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This study was performed on human muscle autopsies, from triceps of the left arm,
obtained from 23 non-athletic built males, with no evidence of neurcmuscular
mvolvement. Their age covered the range from one month to 81 years. They were
divided into four groups according to their age namely, the infant, the child, the
adult and the elderly groups. The autopsy specimens were processed for light and
transmission electron microscopical study. As for light microscopy, they were
subjected to hematoxylin and eosin and Masson trichrome staiming methods. An
image analysis study was included to estimate the mean cross sectional area of the
muscle fiber, the mean area percent of the fibrocollagenous septa enclosed
between the muscle bundles and the mean satellite cell counts. The study revealed
the presence of considerable variations m the histological structure of the skeletal
muscle with the advancement of age. The cross sectional area of the slkeletal
muscle fiber reached its peak value in the adult group followed by marked
regression in the elderly group. An expected continuous spectrum of growth and
maturation was observed in the fibrocollagenous septa between the muscle
bundles. These septa became densely packed and irregular in the elderly age
group. The maximum number of satellite cells was observed in the child group
followed by a decline in the adult group to become scarce and pyknotic in the
elderly one. Ultrastructurally, in senescent individuals, the sarcolemma appeared
irregular, with irregular arrangement of the dark and light bands and the
mitochondrial aggregates appeared ballooned and degenerated. These
observations could suggest that muscle atrophy 1s a major contributor to the
decrease n muscle strength mamfesting with advancement of age.
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INTRODUCTION

In the skeletal muscle fibers, aging results in a general
slowing of the mechanical characteristics of the muscle
(Kirkeby and Garbarsch, 2002) and predictable age-
induced alterations in the striated muscles were
documented (Akataki et al, 2002). To assess the age-
related loss of muscle mass and to determine the
mechanisms behind this aging atrophy, the muscle
structure and fiber type composition have been estimated
using invasive and non-invasive techniques (Lexell, 1995,
Fayet et al., 2001, Klein et al., 2003). Significant reduction
in skeletal muscle isokinetic strength, loss of muscle mass
and disturbed histochemical fiber characteristics were
observed in senescent individuals (Frontera et of., 2000,
Klein et al., 2003; Karakelides and Sreekumaran, 2003).
The measurement of the aerobic and anaerobic
enzymatic activities of skeletal muscles was impaired in
elderly individuals compared to younger age groups
(Pansarasa et al, 2002). At the cellular level, muscle
looses both cross sectional area and fiber number
(Manta et al., 1996), with type 1T muscle fibers being the
most affected by aging (Manta et al., 1995, Kirkendall
and Garrett, 1998; Fayet et af., 2001). On the other hand,
Klein et al. (2003) ascribed the reduction of the maximal
area of the skeletal muscle, by aging, to the reduction of
the muscle fiber size without significant difference in
the estimated number of muscle fibers between the
young and old men.

The number, the mitotic activity and the
differentiation potential of satellite cells, which are
responsible for postnatal muscle fiber formation and the
muscle fiber diameter are tightly regulated events in
normal muscle (Maier and Bornmann, 1999). The effect of
aging on the satellilte cell population has been studied by
Renault et af. (2003) and Kadi et al. (2004) who revealed
that a reduction in the satellite cell population with
decreasing the muscle regenerative capacity occurred
as a result of increasing age in healthy men and
women. However, the capillary supply per unit fiber
area was not affected by age but was enhanced by
training (Desaki et al., 1996). The understanding of the
basis of dysfunction of skeletal muscles in old age has
important clinical and social implications. The available
literature seems to be deficient in coverage of the
histological aspects associated with this age-related
dysfunction. Hence, the present study aimed to examine
the histological changes induced by the advancement of
age in human male triceps muscle trying to overcome this
knowledge gap.

MATERIALS AND METHODS

This  study was performed, during the period
between Jamuary 2004 and February 2005, on human
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skeletal muscle autopsies taken from refrigerated fresh
corpses, within 2-6 h of death, kept (4°C) m the
postmortem room of the Faculty of Medicine, Cairo
University, Egypt. The autopsies were taken from 23
average non-athletic built males, after excluding any case
with history of neuromuscular involvement. Their age
ranged from one month to 81 years old with a mean of
47.6+23.2. They were classified mto four groups:

Infant group: Which included 4 infants, with an age
ranging from one month to 11 months (mean age 0.7 years
0.6).

Child group: Which mcluded 3 cluldren, with an age
ranging from 2 years to 15 years (mean age 7.4 years £3.6).

Adult group: Which included 7 cases, with an age ranging
from 24 to 50 years (mean age 37.7 years £3.8)

Elderly group: Which mcluded 9 cases, with an age
ranging from 65 to 81 years (mean age 74.6 years +4.6).

In each case, the skeletal muscle specimen was taken
from the middle of the medial part of long head of triceps
muscle of the left arm. For the light microscopical study,
specimens were fixed m 10% neutral buffered formalin
and embedded in paraffin wax. From each block, five
micrometer-thick cross sections were cut and subjected
to Hx and E and Masson trichrome staining (Bancroft
and Gamble, 2002). For the transmission electron
microscopical study, the specimens were fixed in buffered
glutaraldehyde solution for 6 h and then transferred to
phosphate buffered saline overnight. All samples were
then postfixed in buffered osmium tetroxide and
dehydrated in alcohol then embedded in araldite. Semithin
sections were obtained and stained with toluidine blue for
light microscopical examination. The ultrathin sections
were prepared and double stained with uranyl acetate and
lead citrate to be examined using a Joel-1008S transmission
electron microscope (Bancroft and Gamble, 2002).

Morphometric study: The mean Cross Sectional Area
(CSA) of the individual muscle fiber in the H and E stained
sections and the mean area percent of fibrocollagenous
septa comprising the perimysium in the Masson trichrome
stained sections were analyzed morphometrically for each
case. The mean satellite cell count per field was also
morphometrically calculated from the semithin toluidine
blue-stained sections. The data were analyzed using
Leica Quin 500 image analyzer. Sections or areas with
artifacts or mdistinet cell borders were excluded from the
counts. In each specimen, ten fields were examined using
an eye piece of X 10 and an objective of X 40 1e., at a
magnification of 400 and the mean values were calculated.
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Statistical analysis: Results were expressed in the form of
meantstandard deviation. The one way analysis fest of
variants (Duncan test) was usedin this study. Differences
were congidered significant at p<0.05.

RESULTS

Histological resulis: Microscopical examination of Hx
and E stained sections (Table 1 and Fig. 1) revealed that
in the infant group, the muscle fibers appeared small in
size. Most of the fibers had a rounded to oval contour. In
the child group, an increase in the size of the muscle fibers
wag obzerved. The muscle fibers exhibited a polyhedral
pattern with extreme peripheral location of the nuclei. In
the adult group, there was a remarkable increase in the
gize of the muscle fibers. The muscle fibers showed a
roughly polyhedral contour with flattened sides where
they were compressed by adjacent fibers. Nuclei appeared
as small oval profiles at the periphery of each fiber. In the
elderly group, some variability in the muscle fiber size was
noticed, but as a whole, a marked reduction in the muscle
fiber size was noticed compared to the adult group. A
statistical level of significance was reached comparing the
CSA of each group to the others (p<0.05). It is noteworthy
to mention that the satellite cells were not clearly
discernible in Hx and E sections.

Microscopical examination of the masson trichrome
stained sections: Table 1 and Fig. 2 showed that minimal
amount of the fibrocollagenous septa comprising the
perimysium was observed in the infant group. The
collagen bundles were very thin and irregularly extending
between the bundles. A slight increase in the amount of
the septa was noticed in the child group and the septa
were more regularly arranged between the muscle
bundles. In the adult group, the mean area percent of the
septa reached and they appeared broad and regularly
arranged. In the elderly group, a marked increase in the
amount of the fibrocollagenous septa was reported. The
septa became densely packed and irregularly arranged
with widening of the spaces between the muscle bundles.

Table 1:  Measurements of CS& of muscle fibers, area percent of
fibrocollagenous septa and mean satellite cell count/HFF in
muscle specimens of all age groups

Area%of

FCS between Satellite cell
CE4 of muscle fibers muscle bundles countf HPF
fum® in &l groups in &l groups in dl groups

Group MeantiD MeantsD MeantiD

Infant 3743462177 4 315074 4 50£0.65

Child 1123.020£199.75 368213 13.70+1.32

Adult 1871.730£222.33 4 5341 56 8.70+£2.43

Elderly 1310.211£305.88 6.84%1.76 1. 68£0.78

CSA = Cross Sectional Area FCS = Fibrocollagenous Septa HPF = High
Power Field

Fig. 1: Photomicrographs of cross sections in human skeletal muscle fibers stained by Hx and E. (X 200) showing: (A):
In an infant, 7 months-old, small-sized muscle fibers. Note the oval to round contour of the fibers, (B): In a child,
12 years old, an increase in the size of the muscle fibers. The fibers exhibit a polyhedral pattern with extreme
peripheral location of the nuclei, (C): In an adult, 35 years-old, a remarkable increase in the size of the muscle
fibers, which appear polyhedral with flattened side. Their nuclei appear as oval profiles at the periphery of each
fiber, (D): In a 71 years-old male, marked variability in the muscle fiber size with overall reduction, compared to the
adult group. Note the irregular outer borders of the muscle fibers
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Fig. 2: Photomicrographs of cross sections in the human skeletal musele fibers stained with Masson trichrome (3 100)
showing: (A): In a seven months-old infant, thin collagenous fibers running irregularly between the muscle

bundles, (B): In a 12 years-old child, slightly more packed collagen bundles than in infants, (C): In a 35 years-
old adult, broad and uniformly arranged fibrocollagenous septa, (D): In a 76 years-old male, densely packed and
irregulary arranged fibrocollagenous fibers with widening of the spaces between the muscle bundles

-

Fig. 3: Photomicrographs of toluidine blue-stained semithin sections in human skeletal muscles showing: (A): In an 11
months-old infant, ill-defined myofibrils with some seattered satellite cells (arrows) (X400), (B): In a child 12
years-old, more elear myofibrils and more satellite cells (arrows), compared with the infant group (X 400), (C):
A higher magnification in a child muscle revealing the satellite cell (arrow) as small spindle shaped cell located
immediately beneath the external lamina of the musecle fiber (X 1000), (D): In an adult 41 years-old, clearly
identified cut ends of the myofibrils, which appear as numerous dark fine dots. Fewer satellite cells (arrows),
compared to the child group, are noticed (X 400), (E): In an 81 years-old male, irregularly distributed myofibrils
within the musele fibers with scarce pyknotic satellite cells (arrows) (X 400)
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Fig. 4: Transmission electron micrographs of human
skeletal muscle fibers in a 7-month old infant
revealing: (A): A slightly irregular sarcolemma
(asterisk). Dark and light bands are not well-
defined {arrows) with normally appearing nucleus
{(N) and mitochondria (thick arrow) (TEM mag.
X 2000; print mag. X 10587), (B): Anucleus (N) and
uneven arrangement of the myofibrils with no clear
striations (thin arrow). The cytoplasm in between
the myofibrils contains few scattered apparently
normal mitochondria (thick arrow) with well-
developed sarcoplasmic reticulum. Note the
slightly redundant sarcolemma (asterisk). (TEM
mag. X 3000; print, mag. X 15880)

Statistical level of zignificance was reported when
comparing the mean area percent of the septa of each
group to the other groups (p<0.05), except when
comparing infant to the child group (p=0.05).

Semithin toluidine blue-stained sections examination:
Figure 3 revealed that the transverse sections of skeletal
muscles appeared to be packed with numerous dark fine
dots representing the cut ends of the myofibrils. These
myofibrils usually occupied most of the interior of the
fiber. In some sections, obliquely cut muscle fibers
revealed the regular transverse striations. These
myofibrils were not dearly evident in sections of muscles
obtained from infants. However, they became more
obvious in the child, adult and elderly groups. Whereas
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Fig 5:Transmission electron micrographs of human
skeletal muscle fibers in a 12 years-old child
revealing: (A) More obvious striations of
alternating dark and light bands (arrows). The
sarcolemma (asterisk) appears clear and regular
(TEM mag. X 2000; print. mag. X 10587), (B):: A
prominent nucleus (N) and thick myofibrils (thin
arrow). Mitochondria (thick arrow) are evident in
the cytoplasm enclosed between the myofibrils
with more prominent sarcoplasmic reticulum. The
intermuscular connective tissue reveals a section
in a blood capillary (C) (TEM mag. X 3000; print
mag. X 15880)

these dots in both the child and adult groups appeared to
be regular, fine and uniformly distributed in all the muscle
fibers in the examined sections, in the elderly group,
irregular dots were observed in most of the fibers. As for
the satellite cells, they appeared as small spinde shaped
cells which were located immediately beneath the external
lamina of the muscle fibers. They were identified in all age
groups included in this study (Table 1). In the infant
group the mean satellite cell count was 4.5+£0.65. They
reached their maximum intensity in the child group
(mean count 13.7+1.32) followed by progressive decline
in the adult group (mean count 8.7+2.43). However, in
the elderly age group, satellite cells were barely seen
and appeared pyknotic {(mean count 1.68+0.78). Statistical
level of significance was reached when comparing
the mean satellite cell count in each group to the other
groups (p<0.05).



Fig. 6: Transmission electron micrograph of human
skeletal muscle fibers in an adult aging 35 years
revealing: (A): Stacks of large myofibrils compozed
of alternating and overlapping zones of dark-
stained (D) and light stained (L) filaments. A little
amount of cytoplasm (C) in between the
myofibrils containing a chain arrangement of
mitochondria (arrows) surrounded by well-
developed sarcoplasmic reficulum iz seen (TEM
mag. X 4000; print mag. X 21173), (B): Portions of
two muscle fibers with clear and regular
sarcolemma (asterisk). The thick myofibrils have
prominent striations (thin arrow) and are
surrounded by little amount of cytoplasm
containing mitochondria (thick arrow). The
intermuscul ar connective tissue shows
accumulation of collagen fibers (Cf) (TEM mag.
X 3000; print mag. X 15880)

Transmission electron microscopic results: In the infant
group (Fig. 4), the sarcolemma was slightly irregular and
the myofibrils appeared small in size with no clear bands
in most of the fibrils. Normally appearing mitochondria
were seen with well-developed sarcoplasmic reticulum. In
the child group (Fig. 5), regular sarcolemma, more
numerous mitochondria and more prominent sarcoplasmic
reticulum were noted. The myofibrils appeared larger than
in infant group with more or less clear dark andlight
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Fig. 7: Transmission electron micrographs of human
gkeletal muscle fibers in an elderly aging 81 years
(TEM mag. X 4000; print mag. X 21173) showing:
{A): Distorted small myofibrils with lacking of the
precise alignment of the dark and light bands (thin
arrow). Plenty of cytoplasm with chains of
degenerated aggregates of swollen mitochondria
(thick arrow) iz noticed, (B): Some degenerated
myofibrils  (arrow) surrounded by slightly
irregular sarcolemma (asterisk). The intermuscular
connective tissue reveals abundant collagen fiber
depogition {Cf)

bands. As for the adult group (Fig. 6), stacks of large
myofibrils composed of clear alternating zones of dark and
light filaments were obvious. Numerous normal
mitochondria were seen packed between the myofibrils. A
well-characterized sarcoplasmic reticulum was also
evident. Some collagen deposits could be seen between
the muscle fibers. In the elderly age group (Fig. 7), the
sarcolemma was slightly irregular. The myofibrils were
obviously small in size, some were degenerated and
lacking the precize alignment of the dark and light bands.
Some mitochondria appeared swollen and others appeared
degenerated. More extensive deposition of collagen fibers
was manifested.

DISCUSSION

Aging is a process that is inevitable consequence of
senescence. This natural event is due to intrinsic and
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extrinsic factors. The intrinsic aging, in which genetics
accounts for the age of onset and susceptibility, occurs
m its pure form in non-exposed body parts. Extrinsic
aging 1s directly related to environmental factors and
occurs in habitually exposed body areas. Extrinsic aging
is always superimposed on a background of intrinsic
aging (Griffiths, 1992). In the skeletal muscle fibers,
aging results i1 a general slowmg of the mechanical
characteristics of the muscle (Kirkeby and Garbarsch,
2002). Reviewing of the literature revealed that many
reports had studied the gerontologic changes in human
skeletal muscle, vet data were deficient in targeting the
younger age groups including children and infants.
Moreover, these studies were dominantly histochemical
m design namely targeting the type I and II fibers
alterations without focusing on the corresponding
histological  characteristics. The  present study
emphasized the histological and ultrastructural changes
assoclated with the advancement of age from mfancy to
the elderly. This was done m a trial to couple these
changes with the physiological muscle specification
influenced by aging. In this study, the computerized
histomorphometric analysis revealed a progressive
mcrease in the cross sectional area of the human
skeletal muscle fiber with age to reach its pealk in the
adult group. Thereafter, a remarkable, statistically
significant, regressive decline was observed in the
elderly group. These results were parallel with those of
Fayet et al. (2001) in adult and old individuals, but their
study did not employ yvounger age groups. These results
could suggest that the senescent atrophy observed in
skeletal muscle could result partially from the reduction in
the cross sectional area of the single fiber. This
suggestion 1s compatible with the findings presented by
Klein et al. (2003) who claimed that the estimated number
of muscle fibers was not sigmficantly different between
the young and old men and attributed the smaller maximal
area of the skeletal muscle (biceps brachii) of old men to
smaller muscle fiber size. Moreover, Manta et al. (19953)
concluded that the progressive age-related reduction of
type2 fiber diameter was a constant finding in all muscle
studied-quadriceps femoris, biceps brachii and deltoid-
regardless of sex, while Mattiello-Sverzut et af. (2003)
revealed this age-related variation, in the size of different
types of muscle fibers, only in the studied autopsies and
biopsies of male subjects. On the other hand, Lexell (1995)
and Kirkendall and Garrett (1998) suggested that aging
atrophy seems to be due to a reduction m both number
and size of muscle fibers, mainly type 2 and is to some
extent caused by a slowly progressive neurogenic
process. However, Klem et al. (2003) considered the
relative contribution of a reduction in fiber number to age-
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related muscle atrophy, reported in other studies, to be a
muscle-dependent. Tn addition, Nikolic et al (2001)
concluded that age-related muscle atrophy 13 not a
general phenomenon and does not affect all muscles
equally.

In the present study, the fibrocollagenous septa
showed a statistically significant rise in its area percent in
the elderly individuals compared to other age groups.
This result indicated that the gradual decrease in size of
the skeletal muscle fibers with advancing age was
accompanied by a replacement of commective tissue. This
finding was compatible with that reported by Lexell (1995)
in his study trying to assess the age-related loss of
muscle mass.

In the current study, the maximum number of satellite
cells was observed mn the chuld group. Being a resident of
the muscle precursor cell, the prevalence of satellite cells
in the child group could indicate a high growth and
renewal rates of the skeletal muscle fibers in this young
age group. This study, also, implies that a marked
reduction in the satellite cell population occurred in the
elderly group. Satellite cells appeared to be very scarce
and pyknotic in this age group. The same results were
recapitulated by Maier and Bommann (1999) and
Renault et al. (2003). The latter concluded that the
decrease in the regenerative capacity with age might be
partially explained by the reduced availability of satellite
cells and their degenerative atrophic pattern that was
observed in elderly individuals. Therefore, normal aging
of skeletal muscle in vivo is reflected by the number of
satellite cells available for regeneration, but not by the
mean number of myonucler per fiber or by telomere
lengths (Renault et al, 2003). In addition, Maier and
Bormmam (1999) proved a significantly higher relative
frequency of satellite cells with increasing fiber diameter.
Kadi et al. (2004), in their study of satellite cells
employing a monoclonal antibody, enforced the previous
results of the depletion of such cells with aging in both
males and females. Lorenzon et al. (2004) added that
ageing affects the excitation-contraction coupling
mechanism in human myotubes derived from human
satellite cells, thereby contributing to the loss in muscle
strength m the aged.

In the present study, Ultrastructurally, the myofibrils
attained their typical structure in the adult age group with
the clear alternating dark and light filaments. However, in
the elderly individuals, lack of precise alignment of the
bands was noticed. This finding 1s compatible with the
conclusion deduced from the study of Welle ef al. (1996)
who revealed that the rate of synthesis of myofibrillar
proteins was slower in muscle of healthy subjects over
60 year old than it was m young adults and a single



J. Med. Sci, 7 (2): 161-169, 2007

injection of growth hormone could increase muscle mass
and strength in those elderly people without restoring a
youthful rate of myofibrillar protemn synthesis. The most
outstanding finding m the electron microscopic results
documented in this study was the impaired quality of the
mitochondrial content observed in the
mndividuals. Some mitochondria appeared ballooned and
others appeared degenerated. Besides, mitochondria
tended to form aggregates in this age group. This result
was compatible with that reported by Fayet et al. (2001)
who added that the increased mitochondrial aggregates
with age was observed earlier n females than in males.
Poggi et ol (1997) atwributed this age-related
mitochondrial degenerative changes to the fact that the
energy requirements decline with age and that the
decrease 1n the mitochondrial quality in senescent
individuals might correlate with reduced metabolic
demand. Moreover, Karakelides and Sreekumaran (2005)
stated that there 1s an impairment of mitochondrial protein
synthesis as a result of generalized increase of the
oxidative activity with ageing and this contributes to a
decrease in muscle mass and strength, starting as early as
the fourth decade of life. Tlis 13 evidenced by the
effectiveness of umlateral resistance exercise training in
enhancing the skeletal muscle cellular antioxidant capacity
in older adults with an increase in the muscle mass
(Parise et al., 2005).

In conclusion, aging appeared to produce remarkable
alterations in the histological structure of the skeletal
muscles. These changes could correlate with the loss of
force and the subsequent mevitable loss of mechanical
characteristics reported by Kirkendall and Garrett (1998) in
aged skeletal muscles. The existence of these age changes
should be taken mto account mn the interpretation of
muscle biopsies of aged individuals. Although neither the
aging process nor the subsequent loss of the mechanical
characteristics is inevitable, yet Kirkendall and Garrett
(1998) and Melichna et «l. (1990) in their studies
confirmed that these losses could be mimmized or even
reversed with training. Endurance traming could improve
the aerobic capacity of the skeletal muscle and resistance
training can improve its system
recruitment and increase muscle mass (Kirkendall and
Garrett, 1998). In addition, capillary supply per unit fiber
area is not affected by age but is enhanced by training
(Desaki et al., 1996, Proctor et al., 1995). Therefore,
physical activity throughout life should be strongly
encouraged to prevent sarcoperia, early onset of
disability and much of the age-related impact on skeletal
muscles. Skeletal muscle still deserves more extensive
exploratory research in large population samples,
employing more than one muscle, to elucidate the specific

senescent

central nervous
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mechanisms responsible for muscle weakness in elderly.
As  the
reflected by the number of satellite cells for regeneration
(Renault et al., 2003), therefore a defimtive mapping for
the satellite cells, as well as definition of the possible
factors playing roles in their regulation is
recommended. Extensive tissue culture studies might
provide the tool for achieving these goals. This might
yield biological modulators that could resist or delay
aging of the skeletal muscles. More important, they might
provide a pathway for reverting the currently mcurable
muscle dystrophies.

normal aging of skeletal muscle in vivo is

also
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