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Sarcopenia is not due to lack of regenerative drive in

senescent skeletal muscle

Erik Edstrom and Brun Ulfhake

Department of Neuroscience, Karolinska Institutet, S171 77
Stockholm, Sweden

Summary

Sarcopenia, loss of skeletal muscle mass, is a hallmark of
aging commonly attributed to a decreased capacity to
maintain muscle tissue in senescence, yet the mechanism
behind the muscle wasting remains unresolved. To address
these issues we have explored a rodent model of sarco-
penia and age-related sensorimotor impairment, allowing
us to discriminate between successfully and unsuccess-
fully aged cohort members. Inmunohistochemistry and
staining of cell nuclei revealed that senescent muscle has
an increased density of cell nuclei, occurrence of aberrant
fibers and fibers expressing embryonic myosin. Using real-
time PCR we extend the findings of increased myogenic
regulatory factor mRNA to show that very high levels are
found in unsuccessfully aged cohort members. This pattern
is also reflected in the number of embryonic myosin-positive
fibers, which increase with the degree of sarcopenia. In
addition, we confirm that there is no local down-regulation
of IGF-I1 and IGF-IR mRNA in aged muscle tissue; on the
contrary, the most sarcopenic individuals showed signi-
ficantly higher local expression of IGF-l mMRNA. Combined,
our results show that the initial drive to regenerate myofib-
ers is most marked in cases with the most advanced loss
of muscle mass, a pattern that may have its origin in dif-
ferences in the rate of tissue deterioration and/or that
regenerating myofibers in these cases fail to mature into
functional fibers. Importantly, the genetic background is
a determinant of the pace of progression of sarcopenia.
Key words: aging; fiber type; IGF; MHC; MREF; satellite cell.

Introduction

During aging, humans lose about one-third of the skeletal
muscle mass, a process referred to as sarcopenia (Rosenberg,
1997) or ‘senile muscle atrophy’ (Gutman & Hanzlikova, 1972).
A key issue in sarcopenia is whether aged skeletal muscle is
undergoing a programmed atrophy or whether it is wasting
away due to circumstances with which it cannot cope. Mature
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skeletal muscle fibers are post-mitotic and depend on the
recruitment of muscle precursor cells (MPCs) via growth factors
such as IGF-I for regeneration and growth (Robertson et al., 1993;
Allen et al., 1996; Tureckova et al., 2001; Vandromme et al., 2001).
A number of studies have reported increased levels of myogenic
regulatory factors (MRFs; Musaro et al., 1995; Dedkov et al., 2003),
which are essential for the normal formation and maturation
of skeletal muscle, suggesting that the senescent tissue is in a
state of regeneration. To address these questions we describe
here the establishment of an animal model for the study of
sarcopenia that allows us to distinguish between successful and
unsuccessful aging phenotypes, and relate them to behavioral
motor impairment as well as to the degree of sarcopenia and
morphological alterations.

Applying real-time PCR and immunohistochemistry to our
model we have analysed sarcopenic rodent hind limb muscle
(triceps surae, comprising m. soleus and m. gastrocnemius) to
determine to what extent regeneration characterizes successful
and unsuccesful patterns of skeletal muscle aging.

Results

Sarcopenia index

The sarcopenia index (Sl) is used as a measure of how well
adapted the soleus muscle is in performing its weight-bearing
task, and as such the Sl reflects the success or failure to maintain
muscle mass in relation to body weight in aged sarcopenic
animals (Fig. 1: ANova P < 0.001; for results of Bonferroni's
post-hoc test see Fig. 1). As shown in Fig. 1 there is an increase
in SI from adolescence to adulthood and a decline of Sl in sene-
scence. The 4-month-old controls were not significantly different
from the 12-month-old rats (Bonferroni's post-hoc test: 4 month
vs. 12 month, P=1), and both the 4-month-old and the 12-
month-old rats were different from the aged animals (30 months
old) in the high (AgH) and low (AgL) symptom groups (Bonferroni:
12 month vs. 30 month AgL, P < 0.001; 12 month vs. 30 month
AgH, P < 0.001). Moreover, there was a significant difference
in the SI of the low and the high symptom groups of aged rats
(Fig. 1).

In addition, the 12-month group was different from the
2-month group (Bonferroni's post-hoc test: 2 month vs. 12 month,
P < 0.01), a difference that was only a trend between the two
younger age groups (2 month vs. 4 month, P=0.054). The
youngest age group displayed relatively low SI values, but was
nonetheless more similar to the 4- and 12-month-old than to the
aged animals, and thus significantly different from these groups
(Bonferroni: 2 month vs. 30 month AgL, P < 0.001; 2 month vs.
30 month AgH, P < 0.001).
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Fig. 1 Sarcopenia index (soleus muscle weight/body weight; mg/g) plotted
for rats of different ages. Brackets and corresponding legends indicate results
of statistical evaluation (post-hoc-test) of data. Note that only results of
statistical comparisons of 4-month-old (n = 10) and 30-month-old animals
with low (AgL; n = 12) and high (AgH; n = 8) symptoms of motor impairment
are shown. For the other comparisons, see text in the results section.

Behavioral signs of impaired muscle function in
senescent rats

All behavioral data were statistically analysed in two steps. An
overall test on the three groups, 4-month-old adult (Ad) and
30-month-old low symptom (AgL) and high symptom (AgH),
was performed using Kruskal-Wallis analysis of variance (KWA).
When this test showed significant differences, multiple com-
parisons (MC) were used to verify which groups differed (see
Experimental procedures). To simplify the presentation of the
behavior analysis results, significant differences are illustrated
in the figures and not repeated in the text, while comparisons
not included in the figures are found in the text. Non-significant
differences are not presented separately with the exception of
overall KWA results. Aged animals showed a general decline
in explorative behavior evident in the open field test (KWA,
P < 0.001; Fig. 2A), a result that seems to be independent of
level of anxiety (KWA, P =0.21; Fig. 2B). A similar age-related
decline was seen in the number of rearings performed (KWA,
P <0.001; MC: Ad vs. AgL, P< 0.001; Ad vs. AgH, P < 0.001),
while a corresponding age-related increase was seen in the
occurrence of immobility periods during exploration of the open
field (KWA, P < 0.001; MC: Ad vs. AgL, P < 0.001; Ad vs. AgH,
P < 0.001). Overt signs of hind limb incapacitation were seen
in the mesh walk of aged rats in the high symptom group, but
not in aged animals with a successful pattern of aging (KWA,
P < 0.001; Fig. 2C). Likewise, high symptom animals scored
poorly in the beam balance test whereas adults scored well and

aged low symptom animals scored in between these two groups
(KWA, P < 0.001; Fig. 2D). When time on the beam was analysed,
however, the aged groups were both significantly different only
when compared with adults (KWA, P < 0.001; MC: Ad vs. AgL,
P < 0.001; Ad vs. AgH, P < 0.001). The gait analysis showed a
decrease in stride length, manifest only in high symptom rats
(KWA, P < 0.001; Fig. 2E). Increased placement difference and
gait width appear to be early signs of impairment and were
evident also among successfully aged rats (placement: KW,
P<0.001; MC: Ad vs. AgL, P<0.001; Ad vs. AgH, P< 0.001;
width: KW, P < 0.001; MC Ad vs. Agl, P<0.001; Ad vs. AgH,
P < 0.01). Whole body agility and control, tested in the righting
response, confirmed the pattern of behavioral decline among
the aged animals (KWA, P < 0.001; Fig. 2F). Combined, these
tests show that 30-month-old rats are not a homogeneous
group, and that the performance of successfully aged rats did
not deviate significantly from that of adult controls in several
of the tests.

Aged skeletal muscle and signs of regeneration

Aged soleus muscle displays an array of histological alterations.
These changes seem to relate more to the degree of motor
impairment of the animal than to chronological age. Thus,
changes described as age-related are most prominent in unsuc-
cessfully aged animals and may be very discrete or even lacking
in successfully aged animals. Aged soleus muscle shows an
accumulation of nuclei (Fig. 3A,D), a wide distribution of fiber
sizes (Fig. 3E-G, see also Fig. 4B) and a conspicuous pattern of
staining for fast and slow myosin isoforms (Fig. 3E,F). An anti-
body to laminin used to stain the muscle basement membrane
revealed that a large fraction of the supernumerary nuclei were
located to the myofiber compartment (Fig. 4). These nuclei were
often more rounded and frequently located to the central region
of the muscle fiber (arrows in Fig. 3D). In order to examine if
the increased number of mononuclear cells with a location
outside muscle fibers also derived from fibroblasts, resident or
invading inflammatory cells, selective markers for these cell lines
were employed. While labeling with an antibody directed against
proline hydroxylase (fibroblasts) failed, antibodies directed against
ED1 and ED2 showed a modest increase in ED2-immunopositive
cell profiles in aged muscle of high symptom animals (Fig. 5),
indicating an increase in cells with poor phagocytic capacity.
In aged muscle, dense clusters of nuclei were found super-
imposed on groups of small fibers (Fig. 4B,D,F). These groups
of small fibers (Fig. 3E-G) and morphologically aberrant fibers
(Fig. 6) are also apparent when staining for fiber types in aged
muscle. Fast and slow fiber types are easily distinguished in
young muscle and there are no fibers positive for both isoforms
(Fig. 3B,C). In aged muscle, however, small-diameter fibers are
frequently seen forming groups immunopositive for MHCf and
MHCe set against a background of MHCs-positive fibers (Fig. 3E—
G). Furthermore, and in agreement with previously published
data, there seems to be a general shift towards the slow MHC
isoform and a dedifferentiation evident in a large number of
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fibers in aged muscle (Fig. 3E-G). Dedifferentiated fibers display
less intense immunolabeling and/or are immunopositive for more
than one MHC isoform, including MHCe (Fig. 3E-G, see also
Fig. 6). In skeletal muscle of adult rats, few if any fibers are pos-
itive for the embryonic MHC isoform, whereas a considerable
number of positive fibers are found in aged muscle (Figs 3G and
7A-C). The number of MHCe-positive fibers was higher in aged
than in adult rats (anova, P < 0.001; for results of Bonferroni
tests, see Fig. 7D). Moreover, the numbers increased significantly
in AgH compared with AgL samples (for results of Bonferroni
tests, see Fig. 7D). In aged animals the MHCe immunolabeling
was graded (Fig. 7B,C) and fibers with relatively lower levels
were often more similar in size to fibers expressing mature MHC
isoforms.

Increased expression of MRFs in aged skeletal muscle

Strongly increased expression levels of MyoD and myogenin
mRNA were found in aged gastrocnemius muscle (anova: MyoD,

Aged low Aged high

P < 0.001; myogenin, P < 0.001; Fig. 8). However, the aged AgL
and AgH animal groups were not statistically different from
each other (Fig. 8). MRF4 and Myf5 levels were increased only
in the AgH animals (anova: MRF4, P < 0.05; Myf5, P < 0.05;
Fig. 8). Overall, a strong trend towards increased expression of
the MRFs is evident in senescent skeletal muscle.

Expression of IGF signaling components

Pre-pro IGF-I mRNA was increased in the gastrocnemius
skeletal muscle of AgH aged animals but not in the AgL animals
(ANovA: AgH vs. Ad, P < 0.001; Fig. 9). IGF-I signals via the IGF-
| receptor (IGF-IR), but only the low symptom animals showed
a small up-regulation (anova: Agl vs. Ad, P < 0.01; Fig. 9). IGF
binding protein 5 (IGFbp5) mRNA levels in gastrocnemius
muscle were increased in the low symptom aged animals and
showed a tendency for up-regulation in high symptom aged
animals (anovA: P < 0.001; Bonferroni: Ad vs. AgH, P=0.07;
Fig. 9).
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Discussion

Our results show that the rodent model of sarcopenia used here
shares strong similarity with available data on the human coun-
terpart (Dutta & Hadley, 1995; Jette & Jette, 1997; Rosenberg,
1997; Roubenoff & Castaneda, 2001) and should therefore be
a useful model for further experimental research on aging-
related loss of skeletal muscle tissue. Furthermore, we show here
at the tissue as well as the cellular level that there is no lack of
regenerative drive underlying sarcopenia. Still, muscle wasting
progresses and below we discuss whether this pattern results
from the pace of tissue damage exceeding that of repair, and
also whether the late phase of myofiber regeneration fails in
senescence. Finally, the results clearly indicate that genetic back-
ground is one of the determinants of the sarcopenic process.

Characterization of rat sarcopenia

Combined with other classical markers of human aging, sarco-
penia results in clinically relevant behavioral impairments that
put the elderly at risk of fall-related injuries (Evans, 1995; Jette
& Jette, 1997). Our data clearly show that aging rats also become
behaviorally impaired in senescence and that at least the Sprague—
Dawley strain suffers from sarcopenia. In fact, the results indi-
cate a strong association between degree of sarcopenia and the
extent of the motor behavior disturbances as indicated by the
differences between high and low symptom groups of aged

Fig. 3 Nuclear staining using propidium iodide (PI)
and immunohistochemical staining for fast, slow
and embryonic myosin heavy chain (MHC) isoforms
in soleus muscle cross-sections of 4-month-old
adult (Ad; A-C) and 30-month-old aged (Ag; D—
G) animals. In adult animals (A) an orderly pattern
of staining for all markers is seen: myofibers have
a modest variation in diameters and nuclei locate
to the periphery of fibers, which stain strongly for
either slow or fast MHC (B,C). Note that no fibers
co-expressing MHCs and MHCf are seen in the
adult. None of the fibers shown in adult was MHCe
positive (not shown). Arrowhead pointing right in
A-C indicates MHCf-positive intrafusal fibers,
while the left-pointing arrowhead indicates typical
MHCs-negative and MHCf-positive myofibers. In
aged animals the muscle organization has changed
and suggests ongoing regeneration: fiber
diameters vary, increased numbers of nuclei with
locations varying from the periphery to the center
of myofibers (arrows in D) and MHCe-positive
fibers are seen (G). Fiber isoform clustering is seen
as well as fibers co-expressing MHC isoforms
(E-G). Arrowheads indicate: (pointing left) large
exclusively MHCs-positive fiber, (pointing up)
slender MHCf-positive fiber, (pointing down)
MHCs- and MHCe-positive fiber, (pointing right)
thin MHCs-, MHCf- and MHCe-positive fiber. Scale
bar represents 100 um for all images.

rats. The Sl used here reflects the failure to maintain muscle mass
in relation to body weight in the aged animals. Our data also
show that, although living conditions remain unchanged, the
Sl is subject to changes during adolescent development up to
an age of 3—4 months after which it appears to be stable over
at least the first year of life. This observation stresses the impor-
tance of a multiple time-point design in studies of aging.

The loss of muscle mass in sarcopenia is the net effect of fiber
loss and fiber atrophy (Gutman & Hanzlikova, 1972; Caccia
et al., 1979; Porter et al., 1995), which preferentially affects fast
type fibers (Lexell, 1995). At the cellular level, our results are
consistent with earlier studies, and the sarcopenic muscle displays
a dominance of slow type fibers and a loss of isoform fidelity as
well as fiber atrophy and fiber type grouping (Tomonaga, 1977,
Larsson, 1978; Klitgaard et al., 1990; Lexell, 1995; Andersen et al.,
1999; Williamson et al., 2000). Most commonly, these aging-
related changes, which are typical for skeletal muscles, have
been attributed either to an impaired innervation (neurogenic
origin), an inadequate regeneration of muscle fibers (intrinsic
origin) or endocrine failure (systemic origin) (for recent reviews
of sarcopenia etiologies, see, for example, Greenlund & Nair,
2003; Marcell, 2003).

Sarcopenia and myofiber regeneration

Mature skeletal muscle fibers contain post-mitotic and terminally
differentiated nuclei with a relatively fixed, fiber-type-specific,

© Blackwell Publishing Ltd/Anatomical Society of Great Britain and Ireland 2005



Fig. 4 Double staining in soleus muscle cross-
sections of 4-month-old adult (Adult; A, C, E, G)
and 30-month-old aged (Aged; B, D, F, H) animals
using propidium iodide (PI) and anti-laminin (Lam)
immunohistochemistry (IHC), to identify cell nuclei
and the myofiber basement membranes,
respectively. Overview images of laminin IHC show
the differences in skeletal muscle organization
between adult and aged animals (A, B), and
indicate areas (with dashed border) shown at
higher magnification in the subsequent images
(C-H). Deviating from the organized pattern of
adult muscle, a wide distribution of fiber diameters
is seen in the aged animals and includes groups of
fibers with very small diameters (B, D). Laminin IHC
is shown in a group of small fibers in aged muscle
(D) and a similarly sized area in adult muscle

(C) alongside their corresponding double staining
with Pl (adult: E; aged: F). In order to allow
discrimination of the location of nuclei relative
to the perimeters (basement membranes) of the
myofibers, laminin and Plimages are superimposed
(adult: G; aged H). Note the increased density of
nuclei in aged (F) compared with adult muscle
(E), and how the supernumerary nuclei locate

to the myofiber compartment (G). The white
arrowheads indicate nuclei located to the myofiber
compartment, while the gray arrowheads indicate
nuclei located to the outside of the myofiber
compartment (C—H). The nuclei indicated by the
gray rightward-pointing arrowhead probably
represent cells of a capillary wall extending across
the side of the myofiber (C, E, G). Scale bar in B
represents 50 um for A and B, while scale bar in
H represents 50 um for all other images (C-H).
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Fig. 6 Immunohistochemical staining for fast (f), embryonic (e) and slow (s)
myosin heavy chain (MHC) isoforms in soleus muscle cross-sections from aged
animals (30-month-old). Arrow indicates slender MHCf- (A) and MHCe- (B)
positive fiber extended around the perimeter of an adjacent fiber. The slender
fiber is MHCs negative (C). Propidium iodide (PI) staining shows nuclei located
within the fiber profiles (D). Scale bar represents 50 um for all images.

relation between myofiber size and myonuclear number (Allen
etal., 1995; Chambers & McDermott, 1996). Myonuclear domains
are maintained even during rapid atrophy (Hikida et al., 1997)
and increased density of nuclei is therefore interpreted as the
addition of new nuclei through MPC proliferation, rather than
selective atrophy with sparing of myonuclei. Conversely, mature
hypertrophic skeletal muscle must recruit additional nuclei in
order to maintain the myonuclear domains. Satellite cells are
believed to be the primary source of additional myonuclei in
mature skeletal muscle and are recruited after muscle overload,
denervation or experimental damage to the muscle (Robertson
etal., 1993; Allen et al., 1996). In these situations, changes in the
local environment, including the production of growth factors,
activate quiescent satellite cells to a proliferative state. Several
growth factors, such as IGF-I, hepatocyte growth factor, fibroblast
growth factor, interleukin-6 and leukemia inhibitory factor, have

Fig. 5 Immunohistochemical ED2 staining of
soleus muscle cross-sections. ED2 antigen is
expressed on a subset of inflammatory cells with
poor phagocytic capacity. ED2-positive cell profiles
are localized to the interstitial space in 4-month-
old adult (A) and low (AgL; B) as well as high (AgH;
C) symptom aged animals (30-month-old).
Increased numbers of ED2-positive cells are seen
in the AgH (C) group as compared with the AgL
(B) and adult (A) groups. Arrowhead indicates ED2-
positive inflammatory cell extending processes into
adjacent connective tissue regions (C). Scale bar
represents 50 um for A-C.

been shown to stimulate satellite cell proliferation (reviewed in
Hawke & Garry, 2001). A common notion has been that muscle
function impairment and muscle wasting during aging are caused
by incapacitation of the GH-IGF-I axis. However, available evidence
indicates that skeletal muscles are dependent on auto- and
paracrine IGF-I rather than liver-derived IGF-I. Neither hypophy-
sectomy (Adams & Haddad, 1996) nor targeted inactivation of
liver IGF-I (Sjogren et al., 1999) apparently results in lack of skel-
etal muscle growth. Following the same line of evidence, clinical
trials with systemic GH and/or IGF-I treatment have, by and large,
failed to increase muscle mass in the elderly (Lieberman &
Hoffman, 1997, Friedlander et al., 2001), while transgenic (Musaro
et al., 2001) or vector-mediated (Barton-Davis et al., 1998) over-
expression of IGF in muscle appears to attenuate the loss of
muscle mass in senescence. These data stress the significance
of local IGF over systemic IGF, a notion compatible with the
longevity phenotype of mice with mutated growth hormone
receptor or IGF-I receptor (Coschigano et al., 2000; Holzenberger,
2004). In line with previous data (Hamilton et al., 1995; Severgnini
et al., 1999), we find no local down-regulations of pre-pro IGF-
I, IGF-IR or IGFbp5 (for IGF binding proteins see Chan & Spencer,
1997). In contrast, among the high symptom aged rats a sig-
nificant increase in pre-pro IGF-I mRNA level was evident; aged
skeletal muscles also showed an up-regulation of IGFbp5. IGFbp5
is involved in the specification of the muscle lineage during
development (McQueeney & Dealy, 2001), and is up-regulated
in skeletal muscle in response to IGFs (Rotwein et al., 1995). Our
data indicate that IGFbp5 may also have a role in muscle regen-
eration during aging (Foulstone et al., 2001).

Intact local IGF signaling is consistent with the increased
number of cell nuclei seen here in the aged sarcopenic muscle.
The modest increase in ED2-positive cells and unchanged con-
tent of ED1-positive cells in aged muscle argue against the
supernumerary nuclei representing an inflammatory infiltrate.
Instead we suggest that a substantial part of these supernumerary
nuclei represent MPCs, because they locate to the myofiber
compartment. Co-localization of MHCe and supernumerary
nuclei as well as the location of nuclei to the central portion of
muscle fibers strengthens the case for a role for these cells in
muscle regeneration.

Activated satellite cells and their offspring MPCs seem to rep-
licate parts of the embryonic program of muscle formation,
including the expression of MRFs (Hawke & Garry, 2001) during

© Blackwell Publishing Ltd/Anatomical Society of Great Britain and Ireland 2005
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Fig. 7 Embryonic MHC quantification in soleus
skeletal muscle cross-sections stained (dark) with
anti-MHCe and DAB immunohistochemistry (A-C).
Adult animals (A) display very few, if any, positive
fibers. In the aged animals large numbers are seen,
which increase in the AgH (C) compared with the
AdL (B) group. White arrowheads indicate strongly
labelled fibers seen in all age categories (A-C),
while dark arrowheads indicate less strongly

labelled fibers commonly seen in the aged (B, C), - .‘

but not in the adult animals. Scale bar (B)

represents 50 um for A-C. Numbers of MHCe-

positive fibers per soleus cross-section from adult

(n=9), AgL (n=9) and AgH (n = 7) animals are
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(post-hoc-test) of the data.
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Fig. 8 Results of real-time PCR analysis of MRF4, Myf-5, MyoD, myogenin
and B-actin in gastrocnemius muscle of adult (4 months old, n = 10), AgL
(n = 8) and AgH (n = 7) groups. Relative mRNA expression levels, normalized
to B-actin, are expressed in percent of adult (standardized to 100%). Error
bars indicate SD. Brackets and corresponding legends indicate results of
statistical evaluation (Bonferroni’s post-hoc test) of data. Non-significant
differences are not illustrated.

tissue regeneration. The MRF proteins include myogenin, Myf-5,
MyoD and MRF4. During development the order of expression
of the MRF genes varies depending on muscle origin and species
(Ludolph & Konieczny, 1995; Yun & Wold, 1996), and a similar
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Fig. 9 Results of real-time PCR analysis of pre-pro IGF-I, IGF-IR, IGFbp5 and
B-actin in gastrocnemius muscle from adult (4 months old, n = 10), AgL
(n = 8) and AgH (n = 7) groups. Relative mRNA expression levels, normalized
to B-actin, are expressed in percent of adult (standardized to 100%). Error
bars indicate SD. Brackets and corresponding legends indicate results of
statistical evaluation (Bonferroni's post-hoc test) of data.

hierarchy is seen in regeneration (Launay et al., 2001). MyoD
and Myf-5 are necessary in specification of the myogenic lineage
(Rudnicki et al., 1993; Tajbakhsh et al., 1996; Kablar et al., 1997).
Myogenin and either MyoD or MRF4, by contrast, are required
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for differentiation (Hasty et al., 1993; Smith et al., 1993; Rawls
et al., 2000). It has been suggested that increased levels of MRFs
maintain the differentiated phenotype of skeletal muscle during
senescence (Musaro et al., 1995). Based on our results showing
an up-regulation of MRFs in parallel with increased tissue wast-
ing in senescent muscle, we suggest instead that the increased
MREF levels reflect a regenerative drive that is prompted by dis-
ruption of tissue integrity in sarcopenia.

During development different types of MPCs can be recognized
depending on morphological and biochemical characteristics.
However, the MPCs all express embryonic MHC (Edom-Vovard
etal., 1999). Embryonic MHC is the first MHC isoform to be
produced in the developing hind limb muscles, followed by
more mature isoforms in a specific pattern depending on the
location and function of the skeletal muscle studied (Ontell et al.,
1993). Embryonic myosin is re-expressed in adult skeletal muscle
under a number of experimental conditions. However, these
conditions share the property of inducing regeneration of mus-
cle tissue. This is also the case for re-expression of embryonic
myosin after denervation, which has been studied extensively
by the group of Carlson (Borisov et al., 2001). In the aged rat
muscle we observed a dramatic increase in the number of
MHCe-positive fibers, in particular in cases with advanced sar-
copenia. This new piece of evidence shows that the regenerative
effort in senescent muscle produces fibers that progress far into
their program of maturation (Ontell et al., 1993). Based on the
relation of MHCe to behavioral symptoms, we conclude that
regenerative activity as such does not seem to resolve the under-
lying problems in sarcopenia. Rather, increased regenerative
efforts seem to be an indicator of poor outcome. Thus, the find-
ing of increased MHC in sarcopenia suggests that investigative
efforts should be directed towards factors that cause tissue
damage or impaired tissue maintenance as well as poor efficiency
and outcome of regeneration.

The early expression of immature MHC isoforms, including
embryonic MHC, seems to be maintained in the absence of
innervation, while the final maturation of MHC expression is
innervation dependent (Crow & Stockdale, 1986; Yoshimura
etal., 1998; Adams et al., 1999; Sacks et al., 2003). Combined,
these observations may indicate that in cases with an unsuc-
cessful pattern of aging, advanced sarcopenia is at least in part
due to a disturbed innervation of regenerating fibers (Jacob &
Robbins, 1990; Clark & White, 1991; Kawabuchi et al., 1998).
A similar protracted maturation from regenerating to fully mature
myofibers is seen in response to inflicted tissue damage in aged
rodents (Brooks & Faulkner, 1994), a phenomenon that is also
reflected in the prolonged IGF elevation seen after muscle injury
in aged rodents (Marsh et al., 1997). In addition, regenerating
myofibers are initially in a more fragile state and have a reduced
functional capacity (Renault et al., 2000), which may contribute
to the progression of sarcopenia. In experiments designed to
elucidate whether a decreased capacity to re-innervate skeletal
muscle in senescence has its origin in impairment of the target
muscle or in the parent motoneurons, young hosts proved bet-
ter than old at innervating an aged muscle (Carlson & Faulkner,

1989; Carlson et al., 2001). In this context it is interesting to
note that aged skeletal muscle expresses increased levels of
several growth factor signaling components associated with re-
innervation, such as IGF-I (this study), GDNF (Ming et al., 1999a)
and CNTF receptor o (B. Ulfhake et al., unpublished data) while
growth factors such as neurotrophin 4, associated with muscle
usage, are down-regulated (Ming et al., 1999b; Jiang et al., 2003).
Moreover, aged motoneurons disclose a regenerative-like
gene-expression profile (reviewed by Ulfhake et al., 2000). The
notion that sarcopenia has its origin in impaired innervation
due to loss of, rather than decreased innervation by, motoneu-
rons still awaits substantiation by unbiased counting of motone-
uron numbers in well-fixed tissue (reviewed by Ulfhake et al.,
2000).

Factors that may contribute to sarcopenia

Although not specifically addressed in this study, a number of
factors may play important roles in muscle tissue deterioration
during aging. As mentioned above, muscle fibers contain
post-mitotic nuclei and are thus subject to wear and tear over
extended periods of time. Environmental factors may drive the
imbalance in muscle damage and repair during aging. In par-
ticular, metabolism and muscle usage may be important. Dietary
(caloric) restriction (DR) has a beneficial effect, slowing the
appearance of many of the features characterizing aged muscle,
including alterations of energy and protein metabolism
(Weindruch, 1995; Lee et al., 1999). DR appears to reduce the
baseline production of reactive oxygen species over time (Merry,
2002). This is also true for physical exercise (Ji, 2001), and sev-
eral studies have shown positive effects of resistance training
in the elderly (Rogers & Evans, 1993; Evans, 1996; Frischknecht,
1998; Roth et al., 2000). Appropriate exercise probably provides
a combination of stimuli to maintain tissue integrity during aging,
including an influence on the local inflammatory response
(Tidball, 2002) and paracrine/autocrine growth factor production
(Goldspink & Yang, 2001). Successful regeneration is dependent
on the local environment, including the extracellular matrix (ECM),
to provide a more or less permissive milieu for growth and, thus,
re-innervation (Tidball, 1995; Sanes, 2003). In this context, the
capacity of the aged CNS to innervate regenerating fibers is of
particular interest, because our data would be compatible with
a disturbed maturation of regenerating muscle fibers, as dis-
cussed in the previous section.

Environmental influences as well as epigenetic modifications
in all probability represent important modulators of the sarco-
penia process. However, as with humans, aging rats show
considerable variation in deficits among individuals, suggesting
that genetic differences are important (Bergman & Ulfhake,
1998; Ulfhake et al., 2002). In the outbred model used here, the
animals age in a similar and well-controlled environment, which
emphasizes the importance of the genetic background. Genomic
differences between members of an age cohort probably play a
key role in determining the pace and extent of sarcopenia under
these conditions.
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Concluding remarks

A striking regenerative phenotype in sarcopenic skeletal muscle
reflects a tissue in a state of continuous repair. Sarcopenia
progresses in spite of a prominent proliferative activity in cases
with an unsuccessful pattern of aging, a process that may be
sustained by an impaired final maturation of regenerating
myofibers into fully functional fibers. The combined effect of
atrophy and loss of some myofibers combined with a state of
regeneration in others, and, possibly, a retarded maturation
of fibers implies a functionally impaired muscle with a decreased
resistance to insult (Renault et al., 2000). This vulnerability may
promote further breakdown of muscle tissue in cases with
pronounced sarcopenia.

Experimental procedures

Animals and tissue collection

Female Sprague-Dawley rats (strain Bkl; Harlan Sprague-Dawley,
Houston, TX, USA), were delivered by a local breeder (B & K,
Stockholm, Sweden) at 2 months of age and were thereafter
kept under standardized barrier-housing conditions, under which
the median lifespan is 30 months (Bergman, 1999). Thus, 30-
month-old rats are herein defined as aged.

All rats were staged in relation to symptoms of impaired
muscle function according to a previously described pro-
tocol (Johnson et al., 1995). The rats were classified as having
no or only minimal behavioral impairments (low symptom
group, representing a ‘successful’ pattern of aging; ‘AgL’) or
severely impaired (high symptom group, representing an
unsuccessful pattern of aging; ‘AgH’), including hind limb
muscle atrophy (sarcopenia), adduction insufficiency, ataxia,
disturbed gait cycle and signs of muscle paralysis (Johnson
et al., 1995). In addition, the animals were subjected to a series
of behavioral tests for further characterization of the age-
related impairments (Johnson et al., 1995; Bergman & Ulfhake,
1998).

For tissue removal, chloral hydrate (300 mg kg™ i.p.) was
used to induce deep anesthesia. Before tissue removal, body
weights were recorded. Triceps surae muscles were quickly dis-
sected out and gastrocnemius and soleus muscles were frozen
separately in liquid nitrogen. Special care was taken to remove
the soleus muscle from tendon to tendon. In total, ten young
(2 months old), 30 adult (4 months old), 11 adult (12 months old)
and 25 aged (30 months old) rats were used in this study. The
2- and 12-month-old rats were used only to provide reference
data for the sarcopenia index (see below). For technical and
practical reasons not all samples could be used for all analyses.
The number of animals used for each analysis is listed under its
subheading.

All experiments were approved by the Local Ethical Commit-
tee (Stockholms Norra Djurforsoksetiska Namnd; project nos.
N54/00 and N90/97) and conducted in accordance with Swedish
law and regulations.
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Sarcopenia index

The relation between body weight and the mass of the postural
soleus muscle was used to evaluate the adaptation of hind limb
muscle to its weight-bearing demands at chosen points during
the rodent lifespan. Whole soleus muscles were weighed from
ten young (2-month-old), ten 4-month-old adult, 11 12-month-
old adult and 20 aged (30-month-old) rats. For the statistical
analysis, the aged rats were subdivided into AgL (n = 12) and
AgH (n = 8) groups depending on their staging result. All soleus
muscles, after being removed and frozen in liquid nitrogen,
were weighed in one session in a cold room. An index, referred
to in the text as the sarcopenia index, between soleus muscle
weight (mg) and whole body weight (g) was created and is
presented in Fig. 1.

Behavioral testing

In total, 30 adult (4-month-old) and 25 aged (30-month-old
female Sprague-Dawley rats were tested. The aged rats were
staged as previously described into AgL (n = 16) and AgH (n = 9)
groups. All animals were subjected to the following tests.

Open field activity

Explorative behavior was examined with the open field test
(Dorce & Palermo-Neto, 1994; Peng et al., 1994, Drago et al.,
1996). In dim light, the animal was placed in the center of the
arena (70 x 70 cm), which was divided into 25 equally large
squares (14 x 14 cm), and allowed to explore freely for 180 s,
during which the following behavioral characteristics were
recorded: (a) number of squares entered with all four paws,
(b) rearing frequency, (c) immobility frequency, and (d) instances
of urination and defecation. The last measures (d) were recorded
to provide a measure of anxiety level.

Crossing a wire mesh screen

A 70-cm-long wire mesh (2.5 cm) screen was used. In dim light,
the animal was placed at one end of the screen and a 60-W light
source was directed to this spot. The ‘home cage’ with litter mates
was placed at the other end of the screen. Each animal was given
90 s to cross the screen. Records included distance, time and
number of errors, i.e. instances of misplaced hind paws (slips).

Beam balance

A 2.5-cm-wide wooden beam was suspended 0.5 m above a
soft surface. The rat was placed on the beam for a maximum
of 60 s and the performance was ranked according to the
following scale (Clifton et al., 1991): (1) balances with steady
posture and keeps its paws on top of the beam; (2) grasps sides
of beam and/or has shaky movement; (3) one or more paws
slip off beam; (4) attempts to balance on beam but falls;
(5) drapes over beam and/or hangs on beam and falls off;
(6) falls off beam with no attempt to balance or hang on. Each
animal was subjected to three consecutive trials and the mean
score of these trials was calculated.
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Walking track analysis

For this test, the animals’ feet were immersed in non-toxic acrylic
color (fore paws with red and hind paws with black color) and
they then had to walk through an 8.5 x 42-cm transparent
Plexiglas runway with the ‘home cage’ at the other end. High-
quality paper was placed on the runway floor and taken out
for analysis after the animal had crossed the path. The following
records were made from the walking tracks: (a) stride length
(distance between fore paw—fore paw and hind paw-hind paw),
(b) gait width (distance between left and right hind paws) and
(c) placement of hind paw relative to fore paw (distance between
hind paw and fore paw in each step cycle).

Righting response

The rat was held in the examiner’s hand approximately 30 cm
above a soft surface and the righting reflex was elicited by
quickly turning the rat over on its back. The rat's attempt to
right itself during the drop was studied and a score of 2 was
given if the animal showed a normal righting response, i.e.
counter to the roll direction; a score of 1 was given if the righting
response was weak, delayed or in the direction of the roll; a
score of 0 indicated no righting attempt (Gale et al., 1985; von
Euler et al., 1996).

RNA extraction and PCR

Using the Trizol®-protocol (GibcoBRL, Life Technologies, Taby,
Sweden) total RNA was extracted from the gastrocnemius
muscle of ten adult (4-month-old) and 15 aged (30-month-old)
rats, of which eight belonged to the AgL and seven to the AgH
groups. RNA purity and amount was measured spectrophoto-
metrically (Pharmacia Ultrospec-plus, Uppsala, Sweden). Tissue
analysis on a 10-ng sample of total RNA and of relative mRNA
levels in gastrocnemius muscle was performed using reverse
transcription (RT) and real-time polymerase chain reaction (real-
time PCR). The reverse transcription was performed in a GeneAmp
2400 (Applied Biosystems, Stockholm, Sweden) using standard
RT reagents (Applied Biosystems). The real-time PCR was carried
out on 2 uL of the RT product (cDNA transcribed from 10 ng
total RNA), with standard SYBR green mastermix (Applied
Biosystems) and the appropriate primer pairs in an ABI-Prism

Table 1 Real-time PCR primer pairs

7000 instrument (Applied Biosystems). Details of the real-time
PCR primers are given in Table 1. The IGF-I primer pair covers
a region (in the pre-pro IGF-I region) common to all IGF-I splice
variants and, thus, is a measure of total IGF-I mRNA. B-actin was
used as an internal control. Real-time analysis of SYBR green
fluorescence allows relative quantification of template (cDNA)
amount through comparison of number of cycles needed to reach
a defined signal level, typically the detection threshold. Thus,
data for comparison of expression levels are given in numbers
of cycles at detection threshold. These cycle numbers represent
the exponential growth from cycle to cycle and should be
treated as log-values. Normalization is consequently carried out
through subtraction of the B-actin values.

Correct melting temperature and size of the amplified prod-
ucts were confirmed using melting curves and electrophoresis,
respectively. The melting temperatures of a given product can
be assessed in the ABI prism 7000 instrument through a gradual
increase in temperature with concomitant signal detection.
SYBR green has intense fluorescence only when DNA products
are double stranded. When the melting temperature is reached
the strands will dissociate and the signal intensity drops. Con-
sequently, the drop in signal occurs at the melting point, allow-
ing confirmation of the same melting curve for all compared
products. Ten microliters of the PCR reaction product was elec-
trophoresed alongside a DNA size standard on a 1.5% agarose
gel containing ethidium bromide. The gels were visualized in a
UV-transilluminator.

Immunohistochemistry and counterstaining

The soleus muscles of nine adult (4-month-old) and 16 aged
(30-month-old) rats, with the latter subdivided into AgL (n = 9)
and AgH (n = 7) groups, were transversely sectioned in a cryo-
stat and thawed onto gelatin/chrome-alun-coated slides. All
sections except those used for MHCe quantification were then
processed according to the indirect immunofluorescence
technique. Briefly, the sections were rehydrated in PBS and then
incubated for 18-72 h at 4 °C in a humid chamber with the
primary antibodies diluted in PBS containing Triton-X100
(0.3%), sodium azide (0.01%) and Bacitracin (0.02%). The fol-
lowing primary antibodies, all from Novocastra Laboratories Ltd

Upper primer

Lower primer

Product GenBank
Target Position Sequence Position Sequence (bp) accession no.
Pre-pro IGF-I 80-97 GCGCACCTCCAATAAAGA 117-138 GAGTGCCAGGTAGAAGAGATGT 272 M15480
IGF-IR 483-506 CGCTGACCTCTGTTACCTCTCCAC 895-913 TCTCGGCGTTGGGGATGTT 431 M27293
IGFbp5 1196-1217 CCCAACTGTGACCGCAAAGGAT 1328-1347 TCGAAGGCGTGGCACTGAAA 152 NM012817
Myf-5 75-97 GGATGAGTTTGGGGACCAGTTTG 429-451 GTCCCGGCAGGCTGTAATAGTTC 377 X56182
MyoD 3715-3735 GACGCCGCCTACTACAGTGAG 4277-4298 GTAAATCGGATTGGGCTTTGAG 269 M84176
Myogenin 694-712 ACCATGCCCAACTGAGATT 862-880 TGGGCAGGGTGTTAGTCTT 187 M24393
MRF4 629-649 GGGCCTGGTGATAACTGCTAA 684-703 GAAAGGCGCTGAAGACTGCT 75 M27151
B-actin 2232-2251 TCGTACCACTGGCATTGTGAT 2443-2464 CGAAGTCTAGGGCAACATAGCA 233 V01217
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(Newcastle upon Tyne, UK), were used to identify muscle fiber
isoforms based on myosin heavy chain (MHC) content: mouse
anti-fast isoform, MHCf (diluted 1 : 50); mouse anti-slow
isoform, MHCs (diluted 1 : 10) and mouse anti-developmental/
embryonic isoform, MHCe (diluted 1 : 50). A rabbit polyclonal
antibody raised against laminin (diluted 1 : 800, Sigma, St Louis,
MO, USA) was used to identify the basement membrane. Tissue
inflammatory cells were identified with monoclonal antibodies
raised against ED1 and ED2 (both diluted 1 : 500 and from Serotec
Ltd, Oxford, UK). ED1 recognizes the rat equivalent of human
CD68 antigen expressed on cells of the myeloid lineage, includ-
ing the majority of tissue macrophages. ED2 recognizes the rat
equivalent of human CD163 antigen, which is expressed on a
subset of macrophages.

Antibodies directed against IGF-I and IGF-R (Gropep, Australia),
proline hydroxylase (fibroblast marker, Medicorp, Montréal,
Canada) and MyoD (Novocastra) failed to produce reproducible
immunohistochemical labeling.

After incubation with the primary antibodies, the sections
were rinsed in PBS, transferred to a humid chamber and incu-
bated at 37 °C for 30 min with FITC- or rhodamine-conjugated
goat anti-rabbit or goat anti-mouse (1 : 80; Jackson Immuno
Research Laboratories Inc., West Grove, PA, USA) antibodies.
The sections were counterstained by immersion for 5 min in
0.001% propidium iodide (Sigma Aldrich) in distilled water, and
subsequently rinsed in distilled water. The sections were mounted
in glycerol/PBS (3 : 1) containing 1,4-diazabicyclo[2,2,2]octane
in order to retard fading.

For quantification of MHCe-positive fibers it was preferable
to use a non-fluorescent staining technique. The Vectastain elite®
avidin-biotin complex (ABC, Vector Laboratories Inc., Burlingame,
CA, USA) technigue with diaminobenzidine (DAB, Sigma) detec-
tion was therefore used for this purpose. The protocol was run
in parallel with the standard protocol up to the addition of the
secondary antibody. A biotin-conjugated donkey anti-mouse
secondary antibody was used [1.5 h incubation at room tem-
perature (RT)]. During this time the ABC components (vial A and
B of the kit) containing horseradish peroxidase (HRP) were mixed
(both diluted 1 : 500) and left at RT until application (1.5 h incu-
bation at RT) to the sections after secondary antibody incubation
and rinsing. Detection was subsequently performed through
pre-incubation of the rinsed sections with DAB solution (10-mg
tablet per 25 mL of solution; Sigma) for 5 min followed by incu-
bation using DAB solution with H,0, to catalyse the conversion
by HRP of DAB to an insoluble detectable product. After rinsing,
the sections were dehydrated in a series of alcohol dilutions and
mounted with Entellan® (Merck, Darmstadt, Germany).

Negative control experiments where primary antibodies were
omitted were routinely performed and made it possible to detect
non-specific secondary antibody signals. The immunofluorescence
tissue sections were examined with a Nikon Microphot-FX
epifluorescence microscope (x10/0.45 and x20/0.75 dry plan-
apochromat objectives) equipped with the appropriate filters for
FITC, rhodamine or propidium iodide fluorescence. Images were
captured with a Nikon DXM1200 or with a Bio-Rad Radiance
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Plus confocal microscope (x10/0.45 or x20/0.75 dry plan-
apochromat objectives or x60/1.4 oil-immersion planapochromat
objective). For MHCe quantitation, overview images of whole
soleus muscle cross-sections were captured using a x2/0.1 plan-
apochromat objective. The overviews were used as templates
and opened in lllustrator 10 (Adobe). Immunopositive fibers were
then identified, confirmed microscopically and marked in the
software to allow summation after all fibers were identified.

Statistics

All statistics were performed using Statistica 6.1 (Statsoft, Tulsa,
OK, USA). Comparisons of adult, aged low symptom and aged
high symptom groups were carried out with parametric or
non-parametric testing depending on the data type. Interval and
ratio variables with an approximately normal distribution (sar-
copenia index, real-time RT-PCR results and MHCe fiber counts)
were tested using ANovaA (analysis of variance) and, when significant
differences were found, Bonferroni's post-hoc test was used for
pairwise comparisons. Log-transformation was performed when
needed to meet the criteria of the anova method. Ordinal data
(behavior analysis data) were tested using Kruskal-Wallis
non-parametric analysis of variance. When the initial test was
significant, pairwise comparisons using Statistica’s multiple
comparisons were performed (comparison of mean ranks,
Siegel & Castellan, 1988). Statistical significance levels were set
to: *P < 0.05, **P < 0.01 and ***P < 0.001. Boxplots used in
Figs 1 and 2 were plotted using the following definitions: box
limits represent upper and lower quartile values and are sepa-
rated by the median (crossbar within box). The interquartile dis-
tance thus contains 50% of the data. Maximum and minimum
values, which are not defined as outliers, are illustrated using
error bars. Outliers (circles) are defined as values deviating from
the quartile borders by more than 1.5x the interquartile distance.
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