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Advanced age is associated with increases in muscle passive stiffness,
but the contributors to the changes remain unclear. Our purpose was
to determine the relative contributions of muscle fibers and extracel-
lular matrix (ECM) to muscle passive stiffness in both adult and old
animals. Passive mechanical properties were determined for isolated
individual muscle fibers and bundles of muscle fibers that included
their associated ECM, obtained from tibialis anterior muscles of adult
(8–12 mo old) and old (28–30 mo old) mice. Maximum tangent
moduli of individual muscle fibers from adult and old muscles were
not different at any sarcomere length tested. In contrast, the moduli of
bundles of fibers from old mice was more than twofold greater than
that of fiber bundles from adult muscles at sarcomere lengths �2.5
�m. Because ECM mechanical behavior is determined by the com-
position and arrangement of its molecular constituents, we also
examined the effect of aging on ECM collagen characteristics. With
aging, muscle ECM hydroxyproline content increased twofold and
advanced glycation end-product protein adducts increased threefold,
whereas collagen fibril orientation and total ECM area were not
different between muscles from adult and old mice. Taken together,
these findings indicate that the ECM of tibialis anterior muscles from
old mice has a higher modulus than the ECM of adult muscles, likely
driven by an accumulation of densely packed extensively crosslinked
collagen.

muscle mechanics; passive tension; collagen; age crosslinking; tan-
gent modulus

THE EXTRACELLULAR MATRIX (ECM) of muscle plays a vital role
in the transmission of force produced by muscle fibers to the
tendon (32, 36). To perform this function effectively, the ECM
must remain intact during large strains associated with length-
ening and shortening of muscle (31), and proper functioning of
the ECM is largely determined by the mechanical properties of
the tissue. Therefore, changes in ECM mechanical properties
have the potential to influence both force transmission to the
skeleton and mobility of the organism. Aging is associated
with declines in skeletal muscle force generation (7) and
increases in muscle passive stiffness (1). The decreased muscle
force is due to a combination of reduced fiber size and number
along with qualitative changes within the remaining fibers that

reduce force generating capacity (15), but the precise contrib-
utors to increased muscle stiffness with age remain unclear.

Whole muscle stiffness is determined by the properties of
both muscle fibers and ECM, with ECM hypothesized to be the
major contributor (30, 34). We showed previously that in mice,
tibialis anterior (TA) tendon stiffness increases dramatically
with age, in particular in the region near the muscle (40).
Because muscle ECM represents a functional extension of the
tendon (26), a reasonable hypothesis is that similar age-related
changes in the mechanical properties of muscle ECM would be
observed. ECM mechanical properties are determined by the
underlying composition, which in tendon is primarily fibrillar
collagen. With aging, a dramatic slowing of the turnover of
type I collagen (19, 38) allows for the accumulation of post-
translational modifications of collagen molecules including
advanced glycation end products (AGEs). AGEs can form
permanent molecular crosslinks that stiffen collagen fibrils
(33), and age-related tendon stiffening is associated with in-
creased concentration of AGE crosslinking (3). Similar
changes may also play an important role in altering the me-
chanical characteristics of muscle ECM with age.

Given the practical difficulty in isolating and mechanically
testing muscle ECM in mammals, the effects of aging on
muscle ECM properties have not been thoroughly investigated.
Previous estimates of ECM stiffness for muscles of young
adult mice have compared mechanical properties of single
muscle fibers with those of muscle fiber bundles that include
fibers and their surrounding ECM (22). We aimed to expand
upon those results by determining the relative contributions of
fibers and ECM to the passive stiffness of muscle from both
adult and old mice and by assessing the underlying collagen
characteristics of the ECM. We tested the specific hypotheses
that muscle ECM stiffens with age and that the increased
stiffness correlates with greater collagen and AGE protein
adduct content.

MATERIALS AND METHODS

Animals. Male C57BL/6 mice 8–12 (adult, n � 21) and 28–30
(old, n � 12) mo of age were obtained from Charles River Labora-
tories (Wilmington, MA) and housed under specific-pathogen-free
conditions with food and water provided ad libitum. To obtain tissues
for experimentation, mice were anesthetized with an intraperitoneal
injection of tribromoethanol (250 mg/kg), and the tibialis anterior
(TA) muscles were removed. Muscles were divided with some
prepped for mechanical experiments and others snap frozen at �80°C
for biochemical analysis or frozen in Tissue Tek for histology.
Inasmuch as extraction of the TA muscle with the epimysium intact
cannot be assured, the epimysium was removed completely from the
muscles to eliminate it as a source of variability. Therefore, our
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histological and biochemical data are from ECM that is within the
muscle (i.e., the perimysium and endomysium). Immediately follow-
ing removal of the muscles, mice were killed with an overdose of
anesthetic followed by administration of a bilateral thoracotomy. All
experimental procedures were approved by the University of Michi-
gan Committee for the Use and Care of Animals.

Muscle fiber/bundle isolation and storage. The solutions used in
the fiber and bundle experiments have been described previously (9).
TA muscles used for mechanical experiments were immediately
placed in cold permeabilizing solution and grossly divided into
bundles �4–6 mm in length and 0.5 mm in diameter. After dissec-
tion, bundles were incubated for 30 min in permeabilizing solution to
which the nonionic detergent Brij 58 (0.5% wt/vol) had been added.
Bundles were then placed in storage solution and maintained for 16 h
at 4°C followed by storage at �80°C. On the day of an experiment,
fiber bundles were removed from storage solution and placed in
relaxing solution on ice. For single fiber experiments, individual fibers
were gently pulled from a bundle with fine forceps and transferred to
an experimental chamber containing relaxing solution maintained at
15°C. For experiments on fiber bundles, stored bundles were further
trimmed to a diameter of �300 �m using microdissecting spring
scissors, taking care to preserve the integrity of all fibers remaining in
the bundle. The trimmed bundles were then transferred to an experi-
mental chamber containing relaxing solution maintained at 15°C.

Single fiber experiments. Twenty-one adult fibers from three ani-
mals and twelve old fibers from two animals were tested. Single fiber
contractility experiments were performed using techniques modified
from Claflin et al. (9). Briefly, one end of the fiber was secured to a
force transducer (Aurora Scientific, Model 403A) using two ties of
10–0 monofilament nylon suture. The other end of the fiber was
attached in a similar manner to the lever arm of a servomotor (Aurora
Scientific, model 322C). The solution-changing system (Aurora Sci-
entific, model 802A) consisted of six separate glass-bottom chambers
machined into a moveable, temperature-controlled stainless-steel
plate. The length of the fiber was adjusted to obtain a sarcomere length
of 2.5 �m, determined by projecting a laser diffraction pattern
produced by the fiber onto a calibrated target screen. A sarcomere
length of 2.5 �m was chosen as the reference length because it
corresponds to the length at which isometric force is maximum in
rodent skeletal muscle (12, 27). Fiber length (Lf) was determined with
sarcomere length maintained at 2.5 �m. Subsequently, all sarcomere
lengths were set by changing the length of the fiber to Lf � (new
sarcomere length)/2.5. This approach results in sarcomere lengths that
are accurate to within 5% of the target value in relaxed fibers (25).
Fiber cross-sectional area (CSA) was estimated with fiber length at Lf

using fiber width and depth measurements from high-magnification
digital images of both top and side views of the fiber. Side views were
obtained using a prism embedded in the side of the chamber. Five
width-depth measurement pairs were obtained at 100-�m intervals

along the midsection of the fiber. Fiber CSA was calculated for each
width-depth pair assuming an elliptical cross section, and overall CSA
was estimated by averaging the five individual areas.

Relaxed single fibers were activated by first immersing them in a
chamber containing a low-[Ca2�] preactivating solution for 3 min and
then immersing them in a separate chamber containing high-[Ca2�]
activating solution (pCa �4.5) to elicit maximum isometric force (Fo).
The preactivating solution was weakly buffered for Ca2�, which
results in rapid activation and force development upon introduction of
the activating solution (23). Specific force was calculated as Fo/CSA.

After maximum calcium activation, fibers were returned to relaxing
solution and adjusted to a length corresponding to a mean sarcomere
length of 2.1 �m. The relaxed fiber was then conditioned with a series
of five constant-velocity (“ramp”) lengthening movements applied at
a velocity of 1 Lf/s and sufficient in magnitude to increase mean
sarcomere length from 2.1 to 3.2 �m. A 2-min refractory period was
maintained between conditioning ramps. The conditioning was per-
formed to ensure that all fibers had a common strain history before
assessment of passive tension characteristics because passive tension
responses are affected by strain history (25). Passive tension responses
were then recorded during a series of five ramp stretches (1 Lf/s)
designed to increase sarcomere length by 0.2, 0.4, 0.6, 0.8, and 1.0
�m. All stretches were initiated from a sarcomere length of 2.1 �m.
After each stretch, force was monitored while the fiber was held at the
new length for 2 min and the force level reached at the end of the
2-min hold was recorded (Fig. 1).

Bundle experiments. Eight adult fiber bundles from two animals
and eight old bundles from five animals were tested. The experiments
on bundles of fibers were conducted as described for single fibers and
illustrated in Fig. 1, except that there was no activation of the bundles
at the beginning of the experiment. To accommodate the higher
passive forces associated with the fiber bundle experiments, a force
transducer with a higher maximum force limit was used (Aurora
Scientific, model 400A).

Immunohistochemical analysis. Five TA muscles from each age
group were sectioned at a thickness of 10 �m in a cryostat. Sections
were permeabilized with 0.2% Triton X-100 and incubated with wheat
germ agglutinin conjugated to AlexaFluor 488 (WGA, Invitrogen) to
identify the ECM and DAPI to visualize cell nuclei. Slides were
mounted in ProLong Gold (Invitrogen) and imaged using a Zeiss
Apotome fluorescence microscope with an 8 megapixel camera. Five
random images were taken at �20 for each sample, and the total
number of green pixels (i.e., WGA-stained ECM tissue) was deter-
mined with a custom MATLAB program. Total ECM area was
determined by dividing the number of green pixels by the total
number of pixels in the image.

Picrosirius red staining was performed on 10-�m-thick frozen
muscle sections by incubating in 0.2% phosphomolybdic acid for 2
min, 0.1% picrosirius red for 90 min, and 0.01 N HCl for 2 min
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Motor Movement

0

SL=2.9µm
SL=3.1µm

SL=1.85µm
SL=2.1µm

Fig. 1. Representative passive tension responses of mouse
tibialis anterior fiber to step length increases. Five stretches
were applied at a velocity of 1 fiber length (Lf/s), all from a
resting sarcomere length (SL) of 2.1 �m and increasing in 0.2
�m/sarcomere increments, resulting in a mean sarcomere
length of 3.1 �m after the final stretch. Detailed records for
the final 2 stretches are shown. Tension was measured 2 min
after each stretch as indicated by the arrows. Fibers were
forced to slacken for 50 ms immediately after each tension
measurement to indicate the location of zero on the tension
record. Fibers were then returned to a sarcomere length of 2.1
�m and held there for 1.3 s before the next stretch.
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followed by drying and mounting in Permount. All samples were
imaged using an Olympus BX51 microscope with an 8-megapixel
camera under linearly polarized light. In muscle cross sections, picro-
sirius red-stained collagen appears red if the fibrils are oriented at
large angles to the muscle fibers and yellow and green if the fibrils are
oriented more parallel with the muscle fibers (2). A custom MATLAB
program was used to determine the number of pixels of each color
present in each image. The distribution of red, yellow, and green
pixels was determined by dividing the number of pixels of each
individual color by the total number of colored pixels in each image.

AGE protein adducts. Five TA muscles from five adult mice and
five TA muscles from five old mice were finely homogenized and
digested into peptides using a solution of 40 mg/ml proteinase K in
PBS at 55°C. The concentration of AGE protein adducts was deter-
mined as previously described (17).

Hydroxyproline content. A hydroxyproline assay was performed as
described previously (21). Briefly, five flash-frozen TA muscles from
each age group (five animals per group) were thawed, dried, and then
digested using 6.0 N hydrochloric acid overnight at 110°C. Hydroxy-
proline content was determined using a colorimetric assay (39).

Mechanics data analysis. Fiber and bundle passive tension values
were divided by corresponding CSA measurements to generate pas-
sive length-stress curves. Length-stress curves were then converted to
strain-stress curves using a sarcomere length 2.5 �m as the reference
length. Sarcomere lengths of 2.1, 2.3, 2.5, 2.7, 2.9, and 3.1 �m thus
corresponded to strains of �0.16, �0.08, 0.00, 0.08, 0.16, and 0.24,
respectively. A third-order polynomial was fitted to the strain-stress
responses of each fiber or bundle (R2 � 0.985 for all calculations) and
the slope of the fitted curve (“tangent modulus,” referred to hereafter
simply as “modulus”) was calculated at strains of 0, 0.08, 0.16, and
0.24 by evaluating the first derivative of the fitted curve at those strain
levels.

Statistical analysis. Results are presented as mean 	 SD. Statistical
analysis was performed using JMP software (SAS Institute). Differ-
ences in mechanical properties for the four experimental groups
(fibers and bundles, adult and old mice) were determined at each strain
level using analysis of variance (ANOVA). In cases where the
ANOVA indicated significance, individual differences were deter-
mined using a Tukey’s honestly significant difference post hoc test.
Differences in mean values for ECM structural and compositional
characteristics were determined with a Student’s t-test. Significance
was set at P 
 0.05.

RESULTS

Active and passive mechanics of single fibers. Maximum
calcium-activated specific force for permeabilized TA muscle
fibers was unchanged with aging (adult: 109 	 14 kPa, n � 21;
old: 98 	 15 kPa, n � 12). The passive stress-strain relation-
ships for permeabilized fibers were nonlinear, exhibiting a
slope that increased with increasing sarcomere length (Fig. 2A).
No differences were observed in single fiber passive stresses
between the two age groups at any of the sarcomeres lengths
tested.

Passive mechanics of fiber bundles. The stress responses of
bundles from adult mice were not different from those of
individual fibers from either adult or old mice at any of the
tested sarcomere lengths (Fig. 2A). In contrast, old fiber bun-
dles exhibited significantly higher stress levels than bundles
from adult mice for sarcomere lengths greater than 2.7 �m. At
sarcomere lengths of 3.1 �m, corresponding to the highest
strain applied in these experiments, the average stress level in
bundles from old mice was 96% greater than the average stress
level in bundles from adult mice.

Modulus of single fibers and bundles. Moduli of single fibers
of adult and old mice as well as bundles of fibers from adult
mice were all similar at all sarcomere lengths (Fig. 2B). In
contrast to single fibers, the moduli of bundles of fibers from
old mice were higher than those from adult mice at all sarco-
mere lengths �2.5 �m (Fig. 2B).

Morphology of muscle ECM. Representative images from
adult and old TA muscle cross sections immunostained with
WGA and DAPI are shown in Fig. 3. WGA stains for general
ECM components, including collagens and proteoglycans, and
DAPI marks cell nuclei. Total ECM area revealed with WGA
remained unchanged with age (adult: 18.4 	 1.7%, old: 18.8 	
1.8%), indicating no overall age-associated hypertrophy of
ECM components. Figure 4, A and B, show representative
cross-sections of muscles from adult and old mice, respec-
tively, stained with picrosirus red and imaged under polarized
light. The total number of colored pixels in each image in-

A B

Fig. 2. Stress-strain responses (A) and tangent moduli (B) for single fibers and fiber bundles from adult and old TA muscles. At long sarcomere lengths, old muscle
bundles exhibited larger stresses than old single fibers, indicating increased bundle modulus at sarcomere lengths at 2.7, 2.9, and 3.1 �m. Moduli of adult fibers
and bundles were similar, and single fiber modulus was unchanged with age. *Significantly different from all other groups at a given strain (P 
 0.05). Data
presented as means 	 SD.
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creased with aging from 8.2 	 3.7% area colored to 17.1 	
6.0% area colored (Fig. 4C), suggesting an age-associated
increase in total collagen content in the muscle cross sections.
When analyzed as a percent of all colored pixels, the distribu-
tion of red, yellow, and green pixels remained constant with
aging, indicating no age-associated change in collagen orien-
tation (Fig. 4D).

Collagen content and crosslinking. Hydroxyproline content
in muscles from old mice was significantly elevated compared
with muscles from adult mice (1.13 	 0.38 vs. 0.49 	 0.30
�m/mg wet muscle mass; Fig. 5A). The concentration of AGE
protein adducts in TA muscles also increased with aging from
690 	 251 to 1,490 	 620 pg/mg muscle (Fig. 5B).

DISCUSSION

The main findings of the present study are that 1) the
intrinsic stiffness, or modulus (stiffness/CSA), of individual

muscle fibers from adult and old muscles are not different; 2)
the modulus of fiber bundles from old muscles is more than
twofold greater than that of fiber bundles from adult muscles;
and 3) collagen content and AGE protein adduct concentration
are increased with aging in muscles independent of a change in
collagen fibril orientation or significant hypertrophy of total
muscle ECM components. Taken together, these findings sup-
port the conclusions that, in tibialis anterior muscles of adult
mice, the moduli of ECM and muscle fibers are similar, but an
accumulation of densely packed extensively crosslinked colla-
gen with aging results in a significant increase in the modulus
of the ECM. The similarity in modulus for fibers and ECM of
muscles from adult animals indicates that the relative contri-
bution of the two components to stiffness during passive
stretch is simply proportional to the fractional cross-sectional
areas of each component, i.e., 18% ECM and 82% fibers. Thus
a large majority of the passive stiffness in muscles of adult

A B

Fig. 3. Representative adult (A) and old (B)
tibialis anterior muscle cross sections immu-
nostained with wheat germ agglutinin and
DAPI for visualization of extracellular matrix
(ECM) and cell nuclei, respectively. Total
ECM area remained unchanged with age (P �
0.79). Scale bars � 75 �m.
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Fig. 4. Representative cross sections of tib-
ialis anterior (TA) muscles of adult (A) and
old (B) mice stained with picrosirius red and
viewed under polarized light. Red staining
indicates collagen fibrils that are oriented at a
large angle with respect to the muscle fiber,
and yellow and green staining indicates col-
lagen fibrils that are more parallel to the
fibers. Scale bars � 200 �m. Total number
of colored pixels increased with aging, sug-
gesting an age-associated increase in total
collagen content in the muscle cross sections
(C). When analyzed as a percent of all col-
ored pixels, the distribution of red, yellow,
and green pixels remained constant with ag-
ing, indicating no age-associated change in
collagen orientation (D). *Significantly dif-
ferent from adult group (P 
 0.05). Data
presented as means 	 SD.
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animals reflects the properties of the muscle fibers. The higher
modulus of the ECM in muscles from old mice coupled with no
changes with aging in fiber modulus indicates that the contri-
bution of ECM to stiffness is much greater than that of fibers
on a “per cross-sectional area” basis. The threefold greater
modulus (at the highest strain tested, sarcomere length 3.1 �m)
of fiber bundles from muscles of old compared with isolated
fibers and the observation that ECM occupies �25% as much
area as the fibers indicates that the modulus of the ECM
actually increased by �12-fold. Using the rule of mixtures
(22), the corresponding contributions of ECM and muscle
fibers to the passive stiffness of muscles of old mice is 73%
ECM and 27% fibers. The consequences of this shift with
aging in which structures bear the load during passive stretch
are not known, but the magnitude of the change suggests the
potential for important functional effects.

Muscle stiffness has been shown to increase with aging in
both humans (6) and rodents (16, 28), although the basis for the
increase is unclear. Considering a simple mechanical model of
muscle as muscle fibers in parallel with ECM, the increase in
muscle stiffness must be caused by an increase in fiber stiff-
ness, ECM stiffness, or both. Muscle ECM in mammals is
extremely difficult to isolate and mechanically test. As such,
little data exist regarding mechanical properties of muscle
ECM and how those properties are altered in aging. Estimates
have been made in cardiac muscle by determining the mechan-
ical properties of the tissue before and after enzymatic degra-
dation of collagen (e.g., Ref. 20). These methods, however,
may produce incomplete digestion that is not completely spe-
cific for ECM (for review, see Ref. 13). In skeletal muscle, Gao
and colleagues (14) successfully isolated epimysium of rat TA
muscles and observed an age-associated increase in stiffness of
the tissue via uniaxial tensile testing. The present study ex-
pands upon those results by demonstrating an age-related
increase in stiffness in fiber bundles containing intact ECM,
with no increase in the stiffness of isolated fibers. Our data are
in contrast to previous reports of a sixfold greater modulus of
muscle fiber bundles compared with single fibers from adult
mice as well as a linear stress-strain response of single fibers
(22). The basis for these apparent discrepancies is unclear, but
numerous methodological differences exist between the stud-
ies. In the present study, we report the tangent modulus at four
different strains, with a maximum strain of 24%, whereas the
previous study (22) reports quadratic modulus with maximum

strains of 100%. Additional differences between the previous
and present studies include the muscle that was analyzed, the
strains of mice that were used, and the ages of the mice, all of
which may contribute to the observed discrepancies.

Our results indicate that the modulus of muscle ECM in-
creases with age. ECM mechanical properties are determined
by the composition of the underlying components, the most
abundant of which is fibrillar collagen. Collagen has an excep-
tionally long half-life, which makes it highly susceptible to the
accumulation of glucose-mediated permanent intermolecular
AGE crosslinks (38). AGE crosslinks stiffen the collagen
fibrils (29), and AGE crosslink concentration increases signif-
icantly with age in muscle (18, 36). Collagen concentration
also increases in muscle with aging (1, 16). Consistent with
these previous reports, the present data show that the observed
increase in ECM modulus with age is accompanied by in-
creased collagen and AGE protein adduct concentration exclu-
sive of significant hypertrophy of the ECM. We also examined
muscle cross sections stained with picrosirius red, which gives
an indication of the anisotropy of collagen fibrils when viewed
under polarized light. Collagen fibrils that are aligned parallel
with the muscle fiber axis appear green, whereas fibrils that are
at a greater angle relative to the muscle fiber appear yellow and
red (2). Because the load applied to a collagen fibril is deter-
mined by the cosine of the angle between the muscle axis and
the fibril axis, fibrils that are more aligned with the muscle bear
a greater proportion of the applied load, effectively increasing
ECM stiffness (2). The present data show that collagen fibril
orientation is unchanged with aging in TA muscles of mice,
suggesting that age-related changes in ECM mechanical prop-
erties result from changes in the intrinsic material properties of
the ECM. Given that WGA is a general stain for all ECM
components and picrosirius red predominantly stains type 1
collagen, the data imply that with age, muscle ECM is becom-
ing more densely packed with highly crosslinked collagen,
likely contributing to the increased ECM modulus and muscle
stiffness seen in aging.

Muscle ECM is directly continuous with tendon tissue.
Consequently, the similarity between the age-associated in-
crease in stiffness observed in the present study for TA muscle
ECM and the increase in stiffness we reported previously for
mouse TA tendons with aging (40) may not be surprising.
Given that the muscle ECM and tendon form a functional link
that transfers force from muscle fibers to the skeleton, any
change in the mechanical properties of either tissue has the
opportunity to influence the functional performance of the
muscle-tendon unit, leading to altered functional outcomes.
The precise implications of the age-related changes in stiffness
reported in the present and our previous studies, whether
protective or harmful, are still unclear. Increased stiffness of
the muscle-tendon unit may indeed facilitate more effective
force transmission from muscle contractile elements to the
bone (5); however, it may also impair balance stability in the
elderly (4) and decrease range of motion. During lengthening
contractions, sarcomere lengths are stabilized by the lateral
transmission of force from the muscle fibers to the ECM (31),
and changes in ECM mechanical properties may contribute to
the impaired lateral transmission of force seen in old age (32).
Increased stiffness of muscle ECM may also serve the protec-
tive role of limiting the amount of stretch a fiber undergoes
during a lengthening muscle contraction. As such, future in-
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vestigations are warranted to determine the precise influence of
age-associated increases in ECM stiffness on functional per-
formance of the muscle-tendon unit.

Our study is not without limitations. Ideally, ECM mechan-
ics would be determined by directly measuring the properties
of isolated ECM tissue. Isolated ECM is very delicate, how-
ever, and isolation of ECM without tissue damage is extremely
difficult. As such, the present study estimates ECM properties
by comparing the properties of single fibers and fiber bundles.
Given that the modulus of groups of fibers with their associated
ECM removed is similar to that of single fibers (22), we are
confident that this approach to determining the material prop-
erties of ECM is valid. Although great care was taken during
isolation of fibers and fiber bundles, the possibility of some
tissue damage cannot be discounted. Finally, the extent to
which the present findings generalize to all muscles in all
species is not known. For example, in contrast to the increase
in stiffness we observed for mouse TA tendons with aging
(40), an age-associated decrease in the stiffness of human
Achilles tendon has been reported (11, 24, 35) and the stiffness
of human patellar tendons is unchanged with aging (8, 10).
Thus the effect of age on the mechanical properties of tendons
as well as muscle ECM is likely dependent on anatomy,
loading, and patterns of use, which may vary across species
even for a particular muscle. Additionally, ECM properties are
dependent on muscle fiber type (29). Thus the conclusions
from this study may not generalize to muscles that do not
contain primarily fast fibers.

In summary, we demonstrated that aging results in increased
modulus of fiber bundles but no increase in the modulus of
single fibers. We also demonstrated that increased modulus is
accompanied by an increase in hydroxyproline content and
AGE protein adducts. Coupled with the findings that the ECM
occupies the same fractional area in adult and old muscle, we
conclude that the ECM of old muscles is more densely packed
with highly crosslinked collagen and has a higher modulus than
the ECM of adult muscles. Changes in ECM mechanical
properties have the potential to influence force transmission to
the skeleton, susceptibility to contraction-induced muscle dam-
age, and the ability of the muscle to respond to alterations in
external loading.
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