
Muscle loss in aging population

Abstract

Sarcopenia is a generic term for the loss of skeletal muscle mass, quality
and performance associated with normal aging that can lead to frailty in the
elderly. It cannot be considered a disease or a condition that has a clear
diagnostic marker. However, the clearly is a decline in the average muscle
mass and performance associated with senescence. Because of the great in-
crease in the proportion of the population living long enough that frailty beco-
mes a significant problem, there is much interest in achieving a better
scientific understanding of sarcopenia. The ageing of the European popula-
tion is a major public health problem for most of the industrialized western
countries, and represents both a social and an economic burden for the
European population.

INTRODUCTION

Skeletal muscle is a dynamical tissue. Because of its ability to shorten
and produce force, we are able to breathe or walk, and perform all

the activities required in daily lives. Muscle fibers are structures capable
of altering their phenotype under various conditions such as increased
or decreased neuromuscular activity, mechanical loading or unloading,
altered hormonal profiles and aging. Muscle atrophy is a typical age
related phenomenon, but is highly variable from one individual to
another and between different muscles (1,2).In humans the age related
changes are greater in the lower extremities than in the upper extremi-
ties (1,2). Muscle atrophy during aging has been postulated to be due to
a decrease in fiber number or size, or both, and muscle atrophy in
ageing is a multifactoral process (3).

Effects on muscle fiber number and size

Skeletal muscle cross-sectional area decreases with age (4). This
phenomenon can be result of a reduction in fiber size, fiber number, or
combination of these two situations. Most researchers who have in-
vestigated sarcopenia have used either imaging techniques or muscle
biopsies that have been performed in a cross-sectional area (4). Any
fiber loss can only be compensated for by hypertrophy of the remaining
fibers. New fibers are not normally produced, and if they are it is
probably only to a very limited extent. One of the key studies in humans
is that of Lexell et al (4) involving examination of cross-sections of the
quadriceps muscle taken at autopsy from males aged from 15 to 80
years of age. Fiber number was found to decline by 39%, which appro-
ximately paralleled the loss of muscle force. Interestingly, the decline
seemed to be progressive, and commencing at about the age of 30. A loss
of muscle fibers is consistent with other human based investigations,
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including the rectus abdominis muscle (5). Conversely,
much of the more recent animal-based data indicates no
loss of fibers with age. This is the case for soleus and
EDL muscles for rats between 9 and 30 months of age
(6). Consistent with such results was the finding of Hol-
loszy et al.(3) in the rat plantaris that the reduction in the
muscle mass was consistent with a reduction in cross-
-sectional area of the fibers, suggesting that there was no
change in fiber number. It has also been suggested that
there is a relative loss of type II (fast-twitch) fibers in
advanced age. The results from the human and ani-
mal-based studies are equivocal. In general the human
data indicate that there is a loss of muscle fibers; con-
versely the rodent data suggest there is no loss of muscle
fibers. It has to be acknowledged that the rodent data
were obtained from simple fusiform hindlimb muscles,
whereas the human data were obtained from more com-
plex pennate muscles. Despite this, several reviews main-
tain that there is a loss of fibers with age (7).

All studies, whether in humans or animals, and for all
muscles studied, have shown a reduction in muscle fiber
size – as a reduction in cross-section area with increasing
age. The only differences seem to be in the degree of
reduction in the different muscle fiber types. Grimby et
al. (8), for example, found a selective reduction in cross-
-sectional area of type II fibers in vastus lateralis muscles
of humans above 70 years of age, with only slight re-
ductions prior to the age of 60–70 years. Coggan et al. (9)
also found no reduction in cross-sectional area of type I
(slow-twitch) fibers but a 13–30% reduction in type II
fibers in the aged gastrocnemius muscle. Comparable
changes have been observed in animal studies. Alnaqeeb
and Goldspink (10) found a significant decline in the
cross-sectional area of type II fibers in soleus between rats
aged 10 months and 24 months, but no reduction in size
of type I fibers. In the rat plantaris muscles the cross-
-sectional area of type II fibers declined 37% and the type
I fibers by only 21% between the ages of 9–10 months and
28–30 months (3). It is perhaps not surprising that most
reduction in fiber cross-sectional area is seen in type II
fibers, particularly the IIB fibers (fast-twitch, predomi-
nantly glycolytic and readily fatigable). Order of recruit-
ment of motor units(11) and therefore muscle fibers
dictates that type I fibers will remain in relatively regular
use, even in aged subjects, whereas the type II fibers and
particularly the IIB fibers will rarely be recruited and
therefore subject to disuse atrophy.

Effect on motor unit characteristics

The neuromuscular junction is link between the mo-
toneuron and the muscle. The arrival of an action po-
tential at the nerve terminal almost invariably results in
an action potential in the muscle fiber. Consequently,
any change in the security of synaptic transmission at the
neuromuscular junction may profoundly affect the ex-
tent to which individual muscle fibers are recruited for
normal function. Results of both animal and human
studies indicate that there is remodeling and fragmen-
tation of the neuromuscular junction with age, which

suggest a progressive degeneration of the neuromuscular
junction. Considerable fragmentation in the distribution
of acetylcholine receptors (12) and in acethylcholinestera-
se staining has been demonstrated, and also an increase
in the incidence of branches or boutons that are spatially
separate or only connected by fine nerve filaments, sug-
gesting fragmentation of the terminal (13). An increase
innerve terminals innervated by two or more axon
branches was found in rats from the age of 21 months to
26 months. Specifically, in soleus muscle there was an
increase from an already high 30% of terminals to 37,5%
of terminals at 26 months of age. A gradual and pro-
gressive loss of synaptic contact was found in rat soleus
and diaphragm muscles aged 21 months, with entire
neuromuscular junctions being lost (14). A comparison
of the morphology of gastrocnemius neuromuscular
junctions of old (27 months old) with young (6 month
old) mice showed that 85%of neuromuscular junctions
in young mice could be considered normal; however, this
was reduced to 40% in the old mice (15). The results
suggest a significant age related deterioration in the struc-
ture and functional capacity of the neuromuscular junc-
tions, involving outright failure or loss of the neuro-
muscular junctions.

The concept of the motor unit was defined by Liddell
and Sherrington (16) and consists of the motoneuron
and all the muscle fibers innervated by that motoneuron.
Essentially, if a motoneuron is lost, a motor unit is lost.
The consensus view from both animal and human stu-
dies is that motor units are lost with age. Early studies of
Gutmann and Hanzlikova (17) demonstrated a signifi-
cant loss of motor units in aged rats. More recently, with
the use of morphometric and physiological techniques,
Edstrom and Larsson (18) found that the average num-
ber of motor units in soleus muscle declined from 49 in 3
to 6 month old rats to 29 in 20 to 24 month old rats. This
is a reduction of about 40 percent. Also was found a
reduction in motor unit number in the medial gastrocne-
mius muscle from an average 93 to 66. Consistent with
these results, the number of motoneurons in a particular
motoneuron pool, identified by retrograde labeling with
horseradish peroxidase was found to decline with age
(19). Hashizume and Kanda (20) found a significant
decrease in the number of medial gastrocnemius moto-
neurons from average of 132 in middle aged rats to 121 in
aged rats (27 months). Interestingly, there was no change
in the number of motoneurons supplying the ulnar nerve
in the rat forelimb. In addition the mean soma size of
both motoneuron pools was reduced with age. In ad-
dition to the overall loss of motoneurons, there appears to
be preferential loss of the larger motoneurons (19). More
specifically, in rat hindlimb muscles, the number of IIB
muscle fibers was reduced at 14 months without re-
duction in numbers of type I and type IIA fibers, whereas
by the age of 27 to 31 months the type IIA and IIB fibers
had started to decline along with a preferential loss of the
largest motoneurons with lowest oxidative capacity (21).
This would also be consistent with the preferential loss of
type IIB muscle fibers, given that in general the largest
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motoneurons innervate the type II fibers, particularly the
type IIB. Human studies indicate a similar pattern of
motoneuron loss. Tomlinson and Irving (22) determined
the number of motoneurons in the lumbosacral region of
the spinal cord from subjects aged 13 to 95 years. There
appeared to be little change up to the age of 60 years, but
from that age the number of motoneurons declined line-
arly, such that subjects in their nineties had about 70%
the number of motoneurons of subjects up to 60 years of
age. Both human and animal studies have demonstrated
a significant loss of motor units with age, and this loss
occurs predominantly after the age of 60 in humans.
Although this is certainly true for those more distal mus-
cles that have been investigated, the extent to which more
proximal muscles exhibit this loss is less certain. In young
animals and humans when motoneurons are lost through
injury or disease, the remaining motoneurons will sprout
and reinnervate the denervated fibers. This is a powerful
compensatory mechanism, and motor unit innervation
ratios may increase five to tenfold (23).

Morphological changes in the anterior horn of the
spinal cord, as well as those in the peripheral axon in
older humans and animals, can be accountable for the
old age muscle atrophy as well (24). The morphological
finding supporting these investigations, i.e. the atrophy
of motor neurons in the spinal cord of older humans, is
that some types of muscle fibers tend to cluster, and do
not show the mosaic distribution observed in younger
people. This is actually the process of denervation with
subsequent reinervation by the neighboring axon, whose
motor neuron has not been affected by atrophy, thus
producing clusters of one type fibers in older people (25).
Investigations based on quantitative electromyography
revealed a reduction in the number of functional motor
units in aging human skeletal muscles (26). This loss
being more prominent in larger and faster motor units,
i.e. type 2 motor units (9). These investigations point to
an increase in the size of the remaining motor units.
Furthermore, morphological investigations have shown
that the number of motor neurons in the lumbo-sacral
cord is reduced after sixty years of life; in some cases this
number accounts for as little as 50% of the number found
in young people (27). Other age related changes in motor
unit characteristics have been identified. There appears
to be a slowing of contractile characteristics, although
whether this is due to changes in contractile properties of
both fast and slow units or whether it is due to a pre-
ferential loss of fast type units remains unclear.

Effect on satellite cells

Skeletal muscles grow or become repaired upon injury.
This ability is principally dependent on a population of
progenitor cells called satellite cells. These cells are pre-
sent between the sarcolema of the mature fiber and its
basal lamina.

Aged skeletal muscles, particularly type II skeletal
muscle fibers, are more susceptible than younger ones to
contraction induced muscle damage and display an im-
paired regenerative capacity (28). A number of factors

have been proposed as contributing to the age related loss
of skeletal muscle and its contractility, a state termed
sarcopenia. Myogenic satellite cell nuclei comprise ap-
proximately 30% of the total muscle nuclei in the neo-
nate, and this number decreases to approximately 5% by
adulthood. This decrease appears to continue throug-
hout the life span of the organism, with those who are
elderly showing an even greater decrease from adult-
hood, although this result is not observed in all studies. It
has been proposed that the decrease in the percentage of
myogenic satellite cells with increasing age results from
an increased number of myonuclei and a decrease in the
number and proliferative capacity of myogenic satellite
cells (29). Recent findings suggest that the phenomenon
is much more complex than merely myogenic satellite
cell senescence. For example, the proliferation and fu-
sion of myogenic satellite cells do not appear to be sig-
nificantly altered with aging (30). Changes in the aged
cellular and extracellular milieu appear to reduce myo-
genic satellite cell activation (31) and possibly subse-
quent steps, such that new myofibers are thinner and
more fragile helping to explain the increased suscepti-
bility to contraction induced muscle damage. In support
the critical role played by the host environment, Carlson
and Faulkner found that the mass and the maximum
force of old muscles grafted into young hosts were not
significantly different from those of young muscles graft-
ed into the same young hosts (32). On the other hand,
young muscles grafted into old hosts regenerated si-
milarly to old muscle grafted into the same old hosts. On
the basis of these findings, the authors proposed that the
environment of a muscle is more important than the age
of the muscle in determining regenerative capacity, and
this hypothesis was recently supported using old-young
mouse parabiotic pairings.

Skeletal muscle regenerative capacity has been shown
to decline with age, and Carlson (1995) has suggested
that a decrease in regeneration potential could contribute
to a reduction in muscle mass in older individuals (33).
Satellite cells are quiescent in normal adult muscle,
although they can be induced to proliferate under certain
conditions to add myonuclei to existing fibers or to form
new muscle fibers. Research in animals has indicated
that the number or percentage of satellite cells is signifi-
cantly diminished in older skeletal muscle, thus pro-
viding a potentional basis for the decline in muscle rege-
neration and adaptation potential in older animals (34).
Snow (1977) reported a 50% decrease in satellite cell
number between the ages of 8 and 30 months in the
soleus muscle of mice and rats, and also suggested that
the satellite cells in older muscles were less metabolically
active than those of young animals, based on morpho-
logical criteria (35). Gibson and Schultz (1983) reported
similar differences in satellite cell proportions in the
extensor digitorum longus muscle between young and
old rats but not between adult and old ones(34). In
addition, several morphological changes have been not-
ed in satellite cells in adult compared to young animals,
including decreased quantities of endoplasmatic reticu-
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lum, golgi and ribosomes (36). Possible changes in satel-
lite cell characteristics in older human skeletal muscle
are unclear and the studies that have been completed are
associated with limitations in scope and methodology.
Schmalbruch and Hellhammer (1976) reported a lover
satellite cell proportion (0,6%) in a 73-year-old male
compared to a satellite cell proportions (4%) in eight
adults between 20 and 34 years of age(37). However, no
other older subjects were assessed in that investigation.
Hikida et al (1998) reported similar proportions of satel-
lite cells (2%) in young and older men (38). Perhaps a
more important issue than the number of satellite cells is
the environment that regulates the activation, prolife-
ration and terminal differentiation of satellite cells.

A number of therapies have been tested as means of
preventing or reducing sarcopenia. In particular, resi-
stance training has received significant attention. Resi-
stance training in elderly individuals has many potential
benefits including increased strength; increased bone mi-
neral density; increase satellite cell number, particularly
in older women; decreased myostatin levels and the po-
tential to elevate bioavailable IGF-1 (39). It should be
noted, however, that although elderly subjects do res-
pond well to resistance training, the adaptations in older
people are not as pronounced as in younger subjects.

A therapy that is currently receiving significant at-
tention is hormone replacement therapy. Aging is asso-
ciated with changes in body composition, function, and
metabolism, as well as a reduction in the activity of the
growth hormone – IGF-1. These changes are similar to
those in younger adults with pathological growth hor-
mone deficiency. Since pathologically deficient patients
display improvements in overall fitness and quality of life
with supplementation of growth hormone, IGF-1, or
both, similar clinical trials focusing on elderly subjects
have been proposed. Results from rodent studies support
this, as increases in local IGF-1 expression attenuated the
loss of muscle mass and strength and increased myogenic
satellite cell proliferation in older animals (40). To date,
there is no definite evidence that frail elderly human
subjects benefit from restoration of growth hormone and
IGF-1 levels to a young adult range. Furthermore, most
studies addressing hormone supplementation have used
elderly individuals in good health, partly because of the
potential of these therapies to enhance the growth of
hidden malignancies.

CONCLUSION

Although resistance training appears to be beneficial
in reducing the effects of sarcopenia, some elderly sub-
jects may be too frail or impaired in their current state for
resistance training to be a viable therapy. In this case,
hormone replacement therapy may provide a short time
benefit to elderly patients who are preoperative and for
whom increased muscle mass and strength would ex-
pedite recovery.
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