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Pre- and post-natal growth and protein turnover in smooth muscle, heart and
slow- and fast-twitch skeletal muscles of the rat
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1. The growth of one smooth and three individual striated muscles was studied from
birth to old age (105 weeks), and where possible during the later stages of foetal life
also. Developmental changes in protein turnover (measured in vivo) were related to
the changing patterns of growth within each muscle, and the body as a whole. 2.
Developmental growth (i.e. protein accumulation) in all muscles involved an increas-
ing proportion of protein per unit wet weight, as well as cellular hypertrophy. The
contribution of the heart towards whole-body protein and nucleic acid contents pro-
gressively decreased from 18 days of gestation to senility. In contrast, post-natal
changes in both slow-twitch (soleus) and fast-twitch (tibialis anterior) skeletal muscles
remained reasonably constant with respect to whole-body values. Such age-related
growth in all four muscle types was accompanied by a progressive decline in both the
fractional rates of protein synthesis and breakdown, the changes in synthesis being
more pronounced. Age for age, the fractional rates of synthesis were highest in the
oesophageal smooth muscle, similar in both cardiac and the slow-twitch muscles, and
lowest in the fast-twitch tibialis muscle. Despite these differences, the developmental
fall in synthetic rates was remarkably similar in all four muscles, e.g. the rates at 105
weeks were 30-35% of their values at weaning. Such developmental changes in syn-
thesis were largely related to diminishing ribosomal capacities within each muscle.
When measured under near-steady-state conditions (i.e. 105 weeks of age), the half-
lives of mixed muscle proteins were 5.1, 10.4, 12.1 and 18.3 days for the smooth, car-
diac, soleus and tibialis muscles respectively. 3. Old-age atrophy was evident in the
senile animals, this being more marked in each of the four muscle types than in the
animal as a whole. In each muscle of the senile rats the protein content and composi-
tion per unit wet weight, and both the fractional and total rates of synthesis, were
significantly lower than in the muscles of younger, mature, animals (i.e. 44 weeks). In
the soleus the decreased synthesis rate appeared to be related to a further fall in the
ribosomal capacity. In contrast, the changes in synthesis in the three remaining
muscles correlated with significant decreases in the synthetic rate per ribosome. Such
changes probably influence the mechanical efficiency of the muscles concerned, and
may represent an important step leading to heart failure and hence death of these
senile animals.

Interest in the developmental and adaptive resenting some 25-45% of the body mass between
growth of muscle has increased enormously in birth and the mature adult (Miller, 1969; Young,
recent years. There are probably several reaons for 1970). Understanding the way that this tissue
this. Muscle is the largest tissue in mammals, rep- grows is therefore important in appreciating the

* Present address: Department of Physiology, Milton growth of the body as a whole. The relatively
Hershey Medical Center, Pennsylvania State University, recent appreciation of muscles' ability to undergo
Hershey, PA 17033, U.S.A. rapid and extensive adaptive growth has also made
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this tissue a focus for identifying the physiological
factors that influence tissue growth and for eluci-
dating the cellular mechanisms that effect changes
in muscle fibre size and strength, and their meta-
bolic and contractile characteristics (Goldberg,
1971; Pette, 1980; Vrbova, 1980; Goldspink,
1980a; Jolesz & Sreter, 1981). In order to perform
its contractile function, muscle also synthesizes
considerable quantities of unique proteins, thus
making this tissue an excellent system for studying
aspects of differentiation and growth (Goldspink,
1974; McLachlan & Wolpert, 1980; Goldspink,
1980a). However, little reliable information on
turnover rates of muscle proteins in vivo can as yet
be related to the age-related changes in muscle
growth (Waterlow et al., 1978). Of the few studies
undertaken, most have only investigated a narrow
age range, this usually being confined to post-natal
life. In addition, instead of carefully defining the
rates of protein turnover within individual muscles
of well-defined fibre-type compositions, all too
often two or more muscles have been combined
simply to facilitate analysis. This is unfortunate,
since each individual muscle is composed, to vary-
ing degrees, of fibres which possess very different
biochemical and physiological properties. It is
therefore difficult enough to relate even precise
turnover rates to the asynchronous development of
these different fibre types within any individual
muscle. Although it may be convenient to treat the
musculature as one body tissue, it is now well estab-
lished that the different muscle types, which
together constitute the musculature, possess very
different turnover rates. Further, these muscle
types respond very differently to changes in
activity (Booth & Kelso, 1973; Goldberg et,
al., 1974; Goldspink, 1980b), nutrition (Young,
1970; Rannels et al., 1977; Waterlow et al., 1978;
Millward & Waterlow, 1978) and circulating hor-
mones (Rannels et al., 1977; Ianuzzo et al., 1977;
Waterlow et al., 1978; Rannels & Jefferson, 1980;
Goldberg, 1980; Flaim et al., 1980; Kelly &
Goldspink, 1982).

It will also be apparent from the present paper
that the rates of protein turnover are linked to, and
change with, age-related functions of the different
muscle types within the developing animal. All of
these considerations call for the most precise
information on protein turnover within individual
muscles, and when possible in single fibres. In the
current absence of sufficiently sensitive techniques
to study turnover at the level of individual fibres,
we have investigated the changes in growth and
protein turnover in well-defined muscle types, i.e.
the heart, one predominantly slow-twitch (i.e.
soleus) and one predominantly fast-twitch (i.e.
tibialis anterior) skeletal muscle, and the smooth
muscle of the oesophagus. These parameters have

been investigated throughout post-natal life and,
where possible, in the latter stages of foetal life
also. As in the preceding paper, standardized tech-
niques were rigorously employed throughout, and
the age-related changes within these individual
muscles compared with the developmental
changes in the whole animal (Goldspink & Kelly,
1984).

Methods

Male albino rats (Charles River, CD strain)
were fed and housed in a manner identical with
that described in the preceding paper (Goldspink
& Kelly, 1984).

Protein synthesis was measured in vivo in
muscles 10min after intravenous injection of
1 50umol of phenylalanine administered in 1 ml of
NaCl (0.9%) per lOOg body wt. of the animal con-
cerned, or per lOOg body wt. of the pregnant
mothers for foetal muscles. In each case the injec-
tion was introduced via a lateral tail vein and
included 651Ci of L-[4-3H]phenylalanine/ml (sp.
radioactivity 24Ci/mmol; Amersham Inter-
national, Amersham, Bucks., U.K.). All animals
were decapitated 10min after commencing the in-
jection. Thoracic and abdominal cavities were
immediately opened and the whole animal was
submerged in ice-cold NaCl. Hind limbs were
simultaneously removed and skinned at decapita-
tion and similarly immersed in ice-cold NaCl. The
heart, appropriate leg muscles and oesophagus
were dissected out within a few seconds and frozen
in liquid N2. The subsequent analysis of these
frozen tissues for protein, nucleic acids and rates of
protein synthesis and protein breakdown are des-
cribed in detail in the preceding paper (Goldspink
& Kelly, 1984).

Results and discussion

Before developmental growth could be assessed
in terms of the age-related changes in protein turn-
over, initial experiments were undertaken to deter-
mine whether rates of protein synthesis could be
accurately measured in the different types of
muscle 1 min after the injection of phenylalanine,
i.e. at the time originally used by Garlick et al.
(1980) and in our preceding paper (Goldspink &
Kelly, 1984) for two visceral tissues. Changes in the
free and protein-bound specific radioactivities of
phenylalanine were therefore measured in muscles
at intervals up to 30min after injection of tracer
into either 200g rats or 20-day-pregnant mothers
(i.e. for foetal tissues).
The free amino acid in both skeletal and cardiac

muscles of the 200g rats was virtually in-
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Fig. 1. Time-related changes in the specific radioactivity of
phenylalanine in the plasma, heart and tibialis anterior

muscle ofJoetal and adult rats
(a) Adult rats (200g) were decapitated at various
times after receiving an intravenous injection con-
taining 150umol of phenylalanine (including 65pCi
of L-[4-3H]phenylalanine) per lOOg body wt. The
specific radioactivities of the free (i.e. SA, open sym-
bols) and protein-bound (i.e. SB, solid symbols)
phenylalanine in the plasma (squares), cardiac (tri-
angles) and tibialis anterior (circles) muscles were
determined at each time as described by Garlick et
al. (1980). Each value is the mean +S.E.M. for at least
four individual muscles. (b) Here, 20-day-pregnant
rats (270 + lOg) were injected in a similar manner to
the animals above. The specific radioactivity of the
free phenylalanine was then determined in both
maternal (El) and foetal (-) plasmas, samples being
derived from either four injected mothers or 16
foetuses. The free (i.e. SA, open symbols) and pro-
tein-bound (SB, solid symbols) specific radioactivi-
ties were simultaneously measured in foetal hearts
(triangles) and tibialis muscles (circles). These
values are presented as means + S.E.M. For this nine
individual hearts were analysed, i.e. from three
foetuses taken at random from each of three injected
mothers. A total of 18 tibialis muscles were also
studied, in this case as three groups of pooled (six)
muscles taken from the same foetuses.

distinguishable, both tissue pools having rapidly
equilibrated with the plasma to attain 70 and 98%
of the specific radioactivity in the plasma at 2.5
and 30min respectively (Fig. la). Unlike the sig-
nificant time-related decline in the plasma, the free

specific radioactivity in both muscles was not sig-
nificantly changed over the 30min period investi-
gated. Throughout, the protein-bound radioactivi-
ties in both muscle types increased linearly. Similar
results (not shown) were obtained for the soleus
muscle from the same 200g animals. Although the
time-related changes in the specific radioactivities
were not studied in this smooth muscle of the oeso-
phagus, it has previously been shown by ourselves
(Kelly & Goldspink, 1982) and others (Garlick et
al., 1980) to be a valid technique for measuring syn-
thesis in other smooth-muscle preparations of the
gut. For example, the free tissue specific radio-
activity of the smooth muscle of the small intestine
(Kelly & Goldspink, 1982; Goldspink et al., 1984)
and uterus (A. J. Morton & D. F. Goldspink, un-
published work) fell by less than 9% 10min after
injection of the phenylalanine.
A similar sequence of events to that described

for the liver and kidney (Goldspink & Kelly, 1984)
was also found in the heart and tibialis anterior of
the 20-day foetus. Not only did the specific radio-
activity of free phenylalanine in the foetal muscles
and plasma equilibrate rapidly with that in the
maternal circulation, they also remained constant
between 2.5 and 30min after administration of the
tracer to the pregnant mothers (Fig. lb). Amino
acid incorporation into protein was once again
found to be linear over 30min in both muscle types.
From these combined experiments it was decided
that protein synthesis could be accurately deter-
mined in these four different muscle types, during
both pre- and post-natal life, by using the specific
radioactivities measured at 10min after injection
of phenylalanine.

Developmental changes in the heart
The combined ventricles and atria increased

their wet weight (112-fold), protein mass (339-fold)
and percentage protein composition (from 8.2 to
24.2%) between 18 days of foetal life and 44 weeks
postpartum (Table 1). This developmental growth,
and in particular that of the left ventricle, is in
keeping with the increased work load associated
with pumping an enlarging blood volume against
an increasing peripheral resistance within the
cardiovascular system. These changes in the heart
were, however, smaller than the changes in the
whole animal over the same period (see Goldspink
& Kelly, 1984); hence the heart's contribution to
the body's protein mass progressively decreased
from 1.4 to 0.5%. Both RNA and DNA increased
in parallel (their ratio ranging from 1.9 to 2.6)
during this time, in accord with the expanding
cardiac tissue. However, during post-natal life the
increasing tissue mass outstripped the accumula-
tion of RNA and DNA, such that both nucleic
acids per g of tissue decreased with increasing age.
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Table 1. Pre- and post-natal changes in the protein and nucleic acid contents of the heart
Frozen hearts were pulverized between chilled metal plates. The powdered tissues were then allowed to thaw in ice-
cold 0.3M-HC104 (1:50, w/v) and homogenized in a ground-glass homogenizer. Proteins were measured in these
homogenates by the method of Lowry et al. (1951), and RNA and DNA were extracted and assayed as described by
Goldberg & Goldspink (1975). The values at each age are means+S.E.M. derived from a minimum of 12 foetuses or
from five animals post partum. Values in parentheses give the percentage contribution of the heart towards the
whole-body protein and nucleic acid contents; the latter are described by Goldspink & Kelly (1984).

Age
Foetal (days)

18

20

Post partum (weeks)
3

8

44

105

Protein
content
(mg)

1.1+0.1
(1.39)
2.1±0.1
(0.87)

51+1.3
(0.91)

164+6.0
(0.62)

383 + 20
(0.50)

247 + 34
(0.34)

Protein/
wet wt.
(%)

8.2+0.3

10.1 ±0.3

19.3+4.4

21.2+0.9

24.2+2.1

13.4+1.1

Total
RNA P
(dg)

5.1+0.5
(0.86)

9.1 +0.6
(0.68)

86+ 3.0
(0.74)

172+ 5.8
(0.43)

304+18
(0.44)

316+ 37
(0.47)

RNA P/
wet wt.
(,ig/g)

373+ 31

466+18

325 + 7.0

222+7.0

199+4.0

172+9.4

Total
DNA P
(rg)

2.7 +0.3
(0.57)
5.1+0.2
(0.52)

61+1.2
(0.95)

110+2.5
(0.64)

124+8.1
(0.39)

143+ 17
(0.48)

DNA P/
wet wt.
(mg/g)

193+17

247 + 6

234+ 8

142+4

81+5

78 +5

RNA P
DNA P

2.07 + 0.05

1.89 + 0.08

1.45 + 0.06

1.56+0.04

2.38 +0.13

2.22+0.11

Table 2. Changes in protein turnover in the heart during pre- and post-natal growth
The values presented below are means+ S.E.M. of measurements made on the same tissues described in Table 1.
Protein synthesis was measured in vivo in the hearts 10min after an intravenous injection of 150pmol of phenyl-
alanine per lOOg body wt., via pregnant mothers in the case of foetal hearts. The fractional synthetic rates were
calculated at each age after measurement ofthe specific radioactivities of both the free and protein-bound phenethyl-
amine in the hearts (Garlick et al., 1980). The total amount of protein synthesized per day represents the product of
the fractional rate and the protein mass (Table 1). The percentage contributions of the heart towards the whole-body
synthesis are presented in parentheses. Cardiac growth rates were determined as the daily percentage change in the
protein mass, as measured between 1-, 2-, 5- or 7-day intervals in the foetuses, and 3-, 8- or 44- and 105-week-old rats
respectively. Breakdown was subsequently calculated by subtracting the measured rates of growth from synthesis.

Fractional Total protein synthesized Calculated
Protein/ rate of , A. RNA P/ Growth rate of
DNA P synthesis (g/day per g protein rate breakdown

Age (mg/ag) (%/day) (mg/day) of RNA P) (mg/g) (%/day) (%/day)
Foetal (days)

18

20

Post partum (weeks)
3

8

44

105

0.45+0.03 74.4+ 1.3 0.76+0.1
(1.8)

0.38+0.02 47.3+3.8 0.96+0.1
(1. 1)

0.83+0.03 19.0+0.4 9.6+0.3
(0.56)

1.44+0.03 12.0+0.4 18.7+0.5
(0.40)

3.24+0.08 10.3+0.4 44.5+1.3
(0.46)

1.88+0.05 6.6+0.3 18.2+2.2
(0.23)

138+ 16 5.1 +0.3

95+8.2 4.7+0.2

113+ 3.3

115+ 10

1.7+0.08

1.1 +0.02

131+3.9 0.8+0.02

55.8 +4.2 1.3+0.09

41.2 33.2

22.6 24.7

4.0 15.0

1.4 10.6

0.5 9.8

0.9 5.8

The growth of the entire heart during these phases
of pre- and post-natal life was associated with both
continuously increasing nuclear proliferation (i.e.
increasing DNA; Table 1) and protein/DNA
values (Table 2; Enesco & Leblond, 1962). Al-

though some polyploidy is believed to exist in a few
of the myocardial cells of man and some other
animals, this is not thought to be the case for the rat
(Kuhn et al., 1974). Even if it were, the magnitude
of the changes must still suggest that this cardiac
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Table 3. Post-natal changes in the protein and nucleic acid contents of the slow-twitch soleus muscle
Soleus muscles were analysed in the same manner as described for the heart (Table 1). Each value represents the
mean+S.E.M. for muscles taken from a minimum of five rats at each age. Values in parentheses indicate the
percentage contribution of the soleus muscles of both legs to the whole body's protein and nucleic acid contents
(Goldspink & Kelly, 1984).

Age
Post partum (weeks)

3

8

44

105

Protein
content
(mg)

2.6+0.2
(0.09)

19.8 + 0.8
(0.15)

53.9 + 0.4
(0.14)

43.6 + 4.2
(0.12)

Protein/
wet wt.
(0)

15.7 +0.7

18.5 +0.5

24.9+0.7

20.0+ 1.5

Total
RNA P
(gg)

4.2+0.2
(0.07)

18.0+0.9
(0.09)

36.5+ 1.9
(0.11)

20.6+ 1.6
(0.06)

RNA P/
wet wt.
(pg/g)

262+ 10

162+ 5

167+9

104+ 3

Total
DNA P
(Ag)

2.4+0.1
(0.07)
6.4+0.4
(0.07)

14.7+0.6
(0.09)

15.6+ 1.3
(0. 10)

DNA P/
wet wt.
(mg/g)

149+ 10

64+2

68 + 3

72+4

RNA P
DNA P

1.77 +0.04

2.55 + 0.06

2.33+0.1

1.49+0.1

growth arises through a combination of hyper-
plasia and hypertrophy. Indeed, microscopic stud-
ies on hearts between 7 and 95 days post partum
have demonstrated a progressive increase in the
diameter of the contractile cells (Enesco & Leb-
lond, 1962). Nonetheless, the heart does contain a
large proportion (50-75%) of fibroblasts, whose
proliferation and hypertrophy probably make a
significant contribution to the enlargement of the
heart during normal growth and its compensatory
growth during experimentally induced pressure
overloading (Grove et al., 1969; Young, 1970;
Kuhn et al., 1974).
The overall slowing of the growth rate in the

heart up to 44 weeks was particularly dramatic
over the 2 days immediately before birth and up to
weaning (Table 2). Thereafter, a slower but pro-
gressive decline continued through to senility.
Broadly similar developmental trends were found
for the fractional rates of protein synthesis and
breakdown. Both rates decreased by one-third
within the last 2 days in utero, and this was followed
by successive significant (P<0.01) decreases be-
tween each post-natal age studied right through to
senility (Table 2). The changes in the fractional
synthetic rate correlated with the progressive age-
related decrease in the cardiac ribosomal capacity
(i.e. RNA/protein ratio). Except for two particular
ages (i.e. 20 days of gestation and 105 weeks post
partum), synthesis per ribosome remained reason-
ably constant (i.e. synthesis/RNA values in Table
2). The total amount of protein being synthesized
in the heart (i.e. fractional rate x protein mass) in-
creased with age up to 44 weeks, thereby reflecting
the enlargement (i.e. protein mass) of the organ.
Nonetheless, the heart's contribution to the syn-
thesis of new proteins within the whole animal
gradually diminished from 1.8 to 0.23% (Table 2).
Of particular interest were the developmental

changes between 44 and 105 weeks of post-natal
life. Although the hearts were very similar in size at
each age (i.e. 1.57 and 1.88g wet wt. respectively),
the protein content was significantly lower (36%;
P<0.01) and the protein composition approxi-
mately halved at 105 weeks. The cellular atrophy
(protein/DNA; Table 2) of the cardiac muscle at
this age probably impairs the mechanical effi-
ciency of the heart (Harris, 1975) and may be an
important step leading to heart failure. This indeed
may be one reason why only one-halfof the original
stock of animals survived to this particular age. Al-
though 18% less protein was synthesized per day in
the senile animals as a whole, compared with those
at 44 weeks (Goldspink & Kelly, 1984), the
changes were even more pronounced in the heart
(i.e. a decrease of 59%; P<0.001; Table 2) and
elsewhere in the musculature (see below). Inter-
estingly, the fall in total cardiac synthesis at 105
weeks did not appear to arise from a decrease in
the tissue's RNA content (Table 1) or ribosomal
capacity, but from a marked fall in synthesis per
ribosome (Table 2).

Developmental changes in fast- and slow-twitch
skeletal muscles

This aspect of the study was largely confined to
following developmental changes during post-
natal life because of the small size of the muscles
concerned. Even the larger tibialis anterior had to
be pooled, as six muscles from three foetuses, in
order to acquire sufficient material for analysis.
The contribution of the soleus and tibialis

muscles (i.e. from both hind limbs) to the whole-
body protein mass remained fairly constant at
0.09-0.15% and 0.6-0.8%, respectively, between
weaning and 44 weeks of age (Tables 3 and 4).
Over the same period the accumulation of RNA
and DNA within the two muscle types was very
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Table 4. Changes in the protein and nucleic acid contents of the tibialis anterior before and after birth
All muscles were analysed as described for the heart (Table 1). Each measurement was made on either three groups
of pooled (six) muscles taken from 18 foetuses, or single tissues isolated from a minimum of five rats at each age post
partum. The results for single muscles are presented as means+ S.E.M. Values in parentheses, however, indicate the
percentage contribution that both tibialis anterior muscles per rat contribute to that animal's whole-body protein
and nucleic acid content at each specified age (Goldspink & Kelly, 1984).

Age
Foetal (days)

20

Post partum (weeks)
3

8

44

105

Protein
content
(mg)

0.15+0.01
(0.12)

22.2+0.6
(0.80)

78.0+ 3.9
(0.59)

217+2.0
(0.57)
163+ 14
(0.45)

Protein/
wet wt.
(0)

Total
RNA P
(pg)

6.8+0.1 0.5+0.02
(0.07)

20.5 +0.4

20.1 + 1.1

23.6+0.4

21.0+0.6

19.6+0.7
(0.34)

69.4+8.7
(0.35)

98.6+ 3.4
(0.29)

65.7 + 3.8
(0.20)

RNA P/
wet wt.
(mg/g)

212+ 14

180+ 3.0

180+2.4

113+3.0

88.8 + 8.9

Total
DNA P
(mg)

0.5+0.01
(0.09)

9.9+0.4
(0.31)

24.9+1.2
(0.29)

30.7+ 1.1
(0.19)

26.4+ 1.6
(0.18)

DNA P/
wet wt.
(;Ug/g)

RNA P
DNA P

203+ 13 1.04+0.01

108 + 3.0

64+0.3

35 + 1.0

39 +4.8

1.98 +0.07

2.84+0.04

3.22+0.07

2.53 +0.1

similar to the increases in the whole animal, as
evident from the relative constancy of their per-
centage contributions to whole-body values. Such
parallel changes in these values in skeletal muscle
(i.e. tibialis anterior) and the whole body were not,
however,. shared in utero, with the tibialis of the 20-
day foetus making much smaller contributions to
the total protein and nucleic acid contents (Table
4). Clearly the much greater post-natal use of the
limbs in weight bearing and locomotion is a major
stimulus for muscle growth. Undoubtedly some of
the developmental increase in muscle DNA (Ta-
bles 3 and 4; and Enesco & Leblond, 1962) repres-
ents an increase in the number of myonuclei, these
being derived from the mitotic division and subse-
quent migration of satellite cells (Moss & Leblond,
1971). The proliferation of interstitial cells will also
contribute to the enlargement of the whole
muscles. Their contribution to the increasing
DNA content (approx. 25-30%) will, however, be
proportionately greater than to the enlarging pro-
tein mass, since these non-contractile cells possess
relatively little cytoplasm. The existence of more
satellite and interstitial cells within slow-twitch
muscles probably explains the greater values for
DNA per g of muscle in the soleus, compared with
the faster tibialis muscle (Tables 3 and 4).
Age for age the fractional rates were always

higher in the slower soleus muscle, being through-
out almost double that in the tibialis anterior. This
clearly means that slow-contracting fibres, as well
as whole muscles, must possess higher turnover
rates. Similar differences in turnover rates between
fast and slow muscles at specific ages have pre-
viously been described (Goldberg, 1967; Rannels

et al., 1977; Millward & Waterlow, 1978; Water-
low et al., 1978; Watt et al., 1982; Kelly & Gold-
spink, 1982). These differences in the synthesis
rates can be attributed to both the higher ribo-
somal capacity and rate of synthesis per ribosome
within the slow-twitch soleus (Tables 5 and 6).
However, because of its much larger size (i.e. pro-
tein mass) the total rate of synthesis per day was in-
variably higher in the tibialis anterior.

Correlating with their post-natal development
and declining growth rates were the age-related de-
creases in the fractional rates of synthesis in both
muscles (Tables 5 and 6). Between weaning and
senescence the rates decreased almost identically
(3-fold) in both muscle types, these correlating with
a similar overall fall in the ribosomal capacity.
Synthesis per ribosome post partum was largely
unchanged, however (Tables 5 and 6). Similar
developmental trends in synthesis have been
measured in vitro (Srivastava & Chaudhary, 1969;
Goldspink & Goldspink, 1977; Saleem & Nicholls,
1979) and in vivo (Waterlow et al., 1978; Millward
& Waterlow, 1978). The post-natal contributions
of the soleus and tibialis muscles towards whole-
body synthesis, however, remained around 0.1 and
0.33% respectively (Tables 5 and 6). Although
fluctuating, the corresponding rates of protein
breakdown over the same period were largely un-
changed. Nonetheless, consistent with synthesis,
these degradative rates were higher in the slower
soleus muscle (Tables 5 and 6).
As in the heart (Tables 1 and 2), the previously

increasing protein mass, protein/DNA values and
total rates of synthesis in both muscle types were
reversed at 105 weeks post partum. Measurements
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Table 5. Post-natal changes in protein turnover in the soleus muscle
Rates of protein synthesis were measured in the same muscles described in Table 3. The percentage contributions
made by the soleus muscles of both limbs to whole-body synthesis (Goldspink & Kelly, 1984) are presented in
parentheses. Growth rates in the soleus muscle were measured as percentages of the protein mass accumulated over
the time intervals described in Table 2. Breakdown was calculated, by subtraction, from the appropriate fractional
rates of synthesis and growth.

Age
Post partum (weeks)

3

8

44

105

Protein/
DNA P
(mg/mg)

Fractional
rate of

synthesis
(%/day)

Total protein synthesized

(g/day per g
(mg/day) of RNA P)

1.2+0.1 18.8+1.1 0.52+0.08
(0.06)

3.0+0.1 14.8+0.7 2.9+0.1
(0.13)

3.7+0.1 9.6+0.6 5.2+0.3
(0.11)

2.6+0.2 5.7 +0.2 2.7 +0.3
(0.07)

116+5.6

158 +6.0

144+ 11

135 +8.8

Table 6. Pre- and post-natal changes in protein turnover in the fast-twitch tibialis anterior muscle
Both the fractional and total rates of protein synthesis were measured in the same muscles as described in Table 4.
The percentage contributions of both muscles (i.e. per animal) to whole-body synthesis (Goldspink & Kelly, 1984)
are presented as values in parentheses. Growth rates and protein breakdown were determined in a manner identical
with that described for the heart (Table 2).

Age
Foetal (days)

20

Post partum (weeks)
3

8

44

105

Protein/
DNA P
(mg/pg)

Fractional
rate of

synthesis
(%/day)

Total protein synthesized

(g/day per g
(mg/day) of RNA P)

0.34+0.01 20.9+0.3 0.03+0.002 65.4+ 5.3
(0.067)

2.5+0.2 11.6+0.3 2.6+0.3
(0.30)

3.2+0.2 9.1 +0.4 7.2+0.7
(0.31)

6.5+0.7 4.5+0.3 10.6+0.5
(0.22)

6.8+0.6 3.8 +0.4 5.0+0.2
(0.13)

RNA P/
protein
(mg/g)

3.1 +0.2

123+5.7 0.89+0.02

101 +4.5 0.87+0.1

103+5.5 0.44+0.1

59.1 +6.7 0.45+0.04

of protein/DNA are of limited value in skeletal
muscle, because its fibres are multinucleated.
Nonetheless the changes in protein/DNA, togeth-
er with the 20 and 25% decreases in the protein
masses of the soleus and tibialis muscles respec-
tively, are consistent with the known fibre atrophy
and decreased force output of aged muscles
(Campbell et al., 1973). The significantly (P < 0.0 1)
decreased total rates of synthesis at 105 weeks,
relative to earlier stages, must feature prominently
in this muscle atrophy. The loss of DNA from the
tibialis anterior (Table 4) at 105 weeks could be
associated with the known loss ofmotor units. This

degeneration of fibres in some muscles may be par-
tially compensated for by the hypertrophy of others
(Rowe, 1969), such limited adaptive growth poss-
ibly accounting for the small increase in the growth
rate in this aged muscle (Table 6). Although evid-
ent in both muscle types, the decrease in synthesis
appears to arise in different ways. In the soleus
muscle the decreased rate appeared to correlate
with a fall in the RNA content and ribosomal
capacity (Table 5). In contrast, the change in the
tibialis appeared to be an expression of a decreased
rate of synthesis per ribosome, the ribosomal capa-
city being unchanged (Table 6).
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Growth
rate

(%/day)

10.6

Calculated
rate of

breakdown
(%/day)

8.2

RNA P/
protein
(mg/g)

1.7+0.08

1.0+0.02

0.7 +0.08

0.5 + 0.05

3.2 11.6

1.3 8.3

0.7 5.1

Growth
rate

(%/day)

Calculated
rate of

breakdown
(%/day)

5.9 5.9

1.7 7.3

0.2 4.3

2.0 1.8
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Table 7. Post-natal changes in the proteins, nucleic acids and protein sylnthesis of the oesophageal smooth muscle
Portions (approximately lower half) of the oesophagus were taken from between the lower lobes of the lungs and its
entry into the stomach. Proteins, nucleic acids and rates of protein synthesis were measured in a manner identical
with that described in the previous Tables. Values are presented as the means+S.E.M. for at least five preparations
studied at each age.

Protein/
wet wt.

Age (O°)
Post partum (weeks)

3 7.2+0.3
8 11.2+0.7

105 8.5+0.6

Nucleic acids/wet wt.
(mg/g)

RNA P DNA P

178+5.9 143+7.4
172+9.3 101 +2.2
133+ 10 86.2+7.6

RNA P
DNA P

1.26+0.08
1.70 + 0.08
1.56+0.1

Protein/
DNA P
(mg/mg)

Rate of protein synthesis
- A 5 RNA P/

(g/g per day protein
(%/day) of RNA P) (mg/g)

0.51 +0.03 41.6+2.3
1.10+0.06 25.1+1.3
1.10+0.07 13.7+0.8

168+ 13 2.50+0.1
161+5.1 1.56+0.07
88.8+4.7 1.57+0.1

Post-natal changes in the smooth muscle of the oeso-
phagus

The lower two-thirds of the oesophagus contains
only smooth muscle, whereas the non-striated
muscle of the remaining upper one third is mixed
with skeletal muscle. Consequently, only the lower
portion of the oesophagus was analysed. Inevit-
ably, this gave rise to less overall information, com-
pared with the other three complete muscle pre-
parations (see above). The developmental changes
in the oesophageal smooth muscle (Table 7) can,
however, be compared with the fuller data derived
from the non-striated muscle of the small and large
intestine (Goldspink et al., 1984).
At all ages the percentage of protein within the

smooth muscle (Table 7) was lower than in the
heart and skeletal muscles (Tables 1, 3 and 4).
Initially this value increased between 3 and 8
weeks post partum, but subsequently decreased
with senescence. Although the nucleic acid con-
centrations (i.e. values per unit wet wt.) decreased
with increasing age, these changes (between wean-
ing and senescence) were less pronounced than in
the other three muscle types. Growth of the smooth
muscle between 3 and 8 weeks probably involves
some hyperplasia (insufficient results available) as
well as a doubling of cell size (i.e. protein/DNA;
Table 7). This post-natal growth was accompanied
by a 67% overall fall in the fractional rate of syn-
thesis between 3 and 105 weeks, this being very
similar to that found in the three striated muscles
between the same ages. The declining synthesis
rate between 3 and 8 weeks was accompanied by a
near-identical fall in the ribosomal capacity, with
the rate of synthesis per ribosome being unchanged
(Table 7). The subsequent fall in synthesis per ribo-
some, i.e. at 105 weeks, is possibly linked to a fall in
the total rate of synthesis in association with
senescence, i.e. in a similar manner to the cardiac
and tibialis anterior muscles (Tables 2 and 6).
Further comparisons of the four muscle types
Age for age, the fractional rates of synthesis

showed a definite trend within the four muscle

types, i.e. smooth muscle> heart and slow-twitch
soleus > fast-twitch tibialis anterior. The close
similarity of the fractional synthetic rates in car-
diac and slow-twitch muscle (soleus) is presumably
related to their similarities of function. Both
muscle types exhibit either continuous, or high
degrees of, contractility, are fatigue-resistant mus-
cles and rely heavily on an oxidative type of meta-
bolism. In addition, they tend to be relatively in-
sensitive to hormones that influence protein turn-
over. Their activity patterns contrast with the
lower recruitment frequency of the fast oxidative
glycolytic and fast glycolytic fibres present in the
tibialis anterior (Ariano et al., 1973; Watt et al.,
1982). These fibres are recruited when movements
need to be speeded up and in association with
higher power output. In accord with these func-
tions, the fast fibres (in particular, the fast glyco-
lytic) possess higher myosin ATPase activities and
rely primarily on glycolysis for generating their
ATP substrate. The greater protein/DNA values
of the tibialis are consistent with the greater
diameters and force generation of fast-twitch
fibres (Tables 4 and 6). Muscular activity in the
oesophagus is spasmodic, taking the form of peri-
staltic waves of contraction initiated by mechani-
cal and neural reflexes associated with swallowing.
These propulsive contractions are, however, less
frequent and prolonged than the combined propul-
sive and non-propulsive contractions within the
non-striated muscle of the small and large intes-
tine. These differences in activity may therefore
correlate with the lower fractional rates of syn-
thesis in the oesophageal smooth muscle, com-
pared with that in the intestine (Goldspink et al.,
1984) and uterus (e.g. 40%; A. J. Morton & D. F.
Goldspink, unpublished work). It is now becoming
increasingly apparent that, as with skeletal muscle,
the different types of smooth muscle (e.g. single
and multi-unit) possess distinctive biochemical as
well as physiological characteristics. Differences
in workload and in sensitivities to circulating hor-
mones, either separately or in an inter-related
manner, are likely to be major factors influencing

1984
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the rates of protein synthesis and breakdown in the
different muscle types (Goldberg, 1971; Gold-
spink, 1980b; Goldspink et al., 1983).
The developmental changes in the fractional

synthetic rates were very similar in all four muscle
types. The values measured at 105 weeks post
partum were 30-35% of the rates found at weaning
(Tables 2, 4, 6 and 7). Further, when the rates for
the heart and tibialis anterior at 105 weeks were
compared with those of their respective foetal
tissues (i.e. 20 days gestation) they remained simi-
lar, but now at 14.0 and 18.1%, respectively. The
similarity of these developmental changes in pro-
tein synthesis differ from the earlier work of
Waterlow et al. (1978), who observed greater
changes in skeletal muscle than in the heart. None-
theless, despite this slight discrepancy these age-
related changes in synthesis in cardiac, skeletal
and smooth muscle are more pronounced than in
other tissues (see Goldspink et al., 1984).

Initially at birth, most skeletal muscles possess
relatively mixed fibre-type populations and uni-
formly slow contractile properties (Close, 1964).
Subsequent differentiation involves the
transformation of contractile proteins [e.g. myosin
heavy chains (Whalen et al., 1979)] from foetal to
either adult fast or slow forms, progressive modi-
fications in the relative proportions of fast- and
slow-twitch fibres and the consequent changes in
their overall metabolic and contractile character-
istics (Bass et al., 1975). Such changes must be
reflected in the differing rates of turnover between
the various muscle types. For example, at 105
weeks post partum the half-lives of the smooth,
cardiac and slow and fast skeletal muscles were 5. 1,
10.4, 12.1 and 18.3 days respectively. Since the
contractile proteins are known to be turned over
more slowly (Waterlow et al., 1978), the age-related
decrease in protein turnover post partum is prob-
ably related, in part, to the increasing ratio of myo-
fibrillar to sarcoplasmic proteins. This occurs soon
after birth as the fibres acquire more myofilaments
to increase their force output in response to in-
creased functional demands and weight bearing.
The changing proportion of contractile to cytosolic
proteins cannot, however, completely explain the
age-related fall in the average turnover rates, since
the turnover of the contractile proteins themselves
is known to decline with increasing age (Waterlow
et al., 1978). Nonetheless, the smaller proportion of
contractile proteins probably explains the higher
rates of turnover in most smooth muscles (Table 7,
and Goldspink et al., 1984).
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