬
nisms of myogenesis were increased to the same extent.
Hence the cellularity of the tissue produced differed under
different temperature regimes.

Acknowledgements. We thank M.S. Miles and his staff at the Al-
mondbank Smolt Rearing Station for careful husbandry of the
salmon, and for arranging the transport of the eggs.



257

References

Balon EK (1980) Charrs: Salmonid fish of the genus Salvelinus.
Junk Publishers, The Hague

Fluchter H, Rosenthal P (1965) Beobachtungen iiber das Vorkom-
men und Leichen des blauen Wittlings (Micromesistius poutas-
sou Risso) in der deutschen Bucht. Helgol Wiss Meeresunders
12:149-155

Gorodilov Yu N (1983) Stadii embryonalnogo razvitiya atlanti-
cheskogo lososya Salmo salar L. II. Opisaniye i khronologia.
Sb Nauchn Tr GosNIORKh 200:107-126 Transl Thorpe JE,
Scott Fish Res Transl 19:1-34

Hayes FR, Pelluet D, Gorham E (1953) Some effects of tempera¬
ture on the embryonic development of the salmon (Salmo salar).
Can J Zool 31:42-51

Higgins PJ (1985) Metabolic differences between Atlantic salmon
(Salmo salar) parr and smolts. Aquaculture 45:33-53

Krogh A (1914) On the influence of the temperature on the rate
of embryonic development. Allg Physiol 16:163-177

Kinne O, Kinne EM (1962) Rates of development in embryos of
a cyprinodont fish exposed to different temperature-salinity-
oxygen combinations. Can J Zool 40:231-253

Stickland NC (1981) Muscle development in the human fetus as
exemplified by m. sartorius: a quantitative study. J Anat
132:557-579

Stickland NC (1983) Growth and development of muscle fibres
in the rainbow trout (Salmo gairdneri). J Anat 137:323-333

Villarreal CA (1983) The role of light and endocrine factors in
the development of bimodality of growth in the juvenile At¬
lantic salmon (Salmo salar L.). PhD Thesis, University of Stir¬
ling, p 381

Waterman RE (1969) Development of the lateral musculature in
the teleost, Brachydanio rerio: a fine structural study. Am J
Anat 125:457-492

Weatherley AH, Gill HS (1987) The biology of fish growth. Aca¬
demic Press, London, p 443

Weatherley AH, Gill HS, Rogers SC (1979) Growth dynamics of
muscle fibres, dry weight and condition in relation to somatic
growth rate in yearling rainbow trout (Salmo gairdneri). Can
J Zool 57:2385-2392

Weatherley AH, Gill HS, Rogers SC (1980) Growth dynamics of
mosaic muscle fibres in fingerling rainbow trout (Salmo gaird¬
neri) in relation to somatic growth rate. Can J Zool
58:1535-1541

Wigmore PMC, Stickland NC (1983) Muscle development in large
and small pig fetuses. J Anat 137:235-245

Accepted January 21, 1988



Journal of Fish Biology (1994) 44, 953-964
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Salmon eggs were incubated at 5, 8 or 11° c from fertilization to hatching. At Gorodilov stages
25, 27, 29, 31 and 33 transverse sections ofwhole embryos (at somite level 10-15) were prepared
for histochemistry and electron microscopy. At every stage up to hatching, cross-sectional
areas of the embryos were not different between temperatures, and from stage 27 onwards there
was also no difference in the ratio of white to red muscle. However, there were more muscle
fibres but of smaller average diameter in both the red and white muscle for the colder
temperature embryos. At hatching there were also more nuclei (per cross-section) in the colder
embryos but more nuclei per muscle fibre in the warmer embryos. In all cases the 8° c embryos
were intermediate between 5 and 11° c embryos in their muscle parameters. Fast and slow
muscle fibres could only be distinguished in the embryos by alkali-stable ATPase reactions.
Succinic dehydrogenase activity was low in embryonic fish. No differences between the
temperature groups were detected in the histochemical reactions for either ATPase or succinic
dehydrogenase activities.

Key words: Salmo salar; skeletal muscle; temperature; development.

I. INTRODUCTION

The rate of embryonic development has long been known to be influenced by
temperature in a variety of animal species (Krogh, 1914). This effect was
demonstrated in the salmon {Salmo salar, L.) by Hayes et al. (1953). In a
previous communication (Stickland et al., 1988) it was shown that the rearing of
salmon embryos at ambient temperatures (fluctuating around T6° C) and 10° C
produced a very marked difference in the cellularity of the muscle. At hatching,
which occurred much earlier in the 10° C embryos, the higher temperature
embryos had significantly larger but fewer muscle fibres. Lesser differences were
found at two earlier stages of development. It would seem that temperature had
a greater effect on the rate of embryonic fibre hypertrophy than on hyperplasia.
This contrasts with the general finding in post-hatch fish that fibre hyperplasia is
greater among faster than among slower growing fish (Weatherley & Gill, 1987;
Higgins & Thorpe, 1990). The salmon embryos also contrast with the findings of
Vieira & Johnston (1992) who showed that higher rearing temperatures for
herring embryos {Clupea harengus, L.) produced more, but smaller muscle fibres.
The apparent anomaly of the salmon embryos clearly requires further study.
The aims of the present investigation were to extend the studies of Stickland

et al. (1988) by examining more embryonic stages and at less extreme tempera¬
tures. 10° C is nearer the upper tolerable limit for salmon embryos and may
therefore not represent the situation for smaller temperature differences. It
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might be suggested that the inability to produce more muscle fibres at higher
temperatures may be a result of relatively low rates of nuclear proliferation.
Estimates of nuclear numbers were therefore made in this present study.
Many studies in post-larval fish have shown that cold temperatures increase

the amount of red muscle tissue relative to white (Johnston & Lucking, 1978).
Another aim of this present study was to determine the cellularity and relative
proportion of red to white muscle at different temperatures. Furthermore, the
opportunity was also taken to investigate the histochemical differentiation of
muscle tissue in the salmon which to date has only been studied in the postlarval
stages (Higgins, 1990).

II. MATERIALS AND METHODS

EMBRYOS

Three groups of salmon eggs (500) derived from a single adult pairing were incubated
separately at 5, 8 and 11° C from fertilization to hatching. The eggs were maintained at
the SOAFD smolt rearing station, Almondbank, Scotland. Each group of embryos was
sampled at intervals corresponding to Gorodilov (1983) stages 25, 27, 29, 31 and 33
(hatching).

TISSUE PREPARATION

Ten embryos per stage were prepared as described previously (Stickland el ai, 1988),
for electron microscopy. Semi-thin sections (0-35-10 pm) in the region of somites 10-15
were stained according to Ontell (1974). This proved to be a better method than routine
methylene blue for distinguishing individual muscle fibres. To ensure adequate staining
intensity it was found necessary to pre-treat sections with ethanolic KOH for 15 min
(Jones, 1979). Preliminary studies showed that, whereas the most caudal somites were
less developed than cranial somites, there were no significant differences within somites 10
to 15 for the stages under investigation.

MUSCLE MEASUREMENTS

All measurements on the embryo sections were made using a Seescan Image Analyser
linked to an Olympus research microscope. The cross-sectional area of red muscle and of
white muscle from both sides was measured (Fig. 1) and the total number of muscle fibres
contained within those areas was counted. The total number of muscle nuclei within the
white muscle area was also counted. At high magnification it was possible to eliminate
non-muscle nuclei including all those within the myosepta. Muscle nuclei might,
however, include any satellite cell nuclei which might be present. It was hoped that the
Ontell (1974) technique would distinguish satellite cell nuclei but, either the technique did
not work well, or negligible numbers of satellite cells were present. Mean myofibre areas
and mean myofibrillar areas (based on 100 fibres per sample) were also estimated for the
white muscles in a smaller rectangular area indicated in Fig. 1. The special staining
technique described above ensured that myofibrils could be readily distinguished under
high magnification. Differences between temperature treatments for any given stage were
assessed by analysis of variance followed by a Neuman-Keul test with a probability of
less than 5% being deemed significant. All mean measurements were based on at least five
fish per stage per temperature treatment and, for each fish, six sections were analysed.

MUSCLE HISTOCHEMISTRY

For each sampled stage and temperature some larvae were rapidly frozen, supported
by mounting medium, in dichlorodifluoromethane (Arcton 12, ICI Ltd) cooled to its
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Fig. 1. Transverse section of part of one side of a newly hatched (stage 33) fish. Muscle fibres and nuclei
were counted in the whole section (both sides). The box indicates the site of white muscle fibre area
and white muscle myofibrillar area measurements. R, Red muscle; S, spinal cord; N, notochord; L,
lateral line.

melting point of — 158°C in liquid nitrogen. Ten-pm frozen sections were cut on a
cryostat.
Succinic dehydrogenase (SDH) activity was measured by the method of Nachlas

et al. (1957). Myofibrillar ATPase activity was measured based on the Johnston et al.
(1974) modification of Guth & Samaha's (1970) method. In order to assess the
optimum conditions for differentiation of red and white muscle fibres a range of
pre-incubation times (0 to 10 min) and pH values (pH 4-3 to 4-6 for acid-stable
ATPase and pH 101 to 10-4 for alkali-stable ATPase) were used. For comparison,
similar histochemical tests were carried out on frozen muscle sections of 11-month-old
parr.
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Fig. 2. Gorodilov stage numbers against days after fertilization for embryos at 5° C (A), 8° C (•) and
11° C (□). Stage 33 = hatching.
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Fig. 3. Total white muscle cross-sectional area against stage number for embryos incubated at 5° C (A),

8°C (•) and 11°C (□).

III. RESULTS

The time to hatching from fertilization was inversely proportional to
incubation temperature (Fig. 2) being shortest (44 days) at 11° C, intermediate
(64 days) at 8° C and longest (106 days) at 5° C. Both red and white muscle
cross-sectional area (Fig. 3) increased with time after fertilization but at a
given stage number, cross-sectional area was not different between temperature
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treatments. Furthermore, from stage 27 (when red fibres could be readily
distinguished) the ratio of white to red muscle cross-sectional area was, both
between stages and between temperature treatments, constant at approximately
20:1.

MUSCLE FIBRE NUMBERS AND SIZES

White muscle

Total white muscle fibre numbers per cross-sectional area (Fig. 4) were not
significantly different between temperature treatments at stage 25. However,
while fibre number increased with development at all three temperatures, the rate
of fibre number increase (hyperplasia) was fastest at the lowest temperature and
slowest at the highest temperature such that, at hatching, the total number of
fibres per cross-section in embryos incubated at 5° C was almost double the
number in embryos at 11° C; fibre number in 8° C embryos was intermediate.
Conversely, at stage 33 mean myofibre area and mean myofibrillar area were
greatest in embryos incubated at 11° C (Fig. 5), the percentage of difference in
myofibrillar areas being greater than in myofibre areas.

Red muscle

Red muscle fibre number proved difficult to assess at stage 25 although there
was an indication of a group of cells destined to develop into red muscle. At
stage 27, there was no difference in red fibre number per cross-section between
the three temperature groups [Fig. 6(a)], However, by stage 33 the number of red
fibres was significantly less in the 11° C embryos than the 8° C and less in 8° C
than in 5° C embryos [Fig. 6(b)].
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Fig. 5. (a) Mean white myofibre cross-sectional area and (b) mean myofibrillar cross-sectional area (in
white myofibres) at stage 33 for each temperature. Error bars represent standard errors of the
means. (Columns with different letters are significantly different at P<0-05).

NUMBER OF NUCLEI
Total number of nuclei per cross-sectional area of white muscle did not differ

between temperature treatment at stage 25 [Fig. 7(a)]. However, by stage 33
nuclear numbers were significantly higher in the 5° C embryos than in the 8 and
11° C embryos [Fig. 7(b)]. It was possible that the greater nuclear numbers in
5° C embryos might be directly related to the increased fibre number at this
temperature. In order to assess this possibility the ratio of nuclei to fibre
numbers was estimated. Figure 8 shows that at stage 33 this ratio was higher in
the 11° C embryos.
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MUSCLE HISTOCHEMISTRY

The optimum pre-incubation conditions for differentiating red and white
muscle were shown to be pH 4-5 for 5 min (acid-stable ATPase) and pH 101
for 10 min (alkali-stable ATPase) (Table I). The optimum alkali pre¬
incubation inactivated red myofibres in all embryonic stages and in parr
whereas white muscle exhibited intense staining. Interestingly, sub-optimal pH
conditions (10-2, 10-3) produced a low intensity white fibre stain which
showed a noticeable gradation in intensity from medial (0) to lateral (1) in
many sections. The optimum acid pre-incubation inactivated white muscle in
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parr and produced intense staining of red fibres. However, the same
conditions in the embryos did not clearly differentiate the muscle fibre
types.
Succinic dehydrogenase activity was low in embryonic fish but in the parr there

was high activity in the red muscle with evidence of some superficial white fibres
having a higher activity than the bulk.
No obvious differences could be detected between either embryonic stages or

between temperature treatments for any enzyme activities (except for those
already mentioned).
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IV. DISCUSSION

Increased rearing temperatures rapidly increased the rate of development of
the salmon embryos as shown by Hayes et al. (1953) and Marr (1966). At the
time of hatching, which occurred earlier in the warmer embryos, total muscle
cross-sectional area was similar for each temperature group, but the cellularity of
the muscle was markedly different. The size of constituent muscle fibres was
larger in warmer embryos and the effect was directly related to the temperature
of development. The number of constituent fibres was lower in warmer embryos
and, again, the extent of this effect was related to temperature. This confirms the
earlier study of Stickland et al. (1988) which investigated the effect of two
temperatures on cellularity of the white muscle. The present study has extended
this to the red muscle in which a similar situation was found to occur.
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Table I. Myosin ATPase histochemistry

Pre-incubation
time (min) 4-3 4-4 4-5 4-6 101 10-2 10-3 10-4

Embryos 0 4/4 4/4 4/4 4/4 4/4 4/4 4/4 4/4
3 0/0 0/0 0/0 0/0 0/3 0/1 0/1 0/0
5 0/0 0/0 1/1 1/1 1/4 0/1 0/1 0/0
10 0/0 0/0 1/1 1/1 0/4 1/1 0/0 0/0

Parr 5 1/1 2/1 3/1 2/1
10 0/4 1/1 1/1 1/1

Effect of time and pH of pre-incubation on staining intensity which was given a value of 0 (no stain) to
4 (very dark) for each section. The first number given refers to the staining intensity of red fibres; the
second number to white fibres.

This finding is in contrast to the findings in postlarval fish that faster growth
is associated with increased fibre hyperplasia (Weatherley & Gill, 1987; Higgins
& Thorpe, 1990). The present results also differ from the situation in herring
larvae where warmer temperatures were found to increase fibre hyperplasia
relatively (Vieira & Johnston, 1992). One possible explanation may be that, in
the salmon embryos, there is survival value in reaching the largest possible size
and developmental stage before the yolk sac is depleted. Check & Hill (1970)
concluded that reduced energy intake compromised nuclear division but not
necessarily cell hypertrophy. Protein synthesis (or fibre hypertrophy) may
therefore be a more energy-efficient method of increasing body size than nuclear
division (which is one pre-requisite of fibre hyperplasia). Rapid post-larval
growth occurs when nutritional level is not a limiting factor and the fish can fuel
further growth by the provision of new fibres. It is possible that, in the herring
larvae, availability of nutrients may not be a limiting factor as herring will feed
and are free-swimming immediately after hatching (before the yolk sac is
depleted). This is in contrast to salmon larvae which spend a post-hatch period
buried in gravel and not feeding. The salmon larvae are almost totally inactive
and so the role of muscle in protein storage may be more important than that of
propulsion. Furthermore, the herring embryos of Vieira & Johnston's (1992)
work were from spring spawning which would contain more yolk than from
autumn spawnings (Blaxter, 1969). In this respect it would be of interest to study
autumn spawning embryos in which it is more likely that the muscle cellularity
may develop as in salmon embryos in response to different temperatures.
As already mentioned, protein synthesis appeared to be increased to a

relatively greater extent than nuclear division at higher temperatures. This is
emphasized by the greater differences in myofibrillar area (representing muscle
protein) than in muscle fibre area. Nuclear numbers were lower in the warmer
embryos at hatching. However, lower nuclear numbers were not the sole reason
for reduced fibre hyperplasia in the warmer embryos as the number of nuclei to
fibre ratio was greater in the warmer embryos. Clearly, however, increased
nuclei were needed in the larger fibres.
It has often been recorded that cold acclimation in post-larval fish increases

the proportion of red muscle (Johnston & Lucking, 1978). In the embryonic
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salmon, temperature appeared to have no effect on the proportion of red to white
muscle. However, the histochemical studies showed that the aerobic enzyme
succinic dehydrogenase was not significantly active in the salmon embryos. This
implies that the metabolic profiles of the musculature had not differentiated and
so it is not surprising that no effect was seen at this stage.
The difference between embryonic and older fish in staining intensity for the

acid and alkali-stable myosin ATPase points to the possible existence of different
myosin isoforms in embryonic and mature myofibres. This situation has been
demonstrated in Arctic charr (Salvelinus alpinus L.) by Martinez et al. (1991).
The difference in staining intensity across the muscle from medial to lateral
aspect may also be a feature of the most lateral fibres being the newest to form
as shown by Stickland et al. (1988) in salmon embryos and by Waterman (1969)
in Brachydanio rerio Hamilton. The newer fibres may exhibit different myosin
isoforms to older fibres even in the same section.

Thanks are due to Mr M. S. Miles and his staff at the Almondbank Smolt Station for
careful husbandry of the salmon, to P. Sands for assistance with much of the histochem¬
istry, and to Mr Nathanailides for helpful discussions.
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The growth of Atlantic salmon (Salmo salar L.) myosatellite cells in culture at two
different temperatures
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Abstract. Temperature is known to affect fish growth, and in Atlantic salmon there is an influence on muscle
cellularity. Primary muscle cell culture makes it possible to investigate direct effects of temperature on myogenic
cells. Salmon myosatellite cells were cultured for the first time in this study. The cells were cultured at either 5 °C
or 11 °C. Increased temperature led to an increase in differentiation rate and especially hypertrophic growth
(Qio = 4.0). No nuclear proliferation was evident in the satellite cell population isolated at either temperature. This
may be due to the presence of different subpopulations of myogenic cells at different developmental ages or the
presence of indirect factors in vivo.
Key words. Salmon; satellite cells; cell culture; temperature.

Fish muscle constitutes 30-80% of the body mass of the
animal' and growth is closely linked to muscle growth2.
In mammalian muscle, growth by hyperplasia, that is
recruitment of new muscle fibres, ceases to play a role at
around the time of birth3,4. In fish, however, both
hyperplastic growth and muscle fibre hypertrophy, the
increase in size of individual fibres, are important
throughout almost the entire life of the animal5-8.
The growth rate of salmonids is influenced by environ¬
mental temperature. Mathers et al.9 found that fed trout
at 10 °C and at 15 °C grow more rapidly than at 5 °C,
and this is concomitant with a higher protein retention
rate. This is consistent with an increase in protein syn¬
thesis rates after acclimatisation to a higher tempera¬
ture9,10.
There is evidence from work on pre-hatch salmon that
temperature does not affect all growth processes
equally. In Atlantic salmon, it has been found that
embryos not only develop faster and exhibit a higher
growth rate at higher temperatures, but that the muscle
cellularity is distinctly influenced by incubation temper¬
ature. An increase in temperature results in the fish
having fewer but larger muscle fibres by the time of
hatching11,12. This constitutes a relative increase in
growth by hypertrophy as opposed to hyperplasia when
compared with fish grown at a lower temperature. In
contrast, faster growth in post-hatch fish has been
found to be associated with an increase in fibre num-

ber1-8, '3,|4. In juvenile salmon also, faster growth is
associated with an increase in fibre number15.
The satellite cell is generally regarded as the source of
muscle nuclei for fibre hypertrophy and the addition of
new fibres in growth16,17. In recent years, cell culture
techniques have become available for fish satellite
cells1819. The difference in growth mechanism before

and after hatching may be due to indirect factors.
However, given the potential significance of this cell
type in fish muscle growth it is of importance to assess
the presence of satellite cells in salmon and to investi¬
gate the direct effect of temperature, one of the most
important environmental factors in muscle growth of
poikilotherms, on these cells. In this study, cell culture
was applied to Atlantic salmon satellite cells and the
direct effect of temperature on cell volume and nuclear
numbers determined.

Materials and methods

Animals. Fish were reared at the DAFS Freshwater
Fisheries Laboratory, Pitlochry, Scotland. Juveniles of
an average length of 7.2 cm were sent to London and
the cells isolated there.
Isolation of myosatellite cells. The method of Koumans
et al.19 was modified. The fish were stunned by a blow
to the head and killed by decapitation. In order to
sterilise the surface of the fish, they were immersed in
70% ethanol for 30 s, the mucus was scraped off and the
fish were sprayed with 70% cthanol. Axial white muscle
was excised under sterile conditions and collected in
90% Dulbecco's modified Eagle medium containing
non-essential amino acids (DMEM; Gibco BRL, Pais¬
ley, United Kingdom) supplemented with 15% Horse
serum (HS; Gibco) and PenStrep (50U/ml penicillin,
100 pg/ml streptomycin; Sigma, Poole, United King¬
dom). The medium was buffered using HEPES (Sigma)
at a concentration of 10 mM. The tissue was then

thoroughly minced, spun down (300 g, 5 min, 4 °C) and
washed twice in medium without serum supplement.
The fragmented tissue was then subjected to a digestion
in 90% DMEM containing 0.2% collagenase (Sigma)
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Figure 1. Atlantic salmon satellite cell culture after 24 h at 11 °C.
Ceils showing the typical spindle shaped morphology of a satellite
cell are shown (arrowhead). Phase contrast microscopy; magnifi¬
cation = 200 x .

for 90min at 11 °C under gentle agitation (5 ml of
solution per g tissue excised). The resulting suspension
was washed once in 90% DMEM, triturated five times
through a 10 ml pipette and washed again (300 g, 5 min,
4 °C).
The resulting pellet was resuspended in a 0.1% trypsin
(Sigma, Poole, United Kingdom) solution (5 ml per g of
tissue excised) and incubated for 30 min at 11 °C with
gentle agitation. The suspension was centrifuged for
1 min at 300 g, the supernatant aspirated and collected
in two volumes of ice-cold medium containing serum

(complete medium). The pellet was subjected to another
trypsin digestion step (2.5 ml of solution per g of ex¬
cised tissue) and finally diluted in 2 volumes of complete
medium.

All the resulting cell suspensions were spun down
(300 g, 15 min, 4 °C). The pellet was resuspended in
ice-cold complete medium, triturated and filtered
through firstly 40 pm and then 20 pm Nytex filters. The
cells were then washed once more and plated at a
concentration of 2 x 106 cells/ml.
The myosatellite cells were purified by adhesion to
laminin coated culture flasks as described by Koumans
et al.". The combined cells from 10 fish were left to
adhere for 20 min at 11 °C without disturbance. 8 x 106
cells were plated per 25 cm2 culture flask. The superna¬
tant containing non-adherent cells was then aspirated
and complete medium added.
Cell culture. After isolation and purification, the cells
were incubated at either 5 °C or 11 °C in cooled incuba-
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tors (LMS, Sevenoaks, United Kingdom). The culture
medium (90% DMEM supplemented with 15% HS) was
changed every ten days and no excessive vacuolisation
indicating undernourishment was observed. The growth
of the cells was monitored visually every two days.
Analysis. Pilot studies had shown that the cells develop
and differentiate much faster at the higher temperature.
The cultures incubated at 11 °C were fixed in absolute
methanol for 5 min and stained with Leishman's stain

(Merck, Lutterworth, United Kingdom) after 20 days
of culture when most cells appeared to have fused as

judged by visual inspection. The cultures incubated at
5 °C were fixed and stained in the same way after 48
days. After this period of time the 5 °C cultures showed
the same appearance in visual microscopic inspection as
the 11 °C cultures at 20 days. Briefly, the substratum
was covered with the stain, after 1 min an equal amount
of phosphate buffer (pH 6.8; Gurr; Merck, Lutter¬
worth, United Kingdom) was added and the cells were
incubated for 15 min at room temperature. The stain
was then washed off with more phosphate buffer until
the cells appeared just pink. Phosphate buffered saline
(PBS) containing 0.1% sodium azide was added and the
cells were photographed.
Ten randomly chosen fields of vision from the fixed and
stained cultures, each corresponding to an area of
0.13 mm2, for each temperature were used to determine
nuclear numbers and cell size with a Seescan image
analyser. For a comparison of the two temperature
treatments at 20 days unstained cultures were used. The
original number of adherent cells was determined also
from unstained cultures.

Antibody staining. To verify that the cultured cells pro¬
duced muscle specific protein, the cells were stained
using an anti-myosin heavy chain mouse monoclonal
antibody (83b6; a kind gift from Dr. G. K. Dhoot). The
cells were fixed for 5 min in —20 °C cold 50% acetone/
50% ethanol. Incubation took place in PBS containing
0.5% bovine serum albumin at a dilution of 1:200.
Horseradish peroxidase conjugated rabbit anti-mouse
immunoglobulin (Dako Ltd. High Wycombe, United
Kingdom) was used as the secondary antibody. Chro-
mogen, H202, and substrate mixture (AEC) from a
DakoPAP kit (Dako Ltd.) were applied to visualise the
bound antibody.
Statistics. Nuclear numbers and cell sizes were com¬

pared using a Student /-test.

Results

Morphology and immunocytochemistry. Cells exhibiting
the spindle shaped morphology of satellite cells18-19 were
first detected after 24 h of culture (fig. 1). Fusion of cells
was first observed after 5 days of culture for 11 °C and
9 days of culture at 5 °C. At least 50% of the cells had
fused after 13 days at the higher temperature and after
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Figure 2. Atlantic salmon
satellite cell culture.

A) Appearance of cultures
incubated at 5 °C for 48 days
after isolation. Almost all of
the cells had undergone fu¬
sion. Phase contrast mi¬
croscopy; magnification =
80 x.
B) Myotubes formed from
the isolated satellite cells cul¬
tured for 20 days at 11 "C.
Note the myotubc containing
several nuclei. Phase contrast

microscopy; magnification =
400 x .

*1

22 days at 5 °C with virtually all cells having fused after
20 days and d8 days, at 11 °C and 5 °C respectively (fig.
2A). The formed myotubes showed the typical moiphol-
ogy described in the literature (fig. 2B).
In addition to the morphological criteria, the ability of
the cells to synthesise muscle protein, in this case

myosin heavy chain, was confirmed by immunocyto-

chcmistry. The reactivity of the antibody was tested on
frozen sections of juvenile salmon. 83b6 was found to
bind to red and white muscle fibies but not to any other
tissue in the fish (results not shown). In the cultures the
antibody did bind to the majority but not to all my¬
otubes (fig. 3A). Cross-striated cells could be detected
after the antibody staining (fig. 3B).



Figure 3. Binding of mouse
monoclonal antibody spe¬
cific for myosin heavy chain
(83b6) to cultured Atlantic
salmon satellite cells.
A) Cells cultured at 5 °C
for 50 days. Bound anti¬
body is shown as a dark
stain. Some myotubes with
bound antibody are empha¬
sised with filled arrow¬

heads; some antibody-
negative cells are high¬
lighted with open arrow¬
heads. Magnification =
200 x .

B) Strongly stained my-
otube from the above cul¬
ture. Note the cross-

striations visible within the
cell. Magnification = 600 x .

Nuclear numbers and cell size. The results are sum¬

marised in the table. The number of cells that attached
to the laminin coated substratum after 20 min at 11 °C
was 2.6 x 105 cells per g of tissue. This represents about
5% of the total number of cells (30 x 106) plated. After
20 days of culture there was no statistically significant
difference in nuclear numbers between the two tempera¬

ture treatments (p = 0.855). However, the development
and growth in cell size had proceeded at a much faster
speed at the higher temperature. This is reflected in a

highly significant difference in the area occupied by the
cells (p < 0.001) and is also clearly visible (fig. 4A, C).
The cultures incubated at 5 °C were grown on to 48
days, by which time the appearance of the culture was
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Table. Percentage of substratum occupied by cells and nuclear numbers per mm2. Standard errors are given, nd = not determined.

Temp., Age Od 5 °C, 20 d 11 °C, 20 d 5 °C, 48 d 11 °C, 20 d

Area (%) 0.3 ±0.03 6.4 + 0.8 29.4 + 0.8 40.2 ± 4.8 38.6 + 4.1
p <0.001 0.797
Number/mm2 156 + 6 118 + 6 117 + 5 165+10 167 + 9
p 0.855 0.857
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Figure 4. Satellite cell culture
from Atlantic salmon Phase
contrast microscopy was
used.

A) Cells cultured at 5 °C for
20 days.
B) Cells cultured at 5 °C for
48 days.
C) Cells cultured at 11 °C
for 20 days.
Note that B) and C) are vir¬
tually indistinguishable in ap
pearance and that virtually
all cells have fused in these
cultures. Magnification =
200 x.

identical to the one incubated at the higher temperature
for 20 days (fig. 4C). Image analysis revealed that there
was still no statistically significant difference in nuclear
numbers between the two temperatures at this stage
(p = 0.857). The nuclear numbers determined in this
case are higher than above. This is due to the fact that
unstained cultures were used for comparing the cultures
at day 20 whereas stained cells were analyzed when day
20 at 11 °C was compared with day 48 at 5 °C. This led
to an underestimate of the actual number present in the
former case. Interestingly, the cell sizes at 5 °C had
increased to an extent that there was no significant
difference between the two temperature treatments any
more (p = 0.797; 5 °C at 48 days and 11 °C at 20 days).

Discussion

Salmon satellite cells were cultured for the first time in
this study. Myosatellite cells are small, spindle-shaped
cells found under the basal lamina of muscle fibres and
are generally held responsible for the formation of new
muscle fibres as well as for supplying nuclei to existing
fibres undergoing growth (mammals16; fish17). Their
presence has been confirmed in many fish species (e.g.
trout18; eel20; carp2').
Satellite cells have been previously cultured from
carp13-19 and from trout18. In this study, the cultured
cells were identified as satellite cells on the basis of the

following criteria: 1) The morphology of the cells was in
accordance with that found for carp and for trout. 2)
The vast majority of the cells isolated proceeded to fuse

and formed myotubes. 3) Myofibrillar protein was
demonstrated in a substantial number of these my¬
otubes formed (see fig. 3A). This further demonstrates
the involvement of myosatellite cells in the development
of fish muscle. Interestingly, a yield of cells similar to
that found in the carp13 was achieved in the salmon.
This is the first study in which an attempt was made to
analyse the direct influence of temperature on myosatel
lite cells. The analysis concentrated on two factors,
namely nuclear proliferation and increase in cell size.
Temperature influences the growth rate of fish muscle in
salmonids9, and muscle growth is associated with an
increase in nuclear numbers22-23. However, in this study
it was found that no proliferation took place in the
myosatellite cell population isolated. This is consistent
with the findings of Koumans et al.19 who found only a

very small proportion of proliferating cells in the carp,
as measured hy RrdTI incorporation 17 h after isolation,
and no change in the number of muscle nuclei. Powell et
al.18 found no obvious proliferation in the trout.
In contrast, it has been found that in older carp a higher
percentage of myosatellite cells show proliferation24.
Koumans et al.24 speculate that this is due to two
subpopulations of satellite cells being present in fish.
One subpopulation, which exhibits a postmitotic nature,
would be responsible for hyperplasia and is therefore
found at stages growing mainly by this mechanism. The
other subpopulation would be involved in growth by
muscle fibre hypertrophy. In salmon growth occurs
mainly by hyperplasia in fish longer than 6.5 cm15 and
the satellite cells isolated in this study may therefore
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represent the above mentioned postmitotic subpopula-
tion.

However, an alternative explanation may be the pres¬
ence of indirect factors, such as hormones or growth
factors, leading to proliferation in vivo. This could also
explain the findings in the carp19. The presence of at
least some proliferation at isolation is shown by BrdU
incorporation. These cells seem to rapidly lose their
proliferative capacity, however, and undergo differenti¬
ation. With only 10% of the cells in the carp showing
BrdU incorporation a change in nuclear numbers would
thus not become apparent.
Temperature influenced the speed of differentiation in
the cultures. Fusion occurred earlier and proceeded
much faster at the higher temperature. However, more
interestingly, cell size was very dramatically affected. At
day 20 the cells raised at 11 °C were 4.6 times larger
than the cells incubated at 5 °C. It has to be borne, in
mind, however, that after 20 days less than 50% of the
lower temperature cells had fused whereas most of the
higher temperature cells had undergone fusion. The
large difference found may therefore represent a devel¬
opmental difference, rather than a difference in the
hypertrophic growth of myofibres. When cultures con¬

taining mostly differentiated myotubes are compared,
i.e. after 20 days for 11 °C and after 48 days for 5 °C, a
Q10 of 4.0 can be calculated. This is not dissimilar to the
Qio of 5.75 found for total protein growth in fed rain¬
bow trout9 and may suggest a direct temperature
control of hypertrophic growth. The result clearly
shows that a surprisingly high increase in hypertrophic
growth of myotubes can be effected directly by temp¬
erature.

In summary this study has shown that, in the salmon,
there is an absence of proliferative activity in at the least
a subset of myosatellite cells. This may be due to the
absence of indirect factors necessary for proliferation.
Temperature had a very pronounced direct effect on

fusion, differentiation and hypertrophic growth of satel¬
lite cells and myotubes in culture.
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Influence of prehatch temperature on

the development of muscle cellularity
in posthatch Atlantic salmon
(Salmo saiar)
C. Nathanailides, O. Lopez-Albors, and N.C. Stickland

Abstract: Previous work has shown that higher incubation temperatures produce newly hatched
salmon (Salmo salar) with fewer but larger muscle fibres than salmon incubated at colder
temperatures. Our purpose was to study the effect of differing incubation temperatures on the
development of muscle cellularity in posthatch salmon. Eggs from a single pair of Atlantic
salmon were incubated at either the stream ambient temperature (fluctuating around 5°C prehatch
and gradually rising to around 10°C posthatch) or at 11°C. From each group, samples were taken
at hatching, first feeding, and at 3 weeks after first feeding. During the period of exogenous
feeding under study, the ambient group grew faster. The number of muscle fibres remained lower
in the 11°C fish but there was more muscle fibre hypertrophy in the ambient group so that the
difference in muscle fibre size seen at hatching was eliminated by 3 weeks after first feeding. It is
suggested that reduced number of nuclei in the 11°C fish at hatching may contribute to the
relatively reduced fibre hypertrophy in these fish. The results indicate that embryonic myogenesis
can affect the posthatch growth of salmon at least up to 3 weeks after first feeding.

Resume : Des travaux anterieurs ont demontre que les temperatures d'incubation plus elevees
produisont des alcvins de saumon atlantique (Salmo salar) pourvus dc fibres musculaires moins
nombrcuscs, mais plus grosses, comparativement aux saumons incubes a des temperatures plus
basses. Nous avons examine 1'effet d'une variation des temperatures d'incubation sur le
developpement des cellules musculaires des saumons, apres Teclosion. Les oeufs d'une seule
paire de saumons atlantiques ont 6te places a incuber soit a la temperature ambiante du cours
d'eau (oscillant aux alentours de 5°C avant 1'eclosion et augmentant par la suite graduellement
jusqu'a 10°C), soit a 11°C. Des echantillons ont ete prelev6s dans chaque groupe a Teclosion,
au debut de Talimentation, et 3 semaines plus tard. Pendant la periode de nutrition exogene
faisant 1'objet de Tetude, le groupe place a la temperature ambiante a montre tine croissance phis
rapide. Le nombre de fibres musculaires est demeure inferieur chez les poissons elev6s a 11°C,
mais les fibres etaient plus grosses chez les sujets places a la temperature ambiante, et la
difference obscrvcc dans la tailic des fibres musculaircs au moment dc l'cclosion avait disparu
3 semaines apres le debut de Talimentation. II est possible que le nombre reduit de noyaux,
au moment de l'eclosion, chez les poissons places a 11°C, ait contribue a la reduction relative de
Thypertrophic des fibres chez ces poissons. Ces resultats demontrent que la myogenese peut
influer sur la croissance des jeunes saumons au moins jusqu'a 3 semaines aprfes le debut de
Talimentation.

[Traduit par la Redaction]

roduction

asing temperature within the thermal range of a species
speed up embryonic development. The development
tlantic salmon (Salmo salar) embryos at 10°C can be
; as fast as that of embryos incubated at 5°C (Usher

et al. 1994). This fact can be used in salmon hatcheries to
increase production and start the posthatch growing sea¬
son earlier (Farmer et al. 1990). There is some evidence
to suggest that an optimum temperature regime for the sur¬
vival of fish embryos is one that is more closely related
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Fig. 1. The ambient temperature of Almondbank salmon hatchery from the day of fertilization up to
3 weeks after first feeding for the ambient group.

20

100

Days after fertilization
200

to the natural environmental conditions of embryogenesis for
each species (Hokanson and Kleiner 1974; Luczynski 1985).
During embryonic development, temperature can affect the
organogenesis and meristic features. Although the rate of
development and growth is increased, the number of ver¬
tebrae (Klinkhart et al. 1987) and the total number of mus¬
cle fibres (Stickland et al. 1988) on hatching are decreased
at high incubating temperature. By contrast in older fish,
faster growth is associated with increased muscle fibre
hyperplasia (Weatherley and Gill 1987). Such correlation
is less evident in very young posthatch stages of salmonoid
species (Weatherley et al. 1980; Higgins and Thorpe 1990)
and is probably due to less muscle fibre hyperplasia in
young stages of some fish (Kiessling et al. 1991).

In fish, somatic growth is mainly a function of skeletal
muscle growth. If early posthatch growth is mainly a result
of muscle fibre hypertrophy, then larvae with larger and
fewer muscles fibres may have less potential for hypertrophy
compared with larvae with more smaller muscle fibres.
Furthermore, any muscle fibre hyperplasia and hypertrophy
that may occur in posthatch fish larvae could be influenced
by the density of muscle nuclei. Salmon embryos incubated
at higher temperatures produce hatched larvae with a lower
density of nuclei in the muscle tissue (Usher et al. 1994).
In view of this profound effect of temperature on myoge-
nesis of embryonic salmon and the correlation between
fish growth and muscle fibre growth dynamics, the aim
of the present study was to investigate the effect of incu¬
bating temperature on the growth and muscle cellularity
of posthatch stages of Atlantic salmon.

Materials and methods

Fish
All eggs were the progeny of a single pair of Atlantic
salmon (one 2+ female and one 1+ male) that originated

from the river Almond. The fertilized eggs, larvae, and
fry were maintained at the Almondbank salmon hatchery
station, DAFFS, Freshwater Fisheries Laboratory, Pitlochry,
Scotland, U.K. After fertilization, the eggs were divided
into two groups; each was placed on Perspex salmon egg
incubating trays kept in plastic tanks. One group was kept
at the ambient river temperature of the Almondbank hatch¬
ery (where the mature salmon of the local stock would
spawn). The temperature of the other group was gradually
raised to 11°C over 6 days and then maintained at the tem¬
perature throughout the experiment.

Ambient temperature was considerably lower than 11°C
until the hatching of the ambient incubated fish embryos,
at which time the temperature gradually increased such
that at first feeding the river temperature fluctuated around
10-11°C (Fig. 1).

Measurements of fish size
From each group samples were taken at hatching (when
50% of eggs hatched), first feeding, and 3 weeks after first
feeding. From each group five fish per stage were over-
anaesthetized in a solution of ethyl /n-aminobenzoate
methanesulfonate (MS-222). Length was measured to the
nearest 1 mm. The total length was recorded on hatching,
whereas for the other stages the fork length was recorded
(Peterson et al. 1977). The fish were blotted dry with filter
paper and the body weight, without the yolk for the hatched
larvae, was recorded to the nearest 0.1 mg using a precision
electronic balance (Sartorius 1712). During sampling it
was observed that, at first feeding, the fish from the ambi¬
ent group were similar in weight to the 11°C fish 3 weeks
after first feeding. It was originally planned to take muscle
samples only at hatching and at 3 weeks after first feeding
for each group. However, to examine a possible correla¬
tion between fish body mass and muscle cellularity, muscle
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"able 1. Wet weight (BW), length, and condition factor of developing salmon larvae.
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Weight Condition Specific
(BW) factor daily

Days from (mg) Length (BW/L3) growth
Developmental stage Temperature fertilization n = 5 (cm) (gem-1 X 100) rate (%)

latched Ambient 117 39 (0.58) 2.0 0.48
latched 11°C 40 29.14 (1.48) 1.9 0.42

;irst feeding Ambient 147 102.6 (0.24) 2.5 0.65 3.22
urst feeding ire 80 76.6 (8.39) 2.3 0.62 3.23
weeks after first feeding Ambient 168 204.2 (5.81) 2.9 0.83 2.40
weeks after first feeding 11°C 101 94.2 (1.13) 2.5 0.60 1.00

Note: Numbers in brackets indicate the standard error of the mean (SE). The SE of length is not given because it is less than
mm which was the precision of the measurements at each stage. Specific daily growth rate was estimated using the equation
n(BW/2) - ln(BWr,))/days X 100.

amples were also taken from the ambient group fish at
irst feeding.

Morphometry of myofibres
'he whole body posterior to the vent was mixed and
mbedded according to Stickland et al. (1988). Transverse
ections of 0.5-p.m thickness were obtained using a Reichert
ltramicrotome. The sections were treated with a saturated
olution of ethanolic KOH for partial removal of resin and
tained according to Ontell (1974). All measurements were
lade using a computerised image analysis system (Seescan
,td., U.K.) linked to an Olympus (Olympus BII-2) light
ticroscope. The total cross-sectional area of white muscle
/as traced on the screen for one side of the transverse

action. Care was taken to exclude fin muscle fibres and the
kin. The total number of white muscle fibres on this one

ide of the section was counted using high magnification,
he cross-sectional area of individual white muscle fibres
i > 200) from the centre of the upper epaxial region of
ach side of the myotome as used by Stickland et al. (1988)
'as traced manually and recorded. The number of nuclei per
ross-sectional area of white muscle was counted for each
sh in five sample areas of the upper epaxial muscle, each
f 6000 p.m\ using oil immersion light microscopy. The
ignificance of differences in the measured parameters was
etermined by Student's r-test between the two groups.

tesults

mbryos incubated at a constant temperature of 11°C
atched considerably earlier than those at ambient tem-
erature (Table 1). The hatched larvae of the ambient group
'ere significantly (P < 0.002) heavier than the 11 °C group.
At 3 weeks after first feeding the ambient-reared alevin

ad more than twice the weight of the 11°C counterparts
nd their condition factor was higher (Table 1).
On hatching, the total white muscle cross-sectional area

'as not different between the two groups (Fig. 2a) while
te myofibres of the ambient group were significantly (P =
.001) smaller compared with the myofibres of the 11°C
roup (Fig. 2b). Consequently, the number of myofibres
as significantly higher (P = 0.007) in the ambient group
"ig- 2c).

At 3 weeks after first feeding, the total muscle cross-
sectional area was larger (P = 0.014) in the ambient group
(Fig. 2a), but the mean size of white muscle fibres was
not significantly different between fish of the two groups
(Fig. 2b). Moreover, there is no evidence of different rates
of muscle fibre hyperplasia, as seen by muscle fibre
size-frequency distributions (Fig. 3). However, the total
number of myofibres was significantly higher (P - 0.021)
in the ambient group (Fig. 2c).

On hatching, the density of nuclei per cross-sectional
area of white muscle was significantly higher (P < 0.001)
in larvae of the ambient group, but subsequently the density
of nuclei became similar in the two groups (Fig. 2d).

Discussion

Results indicate that incubating temperature can have a
significant effect on posthatch larval giowth at least up to
3 weeks after first feeding. Temperature had an accelerating
effect on the growth rate of embryonic stages of develop¬
ment. Although the embryos incubated at a constant tcm
perature of 11°C hatched considerably earlier than those
at ambient temperature (Table 1), the hatched embryos
that were incubated at the ambient temperature tended to be
longer and heavier (Table 1). Peterson et al. (1977) also
concluded that incubating salmon embryos at 6-7°C and
then raising the temperature to 8-12°C after hatching,
resulted in improved growth and larger size at first feeding
than embryos and larvae reared constantly at 12°C through¬
out development. The relatively small difference in the
size of hatched larvae became more obvious by first feeding
and further increased after exogenous feeding (Table 1).
This is in agreement with Beacham et al. (1985) who
found, in other species of salmon, that small differences
in size of embryos at hatching were enlarged by first feed¬
ing. Larval metamorphosis and transition from endogenous
to exogenous feeding seems to dramatically change the
body weight to length ratio in the ambient group (Table 1).
The weight of the developing salmon tends to increase
more rapidly than length after larval metamorphosis.

First feeding occurred at 32 days after hatching in the
ambient group, whereas in the 11°C group, first feeding
occurred at 40 days after hatching (Table 1). Because the
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7ig. 2. Muscle growth and development of salmon reared at the ambient (solid lines) thermal regime and at 11°C (broken lines)
>n hatching (H), first feeding (FF), and 3 weeks after first feeding (3WKS). In each figure the bars indicate the standard error
)f the mean, (a) Total white muscle cross-sectional area (mm2), (b) Mean myofibre cross-sectional area (|xm2) of white epaxial
nuscle. (c) Total number of white muscle fibres, (d) The density of nuclei per cross-sectional area of white muscle. Nuclei
iensities are adjusted for a cross-sectional area of 1 mm2.
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mbient temperature was gradually rising so that the mean
emperature between hatching and first feeding was 9.7°C,
.nd between first feeding and 3 weeks after first feeding it
vas 10.6°C, this difference in length of time between
latching and first feeding must have been a result of the
ncubation temperature and not of the posthatch tempera-
ure regimes. Furthermore, it should be stressed that the
iming of first feeding does not coincide with the stage of
1% yolk. There is in fact a period of mixed endogenous
.nd exogenous feeding (Kamler 1992). The faster growth
nd development of the ambient group probably occurred
lecause this stock was adapted to the natural temperature
egime of the river Almond. Such a growth difference indi-
ates that the ambient thermal regime was the optimum

for growth and development of the salmon used in this
study.

The effect of incubation temperature on the development
of posthatch salmon seen in the present study and also by
Peterson et al. (1977) may be explained by the effect of
temperature on muscle fibre hyperplasia and hypertrophy.
On hatching there were more muscle fibres in the ambient
group and the difference was similar to that found in
hatched salmon incubated at ambient and 10°C (Stickland
et al. 1988). At first feeding, the ambient group had more
muscle fibres than the 11°C group had at 3 weeks after
first feeding (Fig. 2c).

There is some evidence that muscle fibre hyperplasia
is relatively low in young stages of development in rainbow
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Fig. 3. The size-frequency distribution, expressed as percentages, of the white muscle fibres in
salmon for the ambient and the 11°C group 3 weeks after first feeding, (n = 5 fish from each group).

25

Muscle fibre size Muscle fibre size

trout (Oncorhynchus mykiss) (Weatherley et al. 1980;
Kiessling et al. 1991) and Atlantic salmon (Higgins and
Thorpe 1990). In this study also, muscle fibre hyperplasia
was low in both groups (Fig. 2c). At hatching, larvae of the
ambient group have smaller but more numerous muscle
fibres and more nuclei (Figs. 2b-2d) compared with the
larvae of the 11°C group. The smaller muscle fibres may
exhibit a more optimum size for the diffusion of metabolites
and greater potential for further growth. The relatively
fewer nuclei in the 11°C larvae at hatching compared with
ambient larvae may also be a contributory factor to the
lower hypertrophy or hyperplasia, in that nuclei are required
for both processes. As far as muscle fibre hyperplasia is
concerned, more nuclei are required for the formation of
new myofibres through fusion of precursor cells to form
myofibres. Equally important is the number of nuclei for
hypertrophic growth of muscle fibres because more nuclei
are required to maintain an optimum ratio of nuclei to
cytoplasm.

Salmon embryos are not active until towards the end
of the endogenous feeding period and consequently muscle
fibres are functionally more important after larval meta¬
morphosis. In wild stocks, both larval growth and survival
are critical for determining the recruitment in a stock, and
directly affect the strength of the first year class (Gulland
1965). Larger size on first feeding can result in improved
swimming performance, which will enhance active feeding
(Blaxter 1969) and survival (Kazakov 1981; Wallace and
Aastord 1984; Pepin and Myers 1991) of the exogenously
feeding salmon larvae. This investigation has demonstrated
that embryonic development of salmon at high incubation
temperatures can have significant negative consequences on
the muscle development, the larval size at first feeding,
and consequently the viability of posthatch salmon. How¬
ever, the results of this study were obtained with a Scottish
Atlantic salmon stock and may not apply to other stocks of
Atlantic salmon. Different stocks spawn at different seasons

and environmental conditions and may, therefore, be adapted
to their own particular environment. For example, there
is some evidence that the effect of temperature on the rate
of development of seasonally distinct spawning stocks of
chum salmon (Oncorhynchus keta) may vary (Tallman
1986). Nevertheless, for the Atlantic salmon used in this
study, a raised incubation temperature appears to have a
clear effect on muscle hyperplasia and hypertrophy with
consequential negative effects on posthatch growth at least
up to 3 weeks after the initiation of exogenous feeding.
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The histochemical profile of calcium activated acid stable myofibrillar ATPase (mATPase)
activity in developing larval and juvenile carp was investigated. In the larval fish, differenti¬
ation of pink muscle fibres occurred after metamorphosis which was delayed by a week at 17° c
compared to larvae grown at 27° c. After metamorphosis the 27° c group exhibited some small
myofibres with acid stable mATPase activity in the deep white muscle. This was similar for the
juvenile carp which were acclimated for more than a month at 25° c. In contrast, the cold
(12° c) acclimated juvenile fish, contained very few small white muscle fibres with acid stable
mATPase activity. It was also noted that the cold acclimated fish had lower background acid
stable mATPase activity than the warm acclimated fish. Results indicate that after metamor¬
phosis and more evidently in juveniles, temperature can influence the rate of myofibre
hyperplasia. © 1995 The Fisheries Society of the British Isles

Key words: Cyprinus carpio; temperature; metamorphosis; development; mATPase.

INTRODUCTION

Different muscle fibre types in fish are located in distinct anatomical regions, and
can be characterized according to their histochemical and immunohistochemical
properties (Vegetti et al., 1993). Generally, newly-hatched larvae have poorly
differentiated muscle fibres. As larval development proceeds, red muscle fibres
differentiate and form a superficial layer which extends deeper into the myotome
at the lateral line.
The ontogeny of red and white muscle fibre differentiation has been studied in

a few species including carp Cyprinus carpio L. (Talesara & Ufri, 1987),
Brachydanio rerio Hamilton-Buchanan (van Raamsdonk et al., 1978, 1982) and
sea bass Dicentrarchus labrax L. (Scapolo et al., 1988). The differentiation of
pink muscle is less rapid and is preceded by the differentiation of red and white
muscle fibres in D. labrax (Scapolo et al., 1988). Information on the develop¬
ment of pink muscle in carp is lacking and in fish larvae of other species is
limited. The pink muscle of carp can be identified using its mATPase activity
(Talesara & Ufri, 1987; Scapolo & Rowlerson, 1987). Histochemical, immuno¬
histochemical and biochemical investigations have demonstrated a progressive
appearance and disappearance of different fibre types and myosin isoforms in
skeletal muscle of developing vertebrates (Lowey et al., 1983; Marenchall et al.,
1984; Focant et al., 1992) including fish such as sea bass (Scapolo et al., 1988;
Veggetti et al., 1993) and Arctic charr Salvelinus alpinus L. (Martinez et al.,
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1991). The effect of temperature on larval stages of turbot Scophthalmus
maximus L. is mainly on the distribution of different muscle fibre types rather
than the growth of the developing larvae (Calvo & Johnston, 1992). By contrast,
the rate of growth and development of carp at early larval stages can be
profoundly affected by environmental temperature (Kossakoski & Jezierska,
1984). There is evidence to suggest that certain differences in the histochemical
properties of mATPase can be related to differences in the myosin isoforms of
carp muscle (Rowlerson et al., 1985; Scapolo & Rowlerson, 1987). It is also
apparent that temperature can induce changes in the myosin isoforms of carp
(Gerlach et al., 1990). The present study aimed to investigate whether tempera¬
ture or developmentally induced changes in myosin expression is reflected in
myofibrillar ATPase histochemical activity in differentiating lateral musculature
of carp.

MATERIALS AND METHODS

LARVAE

Newly hatched carp larvae, which had been incubated at 20° C were divided into two
groups. Thirty fish in each group were maintained in 120-1 plastic tanks connected to a
recirculating filtering system with a flow rate of 16 1 min ~ 1. The temperature was
controlled by four immersion heaters via an electronic thermostat. The tanks were
aerated and the oxygen content was monitored with an oxygen probe and maintained at
about 85% of saturation. The water was changed partially (by about 30%) fortnightly. A
photoperiod regime of 15 h L and 9 h D was applied. Within 1 week the temperature of
the two groups was gradually either raised to 27 ( ± 0 1° C) or lowered to 17 (± 0-5° C).
Fish were fed ad libitum with dried plankton and minced egg yolk in the first week and

with a commercial fry feed thereafter. Two fish were removed every week and their
external anatomical features were observed. For histochemistry, five larvae per group
were taken at the fourth, fifth and sixth week after hatching. Fish were anaesthetized
with ethyl m-aminobenzoate methasulfonate (Sigma, U.S.A.) according to Summerfelt &
Smith (1990) and decapitated. The whole larval body was coated in embedding cryo
medium (BDH, U.K.) and frozen in isopentane cooled close to its freezing point in liquid
nitrogen, and frozen transverse sections posterior to the vent were obtained for
histochemistry.

JUVENILES

Laboratory reared carp juveniles (15-62 g ± 0-59), originally kept at ambient tempera¬
ture, about 5 months old were kept for at least 5 weeks at either 12 (± 1-5° C) or at 25
(± 1-5° C). Each group was kept in tanks of 1201 supplied with dechlorinated tap water
heated with thermostatically controlled immersion heaters. Frozen transverse sections of
the deep white lateral musculature of three fish per group were taken just caudal to the
vent.

MYOFIBRILLAR ATPase

In preliminary studies it was observed that the carp pink muscle was readily identified
using the method of Mascarello et al. (1984) after preincubation in a solution of 0 05 M
sodium acetate at a pH of 4-40-4-60 or after alkaline preincubation (pH 10-1—10-3), with
acid preincubation resulting in a higher contrast of pink muscle than the alkaline. The
existence of pink muscle was also verified according to its intermediate activity of
succinate dehydrogenase (Carpene et al., 1982) using the method of Dubowitz & Brooke
(1973).
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Table I. Development of carp larvae reared at
17 and 27° C

Week
Stage

27° C 17° C

1 B B
2 Cl-2 CI
3 D2 D1
4 E D2
5 F E
6 Fry F

Developmental stages B. C, D, E and F according to
Kossakoski & Jezierska (1984), stage F is the final stage
of metamorphosis.

MUSCLE MORPHOMETRY AND GROWTH DYNAMICS

Sections were also stained with haematoxylin and eosin for morphometric analysis.
The areas of at least 150 muscle fibres from sectioned areas of the deep white muscle in
the upper epaxial region, were measured using a computerised image analysis system
(Seescan pic, Cambridge, U.K.). The ratio of mean myofibre size to fish size, which is
inversely correlated with muscle fibre hyperplasia in young fish (Weatherley el al., 1979),
and myofibre size frequency distributions were used in order to assess the relative rate
of hyperplasia and hypertrophy of myofibres. The significance of differences was
determined using a Student's t test (P<0-05).
The theoretical total number of myofibres in the region posterior to the vent was

estimated according to Higgins & Thorpe (1992) by dividing the total white muscle cross
sectional area (of one side of the fish) with the mean myofibre size. The theoretical
number of myofibres was not estimated in the juveniles because complete sections could
not be obtained due to the relatively large size.

RESULTS

LARVAE

The stages of larval development were based on the development of exo-
skeleton and pigmentation according to Kossakoski & Jezierska (1984). The
ratios of mean myofibre size to body weight of 6-week-old fish grown at 17 and
27° C were not significantly different (Table I). Also, the average daily growth
rates over the period of this study were not significantly different (Table II).
The mATPase activity of all muscle fibres was labile to acid preincubation at

all pHs used up to the third week after hatching. On the fourth week the fish of
the 21° C group exhibited a sparse monolayer of some intermediate fibres, which
were concluded to be pink, between the red and white muscle fibres, with acid
stable and alkaline stable (not illustrated) mATPase activity. By the fifth week,
the 21° C group had a continuous layer of pink muscle fibres with acid stable
mATPase activity [Fig. 1(a)] whereas the 17° C group had a sparse layer of
muscle fibres with acid stable mATPase activity [Fig. 1(b)], resembling the
situation seen in the 27° C fish a week earlier. At the sixth week, the pink
fibres in the 21° C group formed a thicker layer compared to the 17° C group
[Fig 1(c), (d)]. Furthermore, the white muscle of the 27° C fish exhibited a



Fig.1.mATPaseactivityafteracidpre-incubation(pH4-6for30s)in5-week-oldpost-hatchcarplarvaerearedat27°C(a)andat17°C(b),andin6-week-oldcarplarvaerearedat27°C(c)andat17°C(d).x42.LabelsR,PandWindicatethered,pinkandwhite musclefibresrespectively.
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Table II. The ratio of mean myofibre size (mm2) to body weight
(g) of growing carp (n=3)

SGR% Ratio No. of myofibres

6 weeks
17° C 1-78 0-39 x 1(T3 (006) 1745-58 (148-52)
27° C 2-16 0-25 x 1(T3 (0-04) 2259-67 (108-20)

NS NS P<0-05
5 months

12° C 0-80 0-180 x 10~3 (0-06)
25° C 2-61 0 089 x 10"3 (001)

P<0-01 P<0-01

The daily specific growth rate (SGR%, n- 5) over the period of this study
was estimated according to the equation: InW2 — In It7,/no. Days. (W2 and Wx
are body weight in the end and the start of the experiment respectively.)
Numbers in parentheses indicate the s.e.m. (ns, not significant).

diversity in mATPase activity. Small fibres with acid stable mATPase activity
were found within the white musculature [Fig. 1(c)]. Frequency histograms of
white muscle fibre size indicated the existence of more small myofibres in the
27° C group (Fig. 3). This can be seen in the greater number of fibres in the
smallest size class at 27° C. Nevertheless there were also larger muscle fibres in
the 27° C group which must have significantly influenced the overall muscle
growth of the 27° C fish. As a result, in spite of the difference in the
size-frequency distribution of small myofibres, the ratio ofmean myofibre size to
body weight of the 27° C group was not significantly different from that of the
17° C fish (Table II). In contrast, the theoretical number of myofibres was
significantly higher in the 6-week fish of the 27° C group compared to the 17° C
fish of the same age (Table II).

JUVENILES

Carp acclimated at 25° C exhibited heterogeneous muscle fibres in terms of
mATPase activity, with small white muscle fibres having an acid stable mATPase
activity [Fig. 2(a)]. On the other hand, all white muscle fibres of the cold
acclimated carp were largely homogeneous in terms of mATPase activity which
was acid labile irrespective of the muscle fibre size with very few exceptions
[Fig. 2(b)]. The overall mATPase activity was higher in the large white muscle
fibres in the 25° C acclimated carp, compared to the 12° C group (Fig. 2).
Frequency histograms of white muscle fibre size indicated a higher level of
hyperplasia in the 25° C group (Fig. 3). Moreover, the 25° C juveniles exhibited
a higher specific growth rate and a lower mean myofibre size to body weight ratio
than the 12° C group (Table II).

DISCUSSION

In the larvae reared at 27° C, a continuous layer of pink muscle fibres appeared
at the fifth week and developed further at the sixth week, whereas at 17° C, the
larvae exhibited only a sparse layer of pink muscle at the fifth week (Fig. 1). In
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Fig. 2. mATPase activity after acid pre-incubation (pH 4-6) in juvenile carp larvae acclimated for 6 weeks
at 25° C (a) and at 12° C (b). x 59.

sea bass the pink muscle is not seen before about 60 days post-hatching (Scapolo
et al., 1988). Waterman (1969) suggested that the pink muscle fibres of
Brachydanio rerio may originate from differentiating white muscle fibres. It has
been demonstrated in several species that the muscle differentiation can be
related to swimming behaviour of the developing fish (Nag & Nursall, 1972; van
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Myofibre size ((im2)
Fig. 3. The frequency distribution of white muscle fibres in 6-week-old post-hatch carp reared at 27° C (a)

and at 17° C (b), and in juvenile carp reared for 6 weeks at 25° C (c) and at 12° C (d).

Raamsdonk et al., 1978; Proctor et al., 1980; Matsuoka & Iwai, 1984; Scapolo
et al., 1988). In the present study the colder temperature delayed the final
larval metamorphosis, as has been shown by Kossakoski & Jezierska (1984).
Nevertheless, in both temperature groups, the emergence of pink muscle fibres
coincided with the final stage of larval metamorphosis (Table I). A well-
developed layer of pink muscle fibres appeared, in both temperatures, when
larvae had fully formed scales and functional fins (Table I and Fig. 1). This
indicates that carp pink muscle, which is recruited at intermediate swimming
speeds (Johnston et al., 1977), may be of functional significance for post larval
stages, which are characterized by a different mode of swimming compared to
the larval fish (Batty, 1984). In the same manner sea bass pink muscle formation
occurs when swimming behaviour, performance and habitats are characteristic
of juvenile stages (Scapolo et al., 1988). Small white muscle fibres of carp with
strong mATPase activity after acid preincubation observed in this study (Fig. 1)
have been found to have different immunohistochemical properties from the
large mature white muscle fibres (Rowlerson et al., 1985; Scapolo & Rowlerson,
1987). Small white fibres of carp exhibit a cross reaction with both anti-slow and
anti-fast serum indicating either a mixture of myosin isoforms or an embryonic
type of myosin (Rowlerson et al., 1985). Small white muscle fibres which differ
in histochemical mATPase activity have also been reported in another cyprinid,
Chalcalburus chalcoides Giildenstadt (Sanger, 1992) as well as in Mugil saliens
Risso (Carpene et al., 1982). If it is assumed that the very small muscle fibres are
newly formed fibres (Weatherley & Gill, 1981; Stickland, 1983), and that the
ratio of mean myofibre size is inversely related with the rate of muscle fibre
hyperplasia (Weatherley et al., 1979) it would seem that muscle fibre hyperplasia
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is increased in the fast growing warm acclimated juvenile carp (Table II). In the
same manner, the occurrence of' new ' small muscle fibres in the grey mullet can
also be linked to elevated seasonal temperatures associated with fast growth rates
(Carpene et al., 1982). By contrast, in the 6-week-old fish the ratio of mean
myofibre size to body weight was not significantly affected by temperature (Table
II). This is because muscle hyperplasia has just started at the sixth week in the
21° C fish [Fig. 1(a), (c)]. This is also demonstrated by the percentage of the
smaller size class in the size-frequency histograms [Fig. 3(a), (b)] of myofibres
which also show a wider distribution of myofibres in the 21° C fish. As a result
although the theoretical number ofmyofibres was higher in the 27° C group, the
main effect of temperature on larval stages appears to be in the distribution and
differentiation of muscle fibres rather than the rate of growth (Table II). This is
in agreement with Calvo & Johnston (1992) who also reported similar results
with developing turbot.
There is some evidence to suggest that, in carp, different myosin isoforms are

present at cold and warm temperatures (Gerlach et al., 1990) but it is unclear
whether such a difference is due to a different isoform found in the mature white
muscle fibres at warm temperature, or to the higher number of small muscle
fibres, with a different myosin isoform. The variation in the overall stability of
the histochemical mATPase activity, in the white muscle fibres between the two
temperatures may be due to different myosin isoform proportions present at
different temperatures for all fibres as well as the difference for the small fibres
already discussed.
In conclusion, the results have shown that temperature can affect the timing of

differentiation of pink muscle which coincides with the timing ofmetamorphosis.
Temperature also appears to affect the profile of acid stable mATPase
histochemical activity in the white muscle of carp.

The authors would like to thank three anonymous referees for constructive criticism
and suggestions which enhanced the presentation of this paper. C.N. was supported by
the Hellenic State Scholarships Foundation (I.K.Y).
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Abstract. Atlantic salmon embryos raised at a higher
temperature than normal exhibit, in addition to accelerat¬
ed growth and development, proportionately less muscle
fibre hyperplasia and proportionately more fibre hyper¬
trophy in their presumptive white muscle tissue. The egg
capsule combined with the perivitelline fluid represents
an oxygen barrier and may contain metabolic by-prod¬
ucts within the egg. The effect of removing this barrier,
and thus oxygen restriction, on the development of mus¬
cle cellularity in embryonic salmon was therefore inves¬
tigated in this study. It was found that the presence of the
chorion has a distinct effect. Fibre hyperplasia was
found to be influenced by temperature only in the pres¬
ence of the egg capsule when total fibre numbers were
15% higher at 6.5°C than at 11°C. Fibre hypertrophy
was increased at the higher temperature in the choriona-
ted embryos leading to the average white fibre cross-sec¬
tional area being approximately 30% bigger. The oppo¬
site effect was found in dechorionated embryos which
showed a bigger average white fibre cross-sectional area
by approximately 30% at the lower temperature. These
differences in the effect of temperature on muscle cellu¬
larity in embryonic Atlantic salmon grown within or
without the chorion may be explained by a higher oxy¬
gen demand combined with restricted oxygen availabili¬
ty at the higher temperature. The difference may thus be
due to physiological hypoxia at increased temperatures.
This is supported by findings on the immediate post-
hatch growth when the restriction on fibre hyperplasia at
the higher temperature appeared to be removed. Total
white muscle cross-sectional areas and fish lengths were
analysed as general growth parameters.

Introduction

During embryonic development and growth in fish, as in
other vertebrates, muscle size increases as a result of two
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fundamental mechanisms. A combination of muscle fi¬
bre hyperplasia (the recruitment of new muscle fibres)
and fibre hypertrophy (the increase in size of existing fi¬
bres) takes place. Whereas the former ceases to play a
role in mammals around the time of birth and postnatal
growth is achieved by an increase in fibre size (see for
example [21]), both processes are of importance in fish
throughout a substantial part of the animals' lives [23,
29].

In Atlantic salmon embryos these processes have
been shown to be finely balanced in response to environ¬
mental temperature. Embryos reared at different temper¬
atures show no difference in muscle cellularity at early
developmental stages. However, in the later stages up to
hatching, a proportionate increase in fibre hypertrophy
and reduction in fibre hyperplasia at increased tempera¬
tures is observed [24, 26]. This is associated with accel¬
erated growth and development at the higher tempera¬
ture.

In post-hatch fish an entirely different situation is
found. Faster growth of Atlantic salmon juveniles is
achieved by the addition of new muscle fibres [12]: In
fact, a correlation between faster growth and fibre hyper¬
plasia has been shown both interspecifically [28] and in-
traspecifically (e.g. yearling rainbow trout: [30]; larval
herring: [27]).

One obvious difference between the prehatch and the
posthatch environment is that embryos are surrounded
by an egg capsule, or chorion, and perivitelline fluid.
This barrier has been shown to reduce oxygen availabili¬
ty to the embryos (salmon: [10]; trout: [18]). Additional¬
ly, oxygen requirements in salmonid embryos are high
[20, 21]. Growth at increased temperatures leads to high¬
er oxygen requirements [19] and salmon embryos show
a substantial increase in metabolic rate with temperature
[8], Atlantic salmon eggs incubated at higher tempera¬
tures may therefore be subject to physiological hypoxia.

Energy levels have been shown to influence cell size
and nuclear numbers in the muscle of rats. Energy re¬
striction with adequate protein supply reduces nuclear
numbers with normal to increased cell size suggesting a

t
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link between calorie intake and nuclear proliferation (re¬
viewed in [2]). It seems possible therefore that reduced
oxygen availability, and thus a reduction in metabolic
energy, can influence the development of muscle cellu-
larity in the salmon.

In this study the hypothesis that muscle cellularity
can be affected by the presence of the chorion was tested
by removing the egg capsule. This removal increases the
accessibility of oxygen to the Atlantic salmon embryos
and may thus suggest the involvement of oxygen levels.
The effect on the muscle cellularity of the embryos was
analysed.

Methods

Animals. Salmon eggs were derived from a single adult pairing
and were of a similar size. The eggs were incubated at the
SOAFD Freshwaier Fisheries Laboratory, Almondbank, Perth¬
shire, Scotland at ambient river temperature (with an average of
3.4° C) until development stage 2.1 (after Gnrndilov [4]). The
staging includes a number of morphological parameters such as
fin development, vascular and muscular development and some
organ development. It was devised from samples taken at differ¬
ent temperature regimes between 0.3 and 11°C [4]. "t he absence
of heterochronism due to different incubation temperatuics lui
the parameters used has been shown for the genus Salmo [5], At
stage 21 the eggs were sent to London and kept in cooled incuba¬
tors (LMS; Sevenoaks) at 6.5°C until stage 25 was reached.
Muscle cellularity parameters had previously been found not to
differ between incubation temperatures until after this stage [24,
26]. The egg capsule was removed mechanically (dechorionation)
and the embryos were transferred into physiological saline
(Hank's Balanced Salt Solution, Gibco) in 30-mm Petri dishes
(Flow Laboratories). Further incubation took place in cooled in¬
cubators at 6.5°C or 11°C. Samples were taken at development
stages 31 and 33. Embryos with the capsule intact were also
grown as controls. Hatching took place at development stage 30
at both incubation temperatures.

Sample preparation The chorion was removed where appropriate
and the embryos killed by decapitation. The head and the yolk sac
were removed and the remaining tissue fixed in 4% paraformalde¬
hyde in phosphate buffered saline (Sigma) for 1-2 h. After fixa¬
tion the tissue was dehydrated in ethanol and then embedded in
methacrylate employing the following method:

The tissue was infiltrated with solution A (160 ml 2-hydroxy-
ethyl methacrylate, 32 ml 2-butoxyethanol, 2 g benzoyl peroxide)
for a total of 3 h. The solution was changed every hour. Embed¬
ding mixture was prepared from 30 ml solution A and 1 ml solu¬
tion B (15 ml polyethylene glycol 200, 1 ml V./V-dimethylaniline).
The mixture was immediately poured into plastic moulds, the tis¬
sue added and oriented, and plastic or metal chucks lowered onto
the moulds. The edges were sealed with paraffin and the mixture
left to polymerise overnight. Finally the polymerised blocks were
removed from the moulds and left to dry at room temperature for
1 day.

Transverse sections in the region of the vent were taken at a
thickness of 10 pm using a glass knife on a Reichert-Jung micro¬
tome (model 1140/Autocut). The sections were stained by the
method of Verhoeff and van Giesson.

Analysis. The stained sections were analysed using a Seescan im¬
age analyser connected to an Olympus research microscope. Mean
white fibre cross-sectional area, total white muscle cross-sectional
area and total white muscle fibre number were determined. The
contribution of presumptive red muscle was ignored because it
consists of only a single layer of fibres at the stages analysed.

Fig. 1 Sample cross-section through an embryonic salmon at stage
31 in the region of the vent. White muscle fibre cross-sectional ar¬
ea was measured within the boxed area; NC. notochord; NT, neu¬
ral tube; scale bar, 200 pm

For mean white muscle fibre cross-sectional area a minimum
of 50 fibres were analysed for each section in the top quadrant of
the fish in the area indicated in Fig. 1. Total white muscle cross-
sectional area and total white fibre number were determined from
one lateral half of each fish. Five fish were analysed for each sam¬
pling point and treatment group. The length of 10 embryos was
determined for each sampling point and treatment group from
photographs taken just before sampling.

Statistics. Analysis of Variance and Newman-Keuls multiple com¬
parisons were employed with a significance level of R<0.05.

Results

Embryonic development

The embryos grown without the egg capsule developed
well and normally as judged by visual examination and
staging, and by comparison with the development of
controls incubated with the egg capsule intact.

There was no obvious difference in the rate of devel¬

opment of embryos grown within or without the egg

i
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"able 1

tage 25 31 33

.ength of embryos (mm)
Chorion +a + _b + -

.5°C 11.85 16.62 18.85 21.39 23.58
±0.54 ±0.56 ±0.49 ±0.5 8C ±0.56

1°C N/A 17.57 18.29 20.79 21.47
±0.50 ±0.34 ±0.63 ±0.79'

levelopment time after stage 25 (days)
.5°C 0 25 23 36 34
1°C 0 14 13 20 19

engths of embryos and development times. All lengths apart
om the ones marked c showed a statistically significant differ-
nce according to a Newmann-Keuls multiple comparison with a
ignificance level of F<0.05, «=10. The standard deviation is giv-
n. Development times are given after stage 25, the development
:age at which the fish were transferred to different temperatures
+, present b absent

apsule. However, it was found that the embryos devel-
ped much faster once they were incubated at the higher
imperature (Table 1). The development rate between
tages 25 and 33 of fish transferred to 11°C at stage 25
id not appear to differ from that of eggs incubated at
1°C from fertilisation (previous season's data; data not
hown).

ength

he lengths of the embryos are shown in Table 1. With
ne exception (stage 31, egg capsule present) an increase
l temperature led to a reduction in length. Growth of
le embryos without the egg capsule appeared to result
i an increased length.

Shite muscle cellularity

he parameters analysed were mean muscle fibre cross-
;ctional area as a measure for hypertrophic growth (Fig.
), total fibre number as a measure for hyperplastic
rowth (Fig. 3) and total white muscle cross-sectional
rea as a measure for total muscle growth (Fig. 4).

tage 31. Under the conditions chosen, the encapsulated
mbryos hatched at stage 30. The samples taken at stage
1 therefore represent the situation in newly hatched At-
intic salmon. T he data are summarised in Figs 2-4. As
i previous experiments [24, 26] an increase in tempera-
ire led to a larger mean white muscle fibre cross-sec -
onal area and a smaller total number of white muscle
bres for encapsulated embryos. In the dechorionated
mbryos the finding for mean white fibre cross-sectional
_ea was reversed and no statistically significant differ-
ice in fibre number was found. Hyperplastic growth
as therefore not compromised by temperature in the
echorionated embryos at this stage. They achieved the

E
3.

400

300

200

100 -

■ 6.5°C/chor. Development stage
0 6.5°C/dcch.
O ll°C/chor.
E2 ll°C/dcch.

Fig. 2 Mean white muscle fibre cross-sectional area in gm2 at
stages 31 and 33; chor., chorionated; dech., dechorionated. The
number of embryos per sample was 5. Error bars are s.e.m. Statis¬
tically significant differences within a development stage are indi
cated by lower-case letters (P<0.05)

2000 -

1000

Development stage
I 6.5°C/chor.

□ 6.5°C/dcch.
H 1 l°C/chor.

E2 11°C/dcch.

Fig. 3 Total white muscle fibre number at stages 31 and 33 deter¬
mined in one lateral half of the fish. Five embryos were analysed
per group. Error bars are s.e.m. Statistically significant differ¬
ences within each development stage are indicated by lower-case
letters (P<0.05)

same fibre numbers as the low-temperature chorionated
group. Embryos grown at the higher temperature without
the egg capsule reached the same fibre cross-sectional
area as their lower-temperature chorionated counter-
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0.0
31 33

H 6.5°C/chor. Development stage
□ 6.5°C/dcch.
til ll°C/chor.

□ ll0C/dcch.

Fig. 4 Total white muscle cross-sectional area in mm2 at stages 31
and 33 determined in one lateral half of the fish. Five embryos
were analysed per group. Error bars are s.e.m. Statistically signif¬
icant differences within a development stage are indicated by low¬
er-case letters (P<0.05)

hibited increased hypertrophic growth in comparison.
The total white muscle cross-sectional area was again af¬
fected differently by temperature depending on the pres¬
ence of the egg capsule. The 6.5°C dechorionated group
exhibited the largest and the 6.5°C chorionated group
the smallest total white muscle cross-sectional area with
both higher temperature groups being intermediate.

Stage 33. The samples taken at stage 33 represent the
immediate post-hatch growth of the salmon. The data are
shown in Figs 2, 3 and 4. No statistically significant dif¬
ference in total white muscle fibre number was found at

this stage. Hypertrophic growth as represented by the
mean white muscle fibre cross-sectional area seems to
have proceeded at a similar rate in all groups with the
exception of the 11°C chorionated group. In the latter
case a similar fibre cross-sectional area to the low tem¬

perature chorionated group was found. This indicates in¬
creased hyperplasia and reduced hypertrophic growth of
the 11°C chorionated group in comparison with the other
treatments. The total muscle cross-sectional areas were
found to have increased in all groups with the lower tem¬
perature groups showing a slightly larger increase. The
6.5°C chorionated group thus reached a total muscle
cross-sectional area similar to that of the 11°C groups.

Discussion

Length

The shortening generally found at the increased temper¬
ature may be due to an effect on the number of vertebrae

formed. Such an effect has been found in Atlantic salm¬
on with increased temperature leading to a reduced num¬
ber of vertebrae [16]. In one group (chorionated, shortly
after hatching; stage 31) this was not the case and the
embryos were shorter at the lower incubation tempera¬
ture. However, this may be due to an additional effect on
the length of segments. The apparent difference between
this study (stage 31; chorionated) and a study by Hamor
and Garside [7], who found a relatively reduced weight
of embryos grown at a higher temperature at "an ad¬
vanced prehatching state", may be due to differences in
staging. The latter authors used criteria originally devel¬
oped for lake trout (Salvelinus namaycush Walbaum)
with the stage used for analysis being defined only by
the appearance of melanophores [3], The present study
employed the criteria defined by Gorodilov [4] in which
the appearance of melanophores is only one of a number
of factors. Additionally, the staging system used in this
study has been shown to be suitable for the application
to different incubation temperatures [4, 5].

The fact that the fish grown in the absence of the egg
capsule achieved a greater length than the chorionated
groups suggests an effect of the capsule as a physical
barrier. This is supported by reports on the influence of
egg size on embryo size. It is known that in Atlantic
salmon larger egg size leads to an increased larval size at
first feeding. Furthermore egg size does not affect the in¬
cubation time at a given temperature [13, 25]. Even
though this is only partially true at hatching, it was
found that egg size is positively correlated with embryo
weight when there are large differences (egg weight dif¬
fering by more than 20—40 mg; [13]). Again there was
no difference in incubation time at a given temperature
and an influence of the amount of yolk available on
growth is therefore unlikely.

White muscle cellularity in newly hatchedfish

The incubation of salmon eggs at different temperatures
has a distinct effect on white muscle cellularity. As was
found by Stickland et al. [24] and Usher et al. [26], in¬
creased temperature leads to a proportionate increase in
growth by fibre hypertrophy as opposed to muscle fibre
hyperplasia. The findings of this study corroborate this.

However, as this study shows, a different response oc¬
curs when the embryos are grown without the egg cap¬
sule. In this instance higher temperature resulted in pro¬
portionately reduced fibre hypertrophy but there was no
effect on muscle fibre hyperplasia.

This difference in temperature response, depending
on the presence or absence of the chorion, may be due to
a number of factors. With the removal of the chorion and
the perivitelline fluid, factors contained in the perivitel-
line fluid such as hormones and growth factors are lost.
However, one such factor, thyroid hormone, appears to
be preferentially stored within the yolk [15]. Another
possible influence may be the accumulation of metabolic
by-products within the chorion.

A large number of supportive evidence suggests dif¬
ferences in oxygen and therefore energy availability as a
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decisive factor. Hamor and Garside [7] find an increase
in yolk conversion efficiency at 100% air saturation after
hatching and speculate that this may be related to im¬
proved oxygen availability. The oxygen availability to
fish embryos does indeed increase with hatching. In
rainbow trout (Oncorhynchus mykiss) the critical oxygen
tension, that is the point at which oxygen becomes rate
limiting, drops dramatically at hatching [18]. A similar
effect has also been found in artificially hatched Atlantic
salmon [10]. The oxygen availability to the groups
grown without the egg capsule was therefore higher than
to their encapsulated counterparts. There is evidence that
the chorion itself consumes some oxygen [6]. However,
this effect is probably small in comparison with the in¬
crease in surface:volume ratio upon removal of the cho¬
rion.

An equally important point is that oxygen require¬
ments and metabolic rate are linked with temperature. In
salmon embryos a Q,0 value of 3.67 between 5° C and
10° C can be calculated (from hourly oxygen consump¬
tion per ovum in [8]). Due to this influence on metabolic
rate, temperature exerts an effect on the oxygen tension
necessary to keep up a certain level of metabolism [19].
A higher critical oxygen tension is therefore found at
higher temperatures [18]. In this context it is useful to
note that limiting oxygen levels in salmonids appear to
be high [20, 21], It is therefore possible that, during
growth within the egg capsule with limited oxygen avail¬
ability, oxygen becomes rate limiting at increased tem¬
peratures owing to an increased metabolic rate and oxy¬
gen demand. The embryos grown within the egg capsule
may thus have suffered from physiological hypoxia.

Energy availability has been shown to affect muscle
parameters in mammals. Cheek and Hill [2] reported a
reduction in nuclear proliferation and a normal to in¬
creased cell size in rats fed on a energy restricted diet
with adequate protein supply. In the salmon this re¬
sponse may be advantageous since a similar size can be
reached by a certain development stage despite different
amounts of energy being available. It is known that the
chances of survival of fish larvae are increased if they
reach a certain size by the time of first feeding [11],

A larger white muscle fibre cross-sectional area is
found for the lower temperature amongst the dechorio-
nated animals. This may be due to a higher level of ac¬
tivity at the higher temperature leading to a higher meta¬
bolic intensity [1, 19]. In experiments on the effect of
cyanide, increased yolk utilisation efficiency has been
linked to reduced activity [14], For a given rate of yolk
absorption a decrease in yolk utilisation efficiency com¬
bined with a higher energy demand may have been com¬
pensated for by reduced hypertrophic growth. Interest¬
ingly, it has been found in Atlantic salmon yolk sac lar¬
vae that yolk absorption rates are even reduced in active
larvae when compared with inactive larvae [9], A re¬
duced efficiency due to increased activity may have led
to proportionately reduced hypertrophic growth in the
high-temperature dechorionated embryos when com¬
pared with their lower-temperature counterparts.

The total white muscle cross-sectional area in the
presence of the egg capsule was found to be less at

6.5°C than at 11°C. This is in contrast to the results of
Stickland et al. [24] and Usher et al. [26] and further
emphasises that muscle development in Atlantic salmon
is very finely tuned. Stickland et al. [24] used ambient
river temperature as the low temperature condition
throughout, whereas we used a constant low tempera¬
ture (6.5°C). Ambient river temperature is variable and
it tends to rise towards spring when hatching takes place
under natural conditions. The variable temperature re¬
gime may improve growth in the low temperature
group. It has indeed been found that embryos grown at
6-7°C before hatching and at 8-12°C after hatching
showed improved growth when compared with fish
reared at a constant temperature of 12°C [17]. Another
factor is that flowing water was used by Usher et al.
[26] during the incubation. Reduced water velocity re¬
duces embryo size [20] independent of oxygen concen¬
tration. This effect seems to have been stronger for the
low temperature group than for the high temperature
group in this study. Interestingly, however, Usher et al.
[26] also found a reduced cross-sectional area at the low
temperature at stage 31, although this was not statisti¬
cally significant.
It is interesting in this context that in chorionated her¬

ring (Clupea harengus) there is a proportionate increase
in muscle fibre hyperplasia with increasing temperature
[27]. This may indicate an influence of survival strate¬
gies and natural habitat. Herring eggs are substantially
smaller than salmon eggs leading to a more favourable
surfaceivolume ratio. Additionally herring eggs are de¬
posited on the surface of rocks, gravel or algae, and are
thus exposed to open water whereas salmon eggs are
buried in redds. Combined with a short incubation peri¬
od (10-15 days for herring as opposed to 50-55 days for
salmon at 10°C) this may cause oxygen not to become
rate limiting in the herring.

Immediate post-hatch growth

The embryos grown within the egg capsule in this study
hatched at stage 30. The results found at stage 33 there¬
fore represent the immediate post-hatch growth of the
fish.

Whereas salmon raised at 11°C in the chorionated
state exhibited a smaller fibre number at stage 31 this
difference had disappeared by stage 33. A larger number
of fibres was therefore formed between the two stages in
this group than in the other groups. As mentioned above,
hyperplasia may be linked to energy availability, so that
the embryos in the encapsulated state are subject to oxy¬
gen, and therefore energy, restriction. With hatching this
restraint was removed so that the embryos could then
undergo increased fibre hyperplasia. In the lower tem¬
perature group and the groups grown without the egg
capsule no such effect would have been seen because no
comparable oxygen restriction was experienced prior to
hatching.

The 11°C chorionated group at stage 33 exhibited rel¬
atively less fibre hypertrophy when compared with the
other groups. This may be due to the higher rate of hy-



| jju ■ National ResearchB w fc Council Canada
Conseil national
de recherches Canada

A3CCA3C
Reprinted from
Canadian
Journal of
Fisheries
and Aquatic
Sciences

Reimpression de la
Journal
canadien des

sciences
halieutiques
et aquatiques

The influence of temperature on mRNA levels
for muscle contractile protein and a
proto-oncogene associated with cell division
in Atlantic salmon (Salmo salar L.)

T.W. Matschak and N.C. Stickland

Volume 53 • Number 2 • 1996

Pages 408-413

Canada



3

The influence of temperature on mRNA levels
for muscle contractile protein and a

proto-oncogene associated with cell division in
Atlantic salmon [Salmo salar L.)
T.W. Matschak and N.C. Stickland

Abstract: In Atlantic salmon (Salmo salar L.) embryos, an increase in temperature from 5 to 8 or 11°C causes, by the time
of hatching, an increase in myofibrillar protein content and a reduction in nuclear proliferation when compared with embryos
raised at lower temperatures. This implies a shift in emphasis during embryonic development from nuclear hyperplasia to
contractile protein accretion at higher temperatures. The steady-state mRNA levels of proteins indicative of these processes
were investigated. The proteins were actin, as a measure for myofibrillar protein, and cellular myc, as a measure for nuclear
proliferation. Additionally a probe for myosin heavy chain was used. The mRNA levels for myofibrillar protein were not
increased at the higher temperature, thus suggesting temperature dependent translational or post translational control. Actin
and myosin heavy chain mRNA responses differed, supporting the existence of temperature-dependent myosin heavy chain
isoforms. The presence of c-myc mRNA in embryonic Atlantic salmon was shown. The mRNA level of this nuclear
proliferation marker was decreased at higher temperatures and could be related to histological data on nuclear numbers in
embryonic salmon muscle.

Resume : Chez les embryons de saumon atlantique (Salmo salar), une augmentation de la temperature de 5 a 8 ou 1 1°C
cause, au moment de l'eclosion, une augmentation de la teneur en proteines myofibrillaires et une reduction de la
proliferation nucleaire par rapport aux valeurs observees chez des embryons eleves a des temperatures inferieures. Cela
indique qu'au cours du developpement de 1'embryon, I'accretion des proteines contractiles devient plus importante que
1'hyperplasie nucleaire aux temperatures plus elevees. On a etudie les teneurs a l'equilibre en mRNA des proteines
caracterisant ces processus. Les proteines etaient 1'actine, utilisee pour mesurer les proteines myofibrillaires, et le myc
cellulaire, qui sert a mesurer la proliferation nucleaire. On a egalement utilise une sonde sensible a la chaine a poids
mol£culaire eleve de la myosine. Les teneurs en mRNA pour les proteines myofibrillaires n'augmentaicnt pas en fonction de
la temperature, ce qui suggere un mecanisme de regulation dependant de la temperature pendant ou apres la translation. Les
reponses de l'actine et de la chaine a poids moleculaire eleve de la myosine differaient, ce qui appuie 1'hypothese de
l'existence d'isoformes de la chaine a poids moleculaire eleve de la myosine dependant de la temperature. On a demontrc la
presence de mRNA dans le c-myc des embryons de saumon atlantique. La teneur en mRNA de ce marqueur de la
proliferation nucleaire diminuait aux temperatures plus elevees et pourrait etre reliee a des donnees histologiques sur les
valeurs nucleaires mesurees dans les tissus musculaires des embryons de saumons.
[Traduit par la Redaction]

traduction

h are ectothermic animals and embryonic muscle growth,
: many other developmental processes such as those con¬
ned with meristic variation and organ growth, is influenced
temperature (Blaxter 1988; Hayes et al. 1953; Johnston
>3). Muscle growth and development occur by an increase
he size of individual fibres (muscle fibre hypertrophy) and
the addition of new muscle fibres (muscle fibre hyper-
sia). Both processes necessitate the addition of nuclei to
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muscle tissue (Cardasis and Cooper 1975; Enesco and Puddy
1964; Nag and Nursall 1972) and, in fish, both play an impor¬
tant role throughout a large proportion of the animals' lives
(Stickland 1983; Weatherly and Gill 1985; Vegetti et al.
1990).

In Atlantic salmon (Salmo salar L.) temperature exerts a
dramatic influence on the muscle cellularity in embryonic
stages; temperatures of only 3-6°C above ambient lead to a
greater increase in hypertrophic growth relative to muscle fi¬
ber hyperplasia (Stickland et al. 1988; Usher et al. 1994). In
other words, embryos at a developmental stage around the
time of hatching have, in cross section, larger but fewer muscle
fibres at the higher temperatures without overall muscle cross-
sectional area being affected. Usher et al. (1994) found that
this is associated, in Atlantic salmon embryos, with higher
myofibrillar protein accretion, as determined by proportional
myofibrillar areajn white muscle fibers, and a lower number
of muscle nuclei per cross-sectional area by the time of hatch¬
ing at higher temperatures. The mechanism for this change in
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emphasis from nuclear proliferation to myofibrillar protein
accretion is unknown.

Fish myosin heavy chain and actin DNA sequences have
recently become available (e.g., Gerlach et al. 1990). This rep¬
resents an opportunity to directly analyze muscle contractile
protein mRNA levels whereas previous investigations in fish
larvae have mainly focused on total body RNA and protein
levels to study growth (e.g., Buckley 1984; Hovenkamp and
Witte 1991; Westerman and Holt 1988; Mathers et al. 1993).
The effect of temperature on contractile protein mRNA levels
combined with the known temperature response of contractile
protein accretion make it possible to judge whether regulation
takes place pretranslationally, or alternatively affects transla¬
tion or protein stability. One aim of this study was therefore to
gain information on the regulatory steps in the temperature
response of contractile protein synthesis in embryonic salmon.

The origin of new muscle nuclei in fish is still unclear.
Myoblastic cells (sometimes also referred to as presumptive
satellite cells (Johnston 1993)) or satellite cells are generally
regarded as their origin (Campion 1984). However, in carp
(Cyprinus carpio L.) there is a lack of proliferating satellite
cells (Koumans et al. 1991, 1994), and amitotic division has
been proposed as a mechanism in amphibia (Boujelida and
Munk 1987). Early response genes such as cellular myc (c-myc)
are associated with cell division (Cole 1986; Littlewood and
Evan 1990). This proto-oncogene has been found in rainbow
trout (Oncorhynchus mykiss Walbaum), a salmonid, and its
sequence is available (van Beneden et al. 1986). A further aim
of this study was therefore to assess the presence of c-myc in
Atlantic salmon and to investigate how it relates to the nuclear
proliferation patterns found at different temperatures.

Materials and methods

Animals
The Atlantic salmon embryos were derived from a single adult pairing
from the same stock as the fish used by Usher et al. (1994). After
fertilization the eggs were divided into three groups and kept either
at ambient river temperature or in thermostat-regulated water at 8 or
11°C at the SOAFD Freshwater Fisheries Laboratory, Almondbank,
Perthshire, Scotland. The ambient river temperature corresponded to
an average daily temperature of 3.4°C.

At Gorodilov (1983) stages 25, 27, 29, 31, and 33 the embryos
were sent to London by rail in water of the appropriate temperature
insulated in polystyrene containers. The eggs were then kept in
incubators at 5°C for the ambient river temperature group or at 8 and
11°C, as appropriate, for at least 24 h to let the embryos recover from
any fluctuation in temperature during transport.

At the appropriate sampling time the salmon eggs were dechorion-
ated if necessary, the embryos were killed by decapitation, and the
yolk sac was removed so that the remaining tissue consisted mainly
of muscle. The tissue was stored in liquid nitrogen until further use.
Because of the small size of the fish, 10 to 15 embryos were pooled
per sample.

RNA isolation and fractionation
The RNA was isolated as described by Chomczynski and Sacchi
(1987). The amount of RNA present was estimated by determining
the optical density of the solution at 260 nm (OD260) and purity was
estimated from the ratio OD260/OD280. The RNA was then immedi¬
ately fractionated on a denaturing agarose gel and blotted according
to the modified method of Fourney et al. (1988). Briefly, 20 pg of
total RNA were made up to a volume of 15 pL with deionized H20

treated with diethyl pyrocarbonate and then 15 pL of loading buffer
without bromophenol blue was added. Ethidium bromide was added
to a 1% agarose gel at a final concentration of 0.01%. The gel was
run at 4°C for 20 h with a voltage of 30 V and then photographed
on a UV transilluminator. Finally, the RNA was blotted onto nylon
membrane (Hybond N, Amersham) using standard methods (Sam-
brook et al. 1989). The RNA was fixed to the membrane by baking
at 80°C for 2 h.

DNA probes
For muscle contractile protein a carp actin probe, specific for both
alpha and beta actins (FGA101, Gerlach et al. 1990), and a carp
myosin heavy chain (MyHC) probe, corresponding to exon 40
(FG2Ex40), were used and labelled with 32P by random priming
(Amersham Multiprime DNA labelling system). The actin probe had
been shown to correspond to a highly conserved region in its respec¬
tive gene (Gerlach et al. 1990). The MyHC probe corresponded to
exon 40 in the relatively conserved rod region.

An oligonucleotide (48-mer) corresponding to a conserved region,
nucleotide 778 to nucleotide 825, of the rainbow trout cellular c-myc
gene (van Beneden et al. 1986) served as a probe for c-myc. The
probe was 3'-end labelled with 32P as described (Titus 1991) using
terminal transferase (enzyme and buffer from Pharmacia).

Northern hybridization
The Northern hybridization was carried out as recommended by the
membrane manufacturer (Amersham). Briefly, the hybridization took
place at 42°C in 5x SSPE buffer containing 5x Denhardt's solution
and 0.5% sodium lauryl sulphate (SDS) at a final concentration of
50% formamide. Washes were carried out under low stringency
conditions, i.e., at 65°C and with lx SSPE, 0.1% SDS buffer, with
the exception of the hybridization reaction with the c-myc probe,
which was washed at 55°C. After autoradiography the membrane
was stripped ofbound probe twice by pouring on boiling SDS solution
(0.1 %) and then reused for further experiments.

Evaluation
The washed blots were analyzed by autoradiography at -70°C em¬
ploying intensifying screens (Amersham). To be able to quantify the
results the films were preflashed to give a linear response to the
amount of radioactivity present.

The autoradiographs were analyzed using a Seescan image ana¬
lyzer to determine the integral optical density for each sample and
probe. The results were normalized against the amounts of ribosomal
RNA (rRNA) present, as determined from the amount of ethidium
bromide bound to the nucleic acid, to compensate for possible pipet¬
ting errors. Ribosomal RNA represents the bulk of RNA present in
total RNA (Young 1976) and therefore is a good measure for the
amount of the latter. It is routinely used as an internal control in
Northern blotting (see for example Hesketh et al. 1992; Iwaki et al.
1990). For the measurements of rRNA a negative image of the
UV-transilluminated agarose gel was produced from a photograph
and analyzed in the same way as the autoradiographs. The values for
both species (28S and 18S) of rRNA were combined. The size of the
RNA species identified was estimated by comparison with the mi¬
gration distances of the 28S and 18S rRNA.

Statistics
The data were analyzed by two-way analysis of variance and the
means were compared by the Newman-Keuls method (Snedecor and
Cochran 1969).

Results

Northern hybridization
Figure 1 shows the autoradiographs for the various probes
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used and the agarose gel stained with ethidium bromide. As
can be seen, clear specific bands of the appropriate sizes were
detected. There was almost no variation in the amount of total
RNA pipetted onto the gel (Fig. ID).

The cDNA specific for carp muscle contractile protein tran¬
script hybridized to the salmon RNA. The probes bound only
to bands of the expected size and no nonspecific binding was
observed. With progressing development the relative amount
of specific messenger RNA (mRNA) was found to increase.
This was more pronounced for actin {p < 0.001) than for
MyHC (p = 0.029) (Figs. 2A and 2B). At stage 31 (around the
time of hatching) no such increase of contractile protein
mRNA with increasing developmental age was observed at
ambient temperature and 8°C. For both actin and MyFIC a
statistically highly significant (p < 0.001) decrease in mRNA
steady state levels was observed at 8 and 11°C compared with
at ambient temperature. Flowever, no statistically significant
difference in contractile protein mRNA levels was found be¬
tween these two elevated temperatures. A comparison between
the mRNA levels for MyHC and actin shows that there was
proportionately more signal for MyHC than for the actin probe
the lower the temperature (p < 0.001), whereas there was rela¬
tively little to no change with development (p = 0.103)
(Fig. 2C).

The c-myc transcript was clearly present in the embryos
with lower temperature fish exhibiting a higher steady state
level (p = 0.002) (Fig. 2D). Embryos raised at 11 and 8°C
behaved in a very similar way, with the 8°C fish showing only
a marginally stronger signal at stage 33 (not significant). At
ambient temperature an increase with development appeared
to be present whereas both 8 and 11°C mRNA levels remained
relatively constant.

The proportionate increase of actin mRNA in comparison
with c-myc mRNA was calculated as a ratio. The result is
shown in Fig. 2E. More c-myc relative to actin mRNA was
present at the ambient temperature (p < 0.05). No statistically
significant change with development was found (p = 0.789).

C)

2 8 S —

1 8 S —

Fig. 1. Autoradiography of a nylon membrane probed with
DNA specific for (A) myosin heavy chain (exon 40) and (B)
actin under low stringency conditions (lx SSC, 0.1% SDS,
65°C), and (C) c-myc (lx SSC, 0.1% SDS, 55°C; note the
c-myc specific bands near the position of the 18S rRNA). In
(D) the level of ethidium bromide bound to the ribosomal
RNA in the gel used for the above blots is shown. Twenty
micrograms of total RNA was applied to each lane. The
positions of the 28S and 18S ribosomal mRNAs are shown.
From left to right, developmental stages 25, 27, 29, 31, and 33
were applied for each temperature.

Discussion

Both carp probes (actin and MyHC) were found to cross-react
with the appropriate salmon RNA species. In the case of the
actin probe, cross-reaction was not surprising because only
two striated muscle actin isoforms are known (Buckingham
1985) and the actin probe used has been shown to correspond
to a highly conserved region within the molecule (Gerlach
et al. 1990). In Fig. 2B two actin bands appear to be present.
The size difference between these bands is smaller than would
be expected between a-actin and cytoskeletal actin, and also
smaller than the difference found for a- and (3-actin in carp by
Gerlach et al. (1990). No heart tissue was present in the sam¬
ples and the two bands were thus combined and assumed to
representmyofibrillar actin. The data obtained for actin should
therefore represent a good measure for muscle contractile pro¬
tein mRNA. As has been found in mammals (Buckingham
1985) the mRNA levels increased with development at all
three temperature regimes used. Interestingly, the amount of
contractile protein mRNA remained at the same level for 8°C
and ambient river temperature at stage 31 when compared with
stage 29. In the salmon embryos used, stage 31 coincided with
the hatching period. Hatching has been associated with a re-

11°C 8°C ambient

Stage 25 27 29 31 33 25 27 29 31 33 25 27 29 31 33

duction in growth and this may be responsible for this particu¬
lar finding (Rombough 1988).

Embryos reared at a temperature above the ambient river
temperature did not exhibit higher contractile protein mRNA
levels; on the contrary, a lower level of steady state mRNA for
actin or MyHC was found at the higher temperatures for all
developmental stages investigated. Usher et al. (1994) found
higher protein accretion at an increased temperature (11°C
against 5 or 8°C) for the same stock of fish and it would thus
seem that this higher myofibrillar protein content is effected
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Fig. 2. (A) Actin, (B) myosin heavy chain (MyHC), and (D) c-myc steady state mRNA levels for
the five different developmental stages and the three temperatures employed. The amounts are
expressed as relative optical density on autoradiographs normalized for the amount of ribosomal
RNA present. In C and E, the amounts of MyHC mRNA (from B) and c-myc (from D),
respectively, are shown relative to actin mRNA (from A). A statistically significant difference
(p < 0.05) is indicated by differing letters (for temperature, uppercase letters; for development,
lowercase letters). Ambient temperature averaged 3.4°C over the entire experimental period.
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by translational or post-translational control rather than
through upregulation of transcription or higher mRNA stabil¬
ity. Evidence for translational control has been found, for ex¬
ample, in the stimulation of hypertrophy in rat gastrocnemius
muscle by clenbuterol (Hesketh et al. 1992), or in muscle pro¬
tein synthesis in cod in response to different ration sizes (von
der Decken and Lied 1989). A variation in protein stability,
i.e., post-translational control, is, however, also a possible ex¬
planation for the differences in protein accretion observed in
embryonic salmon. No statistically significant difference in
the contractile protein mRNA levels between 8 and 11°C was
found in this study, whereas the myofibrillar contents had been
found to be different (Usher et al. 1994). This again suggests
that the control of contractile protein accretion does not take
place before translation.

The MyHC transcript, which was investigated as a second
contractile protein mRNA, exhibited a result similar to that
found for actin. The embryos grown at ambient river tempera¬
ture showed the highest level ofMyHC mRNA compared with

those grown at 11 or 8°C. When the results are directly com¬
pared with the results for actin, a higher MyHC/actin ratio is
obtained the lower the experimental temperature. Bearing in
mind that the number ofMyHC isoforms is substantially larger
than for actin, this result may be interpreted in the following
way. In mammals various developmental isoforms are present
(Buckingham 1985) and in carp a minimum of 28 MyHC
genes seem to be present and isoform switching may be in¬
volved in temperature acclimation (Gerlach et al. 1990). The
MyHC probe used corresponds to a region in exon 40 of the
gene, which is part of the relatively (but not fully) conserved
rod region. The present result may arise because the probe did
not, at least in the salmon, hybridize to all isoforms, which
would have resulted in a similar MyHC/actin ratio regardless
of the temperature treatment. Perhaps, for this reason, the em¬
bryonic salmon, like the carp, exhibits an isoform switch at
different temperatures. Differences in MyHC isoform depend¬
ing on water temperature have been reported in a number of
studies (e.g., cod: Gerlach et al. 1990; Hwang et al. 1990; Arctic
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char: Martinez and Patterson 1992). Alternatively, different
translation rates or protein stabilities for actin and MyHC
could lead to the observed result. The mRNA data found
would then simply represent different transcription rates or
mRNA stabilities for actin and total MyHC. As is discussed
by Lowery and Somero (1990) for starvation in Paralabrax
nebulifer, complex changes in ribosomal activity and capacity
combined with changes in protein turnover rates can differen¬
tially affect protein levels. Unfortunately no salmon probes for
the 3' untranslated region of the MyHC gene, which would
make it possible to clarify the situation, are available as yet.

The expression of c-myc has been found to be associated
with the entry of cells into the cell cycle and correlates with
the rate of cell proliferation (reviewed in Cole 1986 and Lit-
tlewood and Evan 1990). Furthermore, the amount of c-myc
protein present directly correlates with mRNA levels (Hann
and Eisenmann 1984) and its protein half-life does not change
during growth (Persson et al. 1985). In muscle, c-myc expres¬
sion declines with the onset of differentiation and plays a role
in the control of proliferation and differentiation (reviewed in
Olson 1992). Both c-myc mRNA and protein have a very short
half-life and have to be expressed throughout the cell cycle
(Littlewood and Evan 1990). Additionally c-myc mRNA lev¬
els have been shown to fall with the replacement of hyper¬
plasia with hypertrophy in mouse forebrain, hindbrain, and
kidney (Zimmerman et al. 1986). The c-myc transcript was
clearly present and more prevalent at the lower temperature,
indicating a higher level of nuclear proliferation in this case.
This reflects the result found for nuclear numbers at hatching
for different temperatures in the same stock of fish (Usher
et al. 1994).

A comparison of the steady state mRNA levels for actin as
a measure for contractile muscle protein and c-myc as a meas¬
ure for nuclear proliferation showed a higher c-myc/actin ratio
at ambient temperature than at 11°C. This difference appears
to be present only from stage 29 onwards, but no statistical
difference between the developmental stages was found. The
result would be consistent with the histological findings of
Usher et al. (1994) who found no difference in nuclear num¬
bers and myofibrillar area at stage 25 but a significant differ¬
ence at stage 33. However, it should be emphasized that the
actin mRNA levels do not relate directly to the contractile
protein levels.

In summary, this study has demonstrated a reduction in
contractile protein mRNA (actin and MyHC) at increased tem¬
peratures and suggests that contractile protein accretion in em¬
bryonic Atlantic salmon is achieved by translational or
post-translational control rather than at the transcriptional or
mRNA stability level. The presence of c-myc mRNA was
demonstrated and the results show a relative reduction in its
level with an increase in temperature.
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fast growing (upper modal group) Atlantic salmon
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Fast growing Atlantic salmon (upper modal group) exhibit a higher activity of muscle
cytochrome c oxidase (cco) and lactate dehydrogenase (ldh) than the slow growing salmon
(lower modal group). The ratios of cco/ldh activity, indicate a higher aerobic/anaerobic
metabolic potential of the axial muscle in the upper modal group.

© 1996 The Fisheries Society of the British Isles
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A growth bimodality occurs in salmon juveniles Salmo salar L., during the first winter of
their life: some fish cease feeding and growing and become the lower modal group fish
(LMG), whereas fish of the upper modal group (UMG) continue to feed and grow
(Thorpe, 1977; Thorpe et al., 1982; Metcalfe et al., 1986). Cytochrome c oxidase (CCO)
is a mitochondrial enzyme which exhibits higher activity in fast growing fish (Houlihan
et al., 1993) and its activity can be used as an indicator of the aerobic metabolism of fish
muscle (Goolish & Adelman, 1987). Usually in studies of this field, different growth rates
have been induced experimentally by altering the feeding regime or temperature. In this
study, all fish were reared under identical conditions. The specific aim of the present
study was to test the hypothesis that salmon muscle tissue of the LMG exhibits a lower
capacity for aerobic metabolism than the UMG fish.

Samples of 0+ Atlantic salmon of the LMG and UMG were obtained in March 1993
from the local stock (and of the same age) held in the Freshwater Fisheries Laboratory,
Almondbank, Pitlochry, Scotland. Five fish were sampled from each modal group. The
fish of the LMG were significantly smaller than the UMG fish (Table I). White muscle
homogenates from five fish of each modal group were prepared and the activity of CCO
was assayed according to Tyler & Nathanailides (1995) at 20° C in a medium containing
0-075 m potassium phosphate buffer, pH 6-8 and 0-025 mM ferrocytochrome c. Activity
of the glycolytic enzyme lactate dehydrogenase (LDH) was assayed in a medium of
50 mM potassium phosphate buffer (pH 7-0), containing 0-15 mM NADH and 0-60 mM
sodium pyruvate (omitted from the control). Activity of enzymes is given in units per mg
protein. Protein content was estimated using the Folin-Lowry method (Lowry et al.,
1951). Results from the LMG and UMG fish were compared by Student's t-test; the
ratios of CCO/LDH activity were arc-sin transformed prior to statistical analysis.
Activities of the aerobic metabolism enzyme CCO and the glycolytic LDH of the axial

muscle were significantly higher in the fast growing UM group. The ratio of CCO/LDH
activity of axial muscle was also significantly higher in the UMG salmon (Table I). There
is some evidence to suggest that the activity of CCO correlates with aerobic metabolism
(Goolish & Adelman, 1987) and that the activity of LDH can correlate with anaerobic
metabolic potential (Hochachka et al., 1983). It is therefore possible, that changes in the
ratio of mitochondrial enzyme activity/LDH can indicate alterations in the metabolic
*Present address: Sherrington School of Physiology, St. Thomas's Hospital Medical School (UMDS),

Lambeth Palace Road, London SE1 7EH, UK.



Table I. Body weight (g) and activity of enzymes in the lower (LMG) and
upper (UMG) modal group salmon

UMG LMG

Body weight 14-54 (102) 2-39 (0 19)*
CCO 5-86 (0-45) 2-04 (018)*
LDH 27-78 (1-65) 20-60 (1 -34)*
CCO/LDH 0-21 (0-02) -J0-09 (4 x 10"V

Enzyme activity for CCO is given in pmoles of ferrocytochrome c oxidized
min ~ ' mg protein ~ and for LDH as reduction of NADH pinoles min " 1 mg
protein - Differences assessed by Student's /-lest (*P<0001). Numbers in
parentheses indicate the s.e.m., // = 5. CCO, cytochrome c oxidase; LDH,
lactate dehydrogenase.

potentials of aerobic and anaerobic metabolism (Hochachka et al., 1983). In the present
study, CCO/LDH, was significantly higher in the UMG fish indicating that there was a
relatively higher capacity for maximal aerobic metabolism in the UMG, compared with
the LMG. A higher maximal capacity for anaerobic glycolysis and aerobic metabolism in
the UMG fish, may be the result of feeding-related, higher swimming activity of the
UMG fish (Metcalfe et al., 1986). Activity of LDH may increase with size in fish (Somero
& Childress, 1980). It is therefore possible that the higher LDH activity of the UMG fish,
is simply a result of the size difference between the two modal groups.

In agreement with previous studies (Goolish & Adelman, 1987; Houlihan et al., 1993),
the fast growing fish (in the present study the UMG salmon) exhibited a higher rate of
muscle CCO activity. In larval stages of salmon, some fish exhibit a higher feeding
activity and accelerated rate of growth and development and are likely to be more
dominant and become the upper modal group (Metcalfe & Thorpe, 1992). In a recent
study (Metcalfe et al., 1995) it was found that the fish which exhibit fast growth and
development, also exhibit a higher standard metabolic rate, as measured by oxygen
consumption. In support of this finding, the present study showed that the UMG of
salmon exhibited increased CCO activity, indicating that the fast growth and develop¬
ment of the UMG is associated with a higher capacity for aerobic metabolism.

The authors thank Mike Miles and the staff of Almondbank salmon hatchery SOAFD, for providing
the samples of salmon; Dr J. E. Thorpe for helpful discussions; and Dr D. D. Tyler for support and
suggestions throughout this study. The main author was supported by the Hellenic State Scholarships
Foundation (IKY).
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Abstract

Sea bass. Diceiitrunchus labrax (L.). juveniles (1.32 g)
grew at a rate of 4.2% per day. when lish were fed
nrf libitum and reared at optimal thermal conditions
(ambient sea water temperature, 20-26°C). At 13°C.
feeding and spontaneous activity were severely
restricted and somatic growth was reduced to 0.6%
per day. Over a period of 6 weeks, both muscle fibre
hyperplasia and nuclear division were higher in the
ambient-temperature group compared with the lish
reared at 1 3°C. Despite the differences in growth
rate and spontaneous activity, muscle fibre hyper¬
plasia was paralleled by nuclear division in the
lateral axial muscle in both temperature groups and
the number of nuclei per myofibre did not differ
significantly between the two temperature groups.
It Is concluded that at optimal thermal and feeding
conditions, somatic growth of sea bass juveniles is
mediated through an increase in the number of
nuclei and muscle fibres.

Introduction

Temperature can Influence the growth and appetite
or fish (Barnabe 1990). For the purpose of
aquaculture. fish muscle growth is important. In
juvenile stages, fast fish growth is associated with
recruitment of new myofibres (hyperplasia)
(Stickland 1983: Weatherley & Gill 1981). which

C 1996 Blackwell Science lad.

may originate from myosatellite cells or other
myogenic cells (Koumans & Aksler 1995). Muscle
fibre hyperplasia can be inlluenced by feeding
regimes (Kiessling. Slorebakken. Asgard and
Kiessling 1991). It is believed that after a critical
ratio of nuclei to cytoplasm is reached, muscle
fibre hypertrophy also requires the addition of new
myonuclei (Cardasis & Cooper 1975) derived from
muscle myoblasts. Thus proliferation of myogenic
cells supports two distinct processes that may

respond differently to thermal conditions. For
example, temperature can influence the rate of
muscle fibre hyperplasia (Wealherley & Gill 1979)
and the rate of in vitro differentiation ofmyosatellite
cells (Matschack & Stickland 1995). In the early life
stages of a stenothermal fish species, the Atlantic
salmon Salmo solar L., nuclear division and muscle
fibre hyperplasia are inversely related to rearing
temperature (Nathanailides. Lopez-Albors and
Stickland 1995a).

Sea bass Dicentrarcluis labrax (L.) is a eurylhermic
species, widely distributed from the Atlantic coast
of Morocco to the North Sea (Picket & Pawson
1994) and It is extensively cultivated in the
Mediterranean sea. When fed ad libitum, the daily
growth rate of sea bass can range from under 0.4%
to more than 5% depending on the temperature
(Barnabe 1990). Sea bass exhibits a rapid growth
during post larval stages, with both muscle hyper¬
plasia and hypertrophy contributing to muscle
growth (Veggetti. Mascarello. Scapolo & Rowlerson

SS5
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1990). Temperature is a controlling factor (Fry
1971) of spontaneous swimming activity, metabolic
rate, feeding and growth. In the present study, the
muscle growth and cellularity of sea bass reared at
optimal and suboptimal thermal conditions was

investigated.

Materials and methods

Rearing of fish

Sea bass juveniles (1.32 2: 0.47 g) originating from
the Spanish Oceanographic Institute (IEO) ofMurcia
(Puerto de Mazarron) breeding station, and reared at
ambient sea water temperature (fluctuating between
16 and 20°C) were used in the present study. A
sample of 120 fish was selected randomly.
An initial sample of lish was obtained as a control

group (week 0) and the remaining fish were divided
into two groups. One group of about 50 fish was
reared at the ambient sea water temperature of the
[EO for 6 weeks, which increased from 20°C in week
0 to 26°C in week 6 (warm temperature group),
and another group of about 50 fish was reared in
sea water cooled to 13°C (±0.7) for 6 weeks (cold
temperature group). Ftsh were fed ad libitum twice
a day with commercially obtained sea bass feed.
Samples of fish were examined at the start of the
acclimation period (week 0. i.e. the control group)
and at 4 and 6 weeks later, from each temper¬
ature group.
The daily specific growth rate (SGR%) was

estimated according to the following equation (In
BWj — In BW|) X days"'. BW. and BWt are body
weights at week 6 and week 4 respectively.

Muscle cellularity

Muscle tissue samples (it = 5-7 lish per group) of
whole transverse sections of the post-anal caudal
region (about 3-5 mm thick) were obtained at weeks
t). 4 and 6. The samples were fixed in a solution of
10% phosphate-buttered formol saline, dehydrated
in a graded series of ethanol solutions and embedded
in glycol methacrylate. Whole transverse sections
(7 pm thick) were obtained and stained with
Weigert-Van Gieson stain. Proliferation of myofibres
in sea bass juveniles occurs throughout the lateral
muscle (Veggetti etal. 1990). In the present study,
the cross-sectional area (CSA) of individual myofibres
(ti > 150 per fish for each stage in each group)

from the deep white muscle in the epaxial region
was traced using a computerised image analysis
system. The number of nuclei was counted manually
on the screen, and the number of nuclei per frame
CSA (ranging from 1.6 X It)3 to 2.8 X 10' pm',
depending on fish size) was extrapolated to produce
total values for the whole CSA of axial muscle per

fish. The total number ofmyofibres contained in the
whole cross-section of each fish was estimated,

according to Higgins & Thorpe (1990). by using the
ratio of whole muscle CSA to mean myofibrc size.
Statistical analysis (anova) was used to determine
the existence of significant differences (P < 0.05)
between week 0 and weeks 4 or 6 in the measured

parameters. Student's t-test was used for testing the
significance of differences in the measured
parameters between the two temperature groups at
weeks 4 and 6.

Results

Somatic growth

The fish reared at ambient temperature grew faster
(SCR = 4.2%) than the fish reared at 13°C (SCR =

0.6%). As a result, after 6 weeks the fish in the
ambient temperature group exhibited a mean body
weight of 7.5 ± 0.5 g whereas the fish reared at
13°C exhibited a mean body weight of 1.7 ± 0.1 g.

Muscle cellularity

After 4 and 6 weeks, the mean myolibre cross
sectional area (MCSA) of white muscle was not

significantly different between the two groups (Fig.
la), but in the 13°C group there was a reduction
in the mean myofibre size between week 0 and week
6 (anova. P = 0.032). The total number ofmyofibres
per fish CSA increased in both groups during the 6
weeks period. By the fourth week, the fish reared
at ambient temperature exhibited a significantly
increased muscle fibre hyperplasia, as shown by the
total number of myofibres. compared with the fish
reared at 13°C (Fig. lb).
The total CSA per fish increased by a factor of

3.5 in the ambient temperature group and by a
factor of 1.2 in the 13°C group (Fig. lc and Table 1).
The number of nuclei per whole CSA of the axial
muscle of fish reared at ambient temperature was

significantly higher than that in fish reared at 13°C
(Fig. Id). The number of nuclei per myofibre did not

© 1996 Blackwell Science Ltd. Aquacullure Rcsrardt. 27. 885-889
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Tabic 1 Change (%) in the number ofmyotibres per whole
axial muscic CSA (Mf No.), the number of nuclei per whole
axial muscle CSA (No. of nuclei) and the total axial muscic
CSA (total CSA) of fish reared at 13°C and at 20-2fi°C
(AMBIENT) over a period of 6 weeks

Group Mf. No. No. o! nuclei Total CSA

13*C 214.6 199.3 120
AMBIENT 369.9 309.2 354

vary between the two temperature groups

throughout the period of this study (Fig. le).

Discussion

Temperature affects feed intake, spontaneous
activity, and growth of fish (Fry 1971; Moksness.
Rosenlund & Lie 1995). Sea bass growth can vary

remarkably with temperature and this is at least
partially due to changes in food intake (Barnabe
1990). In the present study, the swimming and
feeding activity of sea bass reared at 13°C was
minimal (personal observation). Increased activity
and exercise of axial muscle results in increased size

and number of myofibres. compared with
unexercised or underfed fish (Greer-Walker 1971).
In the same manner, the number of white muscle
fibres increased more in the ambient temperature
group, compared with the fish reared at 13°C (Fig.
lb). It can be concluded that the reduced somatic

growth and muscle usage of fish reared at 13°C
was associated with reduced white muscle fibre

hyperplasia compared with the fish reared at
ambient temperature.
A relationship between the temperature-induced

differences in metabolism, food intake, somatic

growth rate and muscle cellularity has been seen in
larval, post-larval and juvenile stages in other fish
species (Nathanailides. Lopez-AIbors & Stickland
1995a.b: Weatheriey. Gill & Rogers 1979. 1980).
By the sixth week, there was a significant reduction
in the MCSA in the fish reared at 13°C. Protein

synthesis and growth of axial muscle increases
with food intake (Greer-Walker 1971) and exercise
(Houlihan & Laurent 1987). Therefore, the reduction
in MCSA of sea bass at 13°C may be due to atrophy
of muscle fibres because of the reduced net protein
gain in this group. In summary, the increased feeding
and swimming activity of the ambient group resulted

888

in increased muscle fibre hyperplasia and somatic
growth.
There is some evidence to suggest that in juvenile

stages of sea bass, hyperplastic growth of white
muscle is associated with the presence ofmyosatellitc
cells which provide a source for new myolibres
(Veggetti etal. 1990). Nuclear proliferation is
required for both forms of muscle growth (Cardasis
& Cooper 1975). It is known that nuclei in lateral
white muscle can be of three types; (a) myolibre
nuclei, (b) satellite cell nuclei and a very small
proportion of connective tissue or red blood cell
nuclei (Alfei. Maggi. Parvopassu. Bertoncello & De
Vita 1989). The number of muscle fibre nuclei is
important for muscle fibre hypertrophy and muscle
satellite cells can provide nuclei for the existing
myofibres or differentiate into myotubes (Koumans
& Akster 1995). Therefore, a reduction in prolifera¬
tion of nuclei may be critical for both hypertrophic
and hyperplastic muscle fibre growth. The evidence
presented in the present study indicates an
association of reduced growth with reductions in
muscle fibre hyperplasia paralleled by similar
reductions in nuclear division.
The relative change of both the total number of

nuclei and the total number of myofibres is similar
in the two temperature groups (Table 1) suggesting
that temperature does not selectively affect the ratio
of nuclear division per myolibre or the muscle fibre
hyperplasia per body mass. Nevertheless, the fate of
newly produced nuclei may vary with temperature.
It can be seen that between week 4 and week 6.
the number of myofibres did not increase in the
13°C group, whereas the number of nuclei did
increase (Fig. lb. Id). This suggests that after the
fourth week, the proliferation of nuclei from
myosatellite cells was used to replenish the
population ofmyosatellite cells (Koumans and Akster
1995) or for supplying nuclei to the existing
myofibres.
In conclusion, a temperature induced increase in

feeding and swimming activity resulted in increased
growth rate. This phenomenon was associated with
an increased number of muscle fibres and a parallel
increase in nuclei, and there is some evidence to

suggest that after 4 weeks at 13°C. muscle fibre
hyperplasia is inhibited.
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45. A comparison of light and electron microscope studies on muscle growth in Atlantic Salmon
(Salmo salar, L.). By A. R. B. Brooks and N. C. Stickland. Department ofAnatomy, The
Royal Veterinary College, London

Muscle growth and development in the majority of vertebrates is by two processes - cellular
hyperplasia and cellular hypertrophy. In mammals the full complement of muscle fibres is
acquired at or near to birth. Growth after this time is solely by hypertrophy. In fish the muscle
mass grows by both hyperplasia and hypertrophy. In Salmonids it has been shown that the two
processes occur to varying degrees throughout life.
The light microscope has, in the past, been the main implement in studies on muscle fibre

number. Clearly its low resolving power leads to some very small fibres being overlooked.
Since the recruitment of new muscle fibres may play a role in the growth spurts of fish it is
important to enumerate these very small fibres. Consequently the electron microscope was used
in the present study.
Juvenile Atlantic Salmon (Salmo salar) were sampled from hatching to the time of seaward

migration. Deep and superficial muscle samples were taken from the caudal region of the
epaxial lateral musculature. Tissue was frozen for the light microscope, and processed for the
transmission electron microscope.
The electron microscope reveals that there is a significantly greater number of very small fibres

( < 50 /rm2) than that seen using the light microscope. In contrast to what would be expected with
respect to muscle fibre orientation the superficial muscle fibres were significantly larger (about
25%) than those found in the deep portion of the muscle. These findings are discussed in terms
of fish growth and validity of the light microscope in studies on muscle growth.
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11. The role of temperature in muscle development in Atlantic salmon (Salmo salar L.) embryos. By
M. L. Usher and N. C. Stickland. Department of Veterinary Basic Sciences, The Royal
Veterinary College, University of London

It has long been recognised that temperature has a direct influence on the rate of embryonic
development in fish. A previous study (Stickland. et al. Anat. Embryol. 178, 1988) suggested that
temperature exerts a differential effect on hyperplasia and hypertrophy during the development of
white muscle in Atlantic salmon (Salmo salar L.). The purpose of this study was to investigate the
effects of temperature on fibre hyperplasia and myonuclear proliferation in the white muscle ofm.
lateralis during embryogenesis in Atlantic salmon (Salmo salar L.).
Three groups of Atlantic salmon eggs (Salmo salar L.) were maintained at 5 °C, 8 °C and

11 °C from fertilisation to hatching. Embryos from each group were killed at Gorodilov stages
25, 27, 29, 31 and 33 (hatching), fixed in 1 % glutaraldehyde in 01 m sodium cacodylate buffer,
followed by post-fixation with 1 % osmium tetroxide, dehydration in acetones and embedding in
Araldite. The cross sectional area of white muscle, total number of white fibres per cross section
and myonuclear number were estimated from semithin transverse sections cut from the 10-15
somite region of the embryo.
Cross sectional areas, white muscle fibre number and myonuclear number increased with

developmental stage in the embryos of all three groups. At hatching (stage 33), the cross sectional
areas of white muscle in the three groups of embryos were not significantly different from each
other. However, at hatching embryos reared at 11 °C had significantly fewer fibres than embryos
reared at 8 °C (P < 0 01), which in turn had fewer fibres than embryos reared at 5 °C (P < 0 01).
The numbers of myonuclei per cross sectional area in each of the groups were significantly
different from each other (P < 0 05), being greatest at the lowest temperature and least at the
highest temperature. However, embryos reared at 11 °C had a significantly larger number of nuclei
per fibre compared to that of the other two groups (P < 0 05).
Temperature appeared to have a differential effect on the development of muscle with higher

temperatures favouring the production of fewer but larger fibres. Given that the mechanism of
fibre hyperplasia in developing salmon embryos is far from clear, these results suggested that
protein synthesis rather than nuclear proliferation is favoured by higher rearing temperatures.

This work was supported by a grant from N.E.R.C.
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Effect of temperature on muscle protein mRNA levels in
embryonic salmon (Salmo salar L.)
T. W. Matschak, S. Ennion, G. Goldspink and N. Stickland
Department of Veterinary Basic Sciences, The Royal Veterinary College,
University of London, Royal College Street, London NWl OTU, UK
The rate of embryonic development is dependent on temperature in
various species (Krogh (1914) Allg. Physiol. 16, 163—77). This holds
true also for muscle development in Atlantic salmon. Stickland et al.
{Anal. Embryol. (1988) 178, 253—7) demonstrated a marked difference
in cellularity in salmon embryos reared at 5° and 10°C, respectively.
At 10°C white muscle showed an increase in fibre hypertrophy and
a reduced rate of hyperplasia compared with fish raised at 5°C. In this
study the mRNA levels for muscle protein (actin and myosin) were
determined in salmon embryos reared at 5°, 8° and 11°C. Samples
were taken at Gorodilov stages 25, 27, 29, 31 and 33 (hatching)
(Gorodilov (1983) GosNIORKh. 200, 107—26) and total mRNA was
isolated from the 'body' of the embryos, which consists almost entirely
of muscle as head and yolk sac had been removed. This RNA was
analysed by means of Northern blotting and slot blotting. Probes for
actin and myosin derived from a genomic carp library (Gerlach et al.
(1990) Am. ]. Physiol. 28, R237—44) were used. The specificity of the
probes was checked on Northern blots and the levels of specific
message semi-quantified using slot blots. To standardize the measure¬
ments total mRNA levels were determined by means of hybridization
with oligo-dT. The actin and myosin mRNA levels were found to be
dependent on the developmental stage and the incubation tempera¬
ture. Both muscle proteins exhibited a similar pattern. At hatching the
levels were found to be inversely related to the incubation tempera¬
ture, i.e. lowest at 11°C, intermediate at 8°C and highest at 5°C. At
5°C and 8°C an increase of the muscle protein mRNA (mpmRNA)
levels during development was found. However, at 11°C mpmRNA
levels were higher at stage 27 than at hatching. These results were
found for myosin and actin mRNAs whether based on total message
or on total RNA. It therefore seems that at the higher temperature the
transcription of muscle protein is switched on at an earlier age than
at the lower temperature. The levels of muscle protein mRNA are a

product of transcription and degradation. However, as higher tempera¬
tures increase the rate of protein production, it is evident that the
mRNA levels are not a direct reflection of protein synthesis. Other
regulatory mechanisms such as RNA stability or translation rate must
play a role. The high amount of mpmRNA found at 11°C may support
the shift to hypertrophy, and therefore protein accumulation, found by
Stickland et al. (1988, as above) in salmon raised at an increased
temperature.
This work was supported by grants from the NERC to G. Goldspink

and N. Stickland.
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The growth response of the lateral musculature of carp
(Cyprinus carpio l.) to temperature. By C. NatHaN-
ailides, O. Lopez-Albors* and N. C. Stickland. De¬
partment of Veterinary Basic Sciences, the Royd
Veterinary College, University of London fl'"'
*Department of Anatomy and Embryology, U"'
versity ofMurcia, Spain

Carp grow faster at warmer temperatures (up to an
optimum of 27 °C) than colder temperatures. Th's
investigation studied the effect of temperature on caff
muscle in terms ofmuscle fibre hyperplasia and hypertrophy
and in terms of the histochemical profile of constituent
muscle fibres.
Young fish (from 1 wk after hatching) and older fish

(approximately 6 months) were grown for 5-7 wk at cold
(12-17 °C) and warm (25-27 °C) water temperatures. The
young fish were killed at 4, 5 and 6 wk after hatching and the
older fish at the end of 7 wk temperature acclimatisation.
Frozen transverse sections of the lateral musculature were
taken just caudal to the vent and were stained for myosin
ATPase activity using the method of Mascarello et al.
(Histochemistry 84, 1986). At least 150 fibres in a given area
were measured and histograms plotted of their size
distributions.
From 5 wk onwards there were up to 10 times more fibres

in the smallest fibre area category in the warm-acclimated
fish than in the cold fish. Very little histochemical
differentiation was seen in the youngest fish, but in the 6-wk
and older fish the warm acclimatised group exhibited 3
levels of ATPase activity in the white muscle. The darkest
fibres were those in the smallest size class. In the cold-
acclimatised fish only occasional small, dark fibres could be
seen, with all other fibres unstained.
If it is assumed that very small fibres are newly formed, it

can be concluded that the warm fish exhibited a greater rate
of fibre hyperplasia. Furthermore, it is suggested that the
positive myosin ATPase reaction of the small, new fibres
may represent an immature isoform of white muscle myosin
not found in mature white fibres.
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Does the chorion have an effect on the development of
muscle cellularity in pre-hatch atlantic salmon (Salmo salar
L)?
T. W. Matschak1, N. C. Stickland1 and J. E. Thorpe2
'Department of Veterinary Basic Sciences, The Royal Veterinary College,
University of London and 2Freshwater Fisheries Laboratory, Pitlochry, UK
Muscle development in embryonic salmon is dependent on tempera¬
ture, and embryos reared at increased temperatures show an increase
in muscle fibre hypertrophy and a reduced rate of hyperplasia from
Gorodilov stage 25 (GosNIORKh 22, 107-26, 1983) when compared
with fish raised at ambient river temperature (Stickland et al„ Anal.
Embryol. 178, 253-77, 1988). In contrast, faster growing juvenile and
adult salmon show an increase in muscle fibre hyperplasia. During
embryonic growth until first feeding the fish are fully dependent on
the nutrient supply of their yolk and growth during this period is an
important factor for later survival. Additionally, protein synthesis at
the expense of nuclear proliferation may represent a more efficient way
to acquire an appropriate size. In mammals, for example, energy
restriction while maintaining an appropriate protein supply leads to a
reduction in nuclear proliferation in muscle with the fibre size
remaining uninfluenced (Cheek & Hill, Fed. Proc. 29, 1503-9, 1970).
One factor distinguishing the embryos from older fish is the restriction
of physical space within the chorion. We therefore removed the
chorion from embryos reared at ambient river temperature at
Gorodilov stage 25 and incubated the fish in physiological saline at
5°C and I1°C until stage 31 or stage 33. It was found that by stage
31 and, more pronouncedly, by stage 33 the salmon exhibited a
statistically significant reduction in average fibre size at the elevated
temperature. The total muscle area was also significantly reduced.
There was no difference in total muscle fibre number at stage 31 as
determined from fibre numbers per unit area. However, at stage 33 the
higher temperature fish exhibited a larger white muscle fibre number
than their 5"C counterparts. These findings are very much in contrast
to the situation found in chorionated salmon embryos. It therefore
seems that the absence of a chorion radically alters the effect of
temperature on the development of muscle cellularity. This work was

supported by the NERC.
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29 Effect of prehatch temperature on the posthatch growth of
muscle in the Atlantic salmon. By C. Nathanailides, O.
Lopez and N. C. Stickland. Department of Veterinary
Basic Sciences, The Royal Veterinary College, University
of London

It is well known that muscle fibre number is fixed by about
the time of birth in mammals. Prenatal nutrition has been
shown to affect the determination of muscle fibre number in
the fetus; a reduction in muscle fibre number can affect
postnatal growth performance. In salmon farming, eggs are
sometimes reared at elevated temperatures in order to
shorten incubation time (from around 100 to 50 d is
possible). Previous work has shown that higher incubation
temperatures produce newly hatched salmon with fewer but
larger muscle fibres and fewer nuclei than salmon reared at
colder temperatures. The purpose of this investigation was
to study the effect of differing incubation temperatures on
posthatch growth and, in particular, on the further
development of muscle cellularity. Eggs from a single
pairing ofAtlantic salmon were incubated at either ambient
temperature (fluctuating around 5 2C) or at 11 °C. At
hatching the ambient temperature increased and, by first
feeding, was fluctuating around 10 °C. From each group, 5
fish were sampled at hatching, first-feeding and at 3 wk after
first-feeding. Transverse resin sections were prepared from
each fish at the level of the vent for measurement of total
muscle fibre number per section and mean fibre size. During
the time period under study, the ambient group grew faster
(in terms of body weight and length). As for muscle
cellularity the number ofmuscle fibres remained lower in the
11 °C fish but muscle fibre size increased more in the
ambient group so that the difference seen at hatching was
eliminated. Work elsewhere has shown that salmon grow
faster when temperature is increased posthatch rather than
when raised at constant temperatures pre- and posthatch. It
is suggested that reduced nuclei in the 11 °C fish at hatching
may contribute to the relatively reduced fibre hypertrophy
in these fish.
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Matschak T.W., N.C. Stickland, P.S. Mason & A.R. Crook (London, U.K.) :

MUSCLE DEVELOPMENT IN SALMONIDS AT DIFFFERENT TEMPERATURES

ANDOXYGEN LEVELS

Temperature influences the proportionate contribution of fibre hyperplasia and fibre
hypertrophy to muscle growth in Atlantic salmon embryos. This has consequences for
subsequent posthatch growth. The effect of temperature differs depending on whether the
embryos are incubated within or without the chorion. On removing the chorion the O2
availability to the embryo is substantially increased. The effect of different O2 levels (50%,
100% and 150% air saturation) and different temperatures (5°C and 10°C) on muscle
cellularity were therefore investigated. As in previous findings fibre numbers were lower at
the higher temperature (by 17%) and temperature had no effect in dechorionated embryos.
A reduction in O2 decreased fibre numbers at 5°C in chorionated embryos (12%) whereas
no effect was found in the dechorionated groups. Fibre cross-sectional area appeared to be
affected more by the oxygen levels with a reduction in O2 leading to a reduced fibre cross-

sectional area. Contrary to previous findings an increased temperature led to a smaller fibre
cross-sectional area. Nuclear numbers in the presumptive white muscle of the embryos
were also determined; dechorionation caused an increase in the number of nuclei at both

temperatures (5°C:40%; 10°C:70%). Lowering O2 failed to reduce the number of white
muscle nuclei at 5°C. However, at 10°C, O2 concentration significantly affected nuclear
numbers. Higher O2 led to 46% more nuclei when chorionated, whilst lower O2 effected a

reduction by 26% in dechorionated embryos. O2 levels therefore clearly affect muscle
cellularity in a temperature-dependent way. Furthermore, it is suggested that O2 availability
is a major contributory factor in the previously observed temperature effects on muscle
development in salmon embryos.
This work was funded by the NERC.
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Differences in muscle differentiation of Atlantic salmon (Salmo salar L.) embryos in
response to temperature and oxygen levels at a late developmental stage. By T.W.
MATSCHAK and N.C. STICKLAND. Department of Veterinary Basic Sciences, The
Royal Veterinary College, University ofLondon

Fish muscle increases in size by either muscle fibre hypertrophy, an increase in cross-
sectional area of individual fibres, or by fibre hyperplasia, an increase in the number of fibres
constituting the muscle. During embryonic development these processes are influenced by
the incubation temperature and, at least during late development in Atlantic salmon, by the
amount of oxygen available. By the time of hatching a difference in the number and the
cross-sectional area of muscle fibres when eggs are reared under different temperature and
oxygen regimes. It is also known,for example, that in herring temperature can lead to
asynchronous development of certain organs. In fish, as in other animals, it has been found
that a sequence ofmyosin heavy chain isoforms is expressed during development.
Additionally, embryonic fish possess a superficial layer of muscle fibres which initially often
exhibit a fast character and later change to a slow fibre type. Frozen cross-sections of
Atlantic salmon embryos, at a developmental stage just after hatching, which had been
subjected to 5°C and 11°C, and normoxia and hyperoxia (200% normoxia) were stained
with an antibody against slow myosin heavy chain. The embryos had been kept at the
different conditions from stage 25 to stage 32 after Gorodilov (1983, Sb. Nauchn. Tr.
GosNIORKh 200:107-126), i.e. for 40 days at 5°C and for 17 days at 11°C. It was found
that, while there was no obvious difference between oxygen treatments within each
temperature group, the fish subjected to the lower temperature exhibited staining
throughout their superficial layer of muscle fibres, whereas in the high temperature group
staining only occurred in the area near the lateral line and at the epaxial and hypaxial
extremes. This suggests that, whilst at 5°C all fibres of the superficial layer had switched to
the slow type, this was only the case in certain areas at 11°C. It is also known that during
early muscle development new muscle fibres are added to the inner muscle fibres in 'growth
zones' located towards the surface of the fish and at the epaxial and hypaxial extremes.
Later in development new fibres are added throughout the muscle. Serial sections of the
above experimental groups were therefore stained with an antibody against proliferative cell
nuclear antigen (PCNA), a nuclear proliferation marker. Again no obvious difference was
found between oxygen treatments, but in the 5°C group staining was observed throughout
the muscle whereas in the 11°C embryos staining occurred only in areas corresponding to
the above-mentioned growth zones. The muscle in the 11°C group of fish therefore
appeared to be less mature than that in the 5°C group at the time of hatching. This work
was supported by the NERC.


