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Abstract
Sarcopenia, defined as muscle weakness and fiber atrophy, of respiratory muscles such as the
diaphragm (DIAm) has not been well characterized. The DIAm is the main inspiratory muscle and
knowledge of DIAm sarcopenia is important for establishing the effects of aging on respiratory
function. We hypothesized that aging is associated with a loss of DIAm force and reduced fiber
cross-sectional area (CSA), and that these changes vary across fiber types. DIAm sarcopenia was
assessed in young (5 month; n=11) and old (23 month; n=12) wild-type mice reflecting ~100 and
75% survival, respectively. In addition, DIAm sarcopenia was evaluated in BubR1H/H mice (n=4)
that display accelerated aging (~60% survival at 5 months) as a result of expression of a
hypomorphic allele (H) of the mitotic checkpoint protein BubR1. Maximum specific force
(normalized for CSA) of the DIAm was 34% less in old mice and 57% lower in BubR1H/H mice
compared to young mice. Mean CSA of type IIx and/or IIb DIAm fibers was 27% smaller in old
wild-type mice and 47% smaller in BubR1H/H mice compared to young mice. Mean CSA of type I
or IIa fibers was not different between groups. Collectively these results demonstrate sarcopenia
of the DIAm in aging wild-type mice and in BubR1H/H mice displaying accelerated aging.
Sarcopenia may limit the ability of the DIAm to accomplish expulsive, non-ventilatory behaviors
essential for airway clearance. As a result, these changes in the DIAm may contribute to
respiratory complications with aging.
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1. Introduction
The physiological process of aging significantly impacts an individual's quality of life, as
consequence of the gradual functional, structural, and biochemical changes due to aging.
The age-related decline in skeletal muscle function is defined as sarcopenia, which is
characterized by muscle weakness and fiber atrophy (Cesari 2012; Fielding 2011). Persons
with sarcopenia have a greater incidence of functional disability including loss of
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independence and higher risks of falling (Landers 2001) and sarcopenia is a substantial
predictor of mortality in aging individuals (Fielding 2011).

Respiratory complications, such as pneumonia and respiratory infections, are common in
aging individuals (Fein 1994; Houston 1997) and are a common cause of death in this
population (Heron 2011). Decreased function of the diaphragm muscle (DIAm), the main
inspiratory muscle, may contribute significantly to the increased susceptibility to respiratory
complications during aging. In aging adults, respiratory muscle force is decreased by
13-25% as measured by the maximal sniff and Mueller maneuvers (Polkey 1997; Tolep
1995). Thus, DIAm sarcopenia may compound age-related lung and chest wall changes
reducing an individual's ability to perform the large forces generated during expulsive, non-
ventilatory behaviors important for airway clearance.

While sarcopenia of limb muscles is well characterized and defined (Brooks 1988), the
presence of DIAm sarcopenia remains controversial. Previous research in rodent models of
aging has been both limited and conflicting in regards to age-related changes in the DIAm.
For example, cross-sectional area (CSA) of rat DIAm fibers reportedly does not change
(Kavazis 2012) or increases ~28% (in type IIa fibers) (Kawai 2012) with age. In aging mice,
DIAm force shows either no difference (Lynch 1997) or a trend for a reduction (Dupont-
Versteegden 1992; Faulkner 2008). None of these studies, however, comprehensively
examined the DIAm in aging animals to confirm sarcopenia.

Rodent models are useful to examine genetic and molecular determinants of aging and
characterizing aging effects on specific muscle groups, and in particular respiratory muscles
such as the DIAm is important. The goal of this project was to systematically determine the
effects of aging on the DIAm, specifically those properties defining sarcopenia (i.e., specific
force and CSA). Additionally, we sought to determine if sarcopenia is fiber-type specific,
i.e., more pronounced in type IIx and/or IIb DIAm fibers (fiber type classification based on
myosin heavy chain – MyHC isoform expression). We hypothesized that the DIAm is
susceptible to sarcopenia, resulting in both a reduction in force and fiber atrophy, with
greater effects at type IIx and/or IIb fibers.

Additionally, we examined a recently developed mouse model of accelerated aging that
exhibits physiologically relevant reductions in the mitotic checkpoint protein kinase BubR1
(budding uninhibited by benzimidazole-related 1). This novel mouse model expresses a
hypomorphic allele (H) of BubR1 (BubR1H/H) and displays many aging-related phenotypes
such as failure to grow, lipodystrophy, alopecia, decreased dermal thickness, cataracts, and
atherosclerotic changes in addition to a shortened lifespan (Baker 2004). Decreasing BubR1
is thought to play a relevant role in aging since protein levels of BubR1 decrease naturally in
healthy tissues with age, including skeletal muscles (Baker 2004; Baker 2008).

2. Methods
2.1. Animals

All wild-type (strain background C57BL/6 × 129) and BubR1H/H mice were bred at colonies
maintained at the Mayo Clinic. Mice were group housed by genotype and maintained on a
12 hr light-dark schedule under specific pathogen-free conditions with ad libitum access to
food and water. Wild-type mice were examined at ~5 and 23 months of age (mo),
representing 100% and ~75% survival (young and old), respectively (Flurkey 2009; Turturro
1999). BubR1H/H mice were used at 5 mo representing ~60% survival (Baker 2004; Baker
2008). Considerations for animal use in gerontological research were followed (Miller
2000). Subsets of mice were used for analysis of in vitro force and histo-morphological
analysis of the DIAm muscle. At the terminal experiment, mice were anesthetized with an
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intramuscular injection of ketamine (90 mg/kg) and xylazine (10 mg/kg) and euthanized by
exsanguination. Harvested midcostal DIAm segments were stored at −80 °C until further
analysis. All protocols and animal care guidelines were approved by the Institutional Animal
Care and Use Committee at the Mayo Clinic, in compliance with National Institute of Health
guidelines.

2.2. Diaphragm muscle in vitro contractility
Isometric force was measured using DIAm strips from a subset of mice, as previously
described (Ameredes 2000; Gosselin 1996; Lewis 1986; Miyata 1995; Sieck 2012). Briefly,
~3 mm midcostal DIAm segments were carefully dissected, with the rib origin of the muscle
stabilized by minutien pins and the central tendon insertion attached to a force transducer
(model 6350, Cambridge Technology, Cambridge, MA). Muscle segments were incubated
in Reese-Simpson buffer (pH 7.4) with 95% O2 and 5% CO2 and maintained at 26 °C.
Muscles were then set to optimal length, at which all contractile measurements were
conducted. Maximum twitch force was elicited by stimulating the muscle with a 0.5-ms
pulse (Grass S88 stimulator delivered through a SIU5D stimulus isolation unit; Grass
Telefactor) via plate electrodes. Isometric tetanic force was elicited by stimulating muscles
for 1000 ms and 120 Hz. The relationship between force and stimulation frequency of DIAm
segments was determined with a protocol of 1-s trains of 0.5-ms stimuli at 10, 25, 50, 75,
100, 125, and 150 Hz. The stimulator and servomotor system were controlled by computer
using a data acquisition interface board and custom-developed LabView software (National
Instruments). Specific force was analyzed as maximal isometric force normalized to
physiological CSA defined as DIAm mass / (optimal length × muscle density).

2.3. Contractile protein analyses
Midcostal DIAm sections were homogenized on ice in 10 mM phosphate buffer (pH 7.0).
Homogenates were assayed to determine noncollagenous protein content using the Lowry
method (Bio-Rad, Hercules CA). Homogenate samples were further electrophoresed on
SDS-polyacrylamide gels to determine total contractile protein content (myosin and actin),
as previously reported (Geiger 2003; Greising 2011).

2.4. Diaphragm muscle histo-morphological analysis
Strips of DIAm were dissected and saved for histological analysis of MyHC isoform
classification, fiber type-specific CSA, and fraction of total muscle CSA comprised by
interstitial space. Samples were serially cut into 10μm thick cross-sections for analysis.
Gross histologic examination of DIAm cross-sections was conducted on hematoxylin and
eosin-stained sections. Muscle sections were labeled using primary antibodies for MyHC
isoforms: anti-MyHCSlow (Vector Labs VP-M667) and anti-MyHC2A (SC-71 obtained from
Developmental Studies Hybridoma Bank, Iowa City IA) and laminin (Sigma L9393) to
visualize the sarcolemma. Sections were treated with appropriate fluorescently-conjugated
secondary antibodies. Individual muscle fibers were classified as type I, type IIa and type IIx
and/or IIb, based on expression of MyHCSlow, MyHC2A, and the absence of staining,
respectively. A single image of each DIAm section was obtained via confocal microscopy
using a Nikon Eclipse C1 laser scanning confocal microscope system (Nikon Instruments
Inc., Melville NY) equipped with Argon (488 nm) and solid state (405 and 561 nm) lasers
capable of simultaneous multi-label fluorescence imaging. Confocal images were saved
separately for each fluorescence channel using Nikon C1 software as 8-bit grayscale-TIFF
files. All images were pseudo-colored and merged in NIS-Elements software (Nikon
Instruments) for analysis. As previously described (Sieck 2012), ~ 400 type-identified fibers
per DIAm section were randomly sampled to determine fiber type counts and measure fiber
CSA using the morphometric tool in NIS-Elements software. The total number of DIAm
fibers was then used to determine the proportion of fibers of each type.
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Separate muscle sections were labeled with wheat germ agglutinin to determine the fraction
of total muscle CSA comprised by interstitial space, with modification of a previous
methodology (Gosselin 1993). Briefly, DIAm sections were incubated with 1 μg/ml of
wheat germ agglutinin conjugated to Alexa Fluor 488 (Molecular Probes W11261). Single
confocal images were obtained for each DIAm section (as above) and were analyzed using
the threshold, binarize and morphometric analysis functions in MetaMorph (Universal
Imaging Corp.). Briefly, wheat germ agglutinin fluorescence was thresholded manually such
that all DIAm fibers were clearly outlined. Images were binarized and both the total muscle
CSA and area comprised by interstitial space were determined. On average, four non-
continuous sections of DIAm were analyzed per animal and the fraction of total muscle CSA
comprised by interstitial space was determined as the ratio of the sum of areas comprised by
interstitial space and the total muscle CSA for each animal.

For the purpose of image presentation, individual images were exported into Adobe
Photoshop (Adobe Systems Inc., San Jose CA) as TIFF files and cropped to highlight
representative areas. Fluorescence images were pseudocolored by changing the color gamut
(RGB) while preserving original contrast and brightness.

2.5. Statistical analysis
All data was analyzed using JMP (JMP version 8.0; SAS Institute Inc., Cary NC). Data for
body mass, DIAm contractility, and DIAm fiber CSA and fraction of total muscle CSA
comprised by interstitial space were analyzed using one-way ANOVA comparing across
groups (young, old, and BubR1H/H mice). Force-frequency relationships were compared
using a one-way ANOVA with Bonferroni correction. The proportion of DIAm fiber types
and the relative fiber type contribution to total DIAm CSA were analyzed by two-way
ANOVA (group × fiber type). When appropriate, post hoc analyses were conducted using
Tukey-Kramer's honestly-significant difference test. Chi-squared was used to analyze the
distribution of DIAm fiber CSAs. Unless otherwise specified, all data reported as mean ±
standard error (SE). Significance was accepted at the α < 0.05 level.

3. Results
3.1. Mouse characteristics

Naturally aged wild-type mice were examined for markers of DIAm sarcopenia at 5 mo and
23 mo (young and old mice, respectively) representing 100% and ~75% survival. In addition
accelerated-aging BubR1H/H mice at 5 mo of age (~60% survival) were examined (Table 1).
At the time of analysis, old mice had 21% greater body mass than young mice, whereas
BubR1H/H mice were 31% smaller (Table 1).

3.2. Diaphragm muscle in vitro contractility
The first component of sarcopenia analyzed was DIAm force loss. Sarcopenia was evident
in the DIAm of aged mice, both in the old and BubR1H/H mice. Specific force (Po) of the
DIAm for young mice was 26.7±2.0 N/cm2 (Fig. 1), which was greater than both aged
groups. Specifically, old mice had 34% less DIAm force generating capacity and BubR1H/H

mice had 57% less force than young mice (P<0.001; Fig. 1). Compared to young mice, the
specific maximum twitch force (Pt) generated by the DIAm was less in both the old and
BubR1H/H mice (8.8±1.4, 5.8±0.6, and 4.7±1.4 N/cm2 for young, old, and BubR1H/H mice,
respectively; P=0.049). There was a difference in the ratio of specific Pt to Po for BubR1H/H

mice in comparison to both young and old mice (0.32±0.03, 0.33±0.02, and 0.50±0.12 for
young, old, and BubR1H/H mice, respectively; P=0.039).
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Analysis of the force-frequency relationship in DIAm segments was performed for young
and old wild-type mice. There were no effects of aging present. The frequency at which
maximal DIAm force was elicited was ~115 Hz and 50% force was elicited at 16 Hz for
both the old and young mice (P≥0.892 for comparisons across groups). Accordingly, the
normalized force-frequency relationship was not significantly different between young and
old mice (P≥0.341 across the range of stimulation frequencies). Likewise there was no
difference in the slope of the force-frequency relationship between age groups (P=0.700).

3.3 Contractile protein expression
Protein content was measured in midcostal DIAm segments obtained from young, old and
BubR1H/H mice. There was a slight decrease in total protein content in the old mice
compared to young mice, however there was no difference in the fraction of contractile
proteins myosin and actin (expressed per total protein) across groups (Table 2).

3.4. Diaphragm muscle histo-morphological analysis
The second component of sarcopenia analyzed was the presence of muscle atrophy.
Evaluation of hematoxylin and eosin-stained DIAm cross-sections showed no signs of
degenerating fibers, fibrosis, or centrally located nuclei (Fig. 2). Additionally, in young mice
22.9±1.0 % of the total muscle CSA was comprised by interstitial space, while both old
(26.0±2.1 %) and BubR1H/H (25.5±2.5 %) mice displayed a minimal but insignificant
increase (P=0.361).

In general, young mice displayed the greatest DIAm fiber size, followed by old and then
BubR1H/H mice. Overall, the mean CSA of the DIAm fibers was less in both old
(648±28μm2) and BubR1H/H (523±113 μm2) mice in comparison to young (847±67 μm2)
mice (P=0.022). Accordingly, there was a significant leftward shift in distribution of DIAm
fiber CSAs (Fig. 3; P<0.001). This was consistent with fiber type-specific changes in fiber
CSA. A modest reduction in type IIx and/or IIb fiber CSA (Fig. 3) of old (804±49 μm2) and
BubR1H/H (590±123 μm2) was evident when compared to young (1108±99 μm2) mice
(P=0.009). For both types I and IIa of DIAm fibers there were no significant differences in
CSA (Fig. 3; P≥0.060).

The proportion of fiber types in the DIAm was affected by age (Fig. 4; interaction of group
× fiber type, P<0.001). There was a significant difference in the overall distribution of fiber
types with ~10, 52, and 38% for type I, type IIa, and type IIx and/or IIb fibers, respectively
(mean across age groups). For all groups, type I fibers were less abundant than type IIa and
type IIx and/or IIb fibers. Old and BubR1H/H mice had a modest alteration in the proportion
of type IIa and type IIx and/or IIb fibers such that old mice had more type IIa fibers than
type IIx and/or IIb, while BubR1H/H mice had the inverse proportion of type II fibers.
Specifically, in old mice type IIa fibers accounted for 60% and type IIx and/or IIb fibers
accounted for 28% of the total in contrast to BubR1H/H mice that had 43 and 51%,
respectively. There were also differences across groups in the proportion of fibers for the
same fiber type. Both the young and BubR1H/H mice had significantly fewer type IIa DIAm
fibers compared to old mice. Conversely, both the young and BubR1H/H mice had
significantly more type IIx and/or IIb DIAm fibers than old mice. Collectively, these results
indicated an age-related change in the proportion of DIAm fiber types, although there was
no difference when comparing type I and all type II (i.e., IIa, IIx and/or IIb) fibers.

The relative contribution of each fiber type to total DIAm CSA showed significant
differences across age and fiber type groups in agreement with the modest changes in type-
specific fiber CSA and fiber type proportions (interaction of group × fiber type, P<0.001).
For all groups, there was significantly less contribution of type I fibers compared to both
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type IIa and type IIx and/or IIb fibers, with ~8, 45, and 47% of total DIAm CSA accounted
for by type I, IIa, and IIx and/or IIb fibers, respectively (mean across age groups). In
comparison to the old mice, both young and BubR1H/H mice displayed significantly
decreased contribution of type IIa fibers and increased contribution of type IIx and/or IIb
fibers to total DIAm CSA. Specifically in young mice type IIa fibers contribute to 43±2%
and type IIx and/or IIb fibers 49±2%, while in old mice they respectively account for 55±5%
and 35±5% of total DIAm CSA.

4. Discussion
The presence or absence of respiratory muscle sarcopenia (i.e., loss of DIAm specific force
and fiber CSA) is likely a central factor in contributing to respiratory failure among the
aged. The results of this study present novel systematic data on age-related changes in the
DIAm that indicate sarcopenia. How the respiratory system, specifically the DIAm,
responds to age-related changes has previously been unclear, especially in mouse models.
Both old wild-type and BubR1H/H (accelerated aging) mice displayed reduced DIAm
specific force and smaller fiber CSA compared to young mice, confirming both components
of sarcopenia. There was also an age-related change in the proportion of fiber types and the
relative contribution of each fiber type to total DIAm CSA. As hypothesized, sarcopenia was
more pronounced in type IIx and/or IIb DIAm fibers, such that in both old and BubR1H/H

mice there was an alteration of the relative contribution of type IIa and type IIx and/or IIb
fibers. Taken together these findings indicate that sarcopenia is present in the mouse DIAm,
and the maximal force generating capacity of the DIAm is restricted. These results suggest
that DIAm sarcopenia may impact age-related respiratory function by limiting the range of
forces generated by the DIAm and hampering the ability to perform non-ventilatory
behaviors necessary for airway clearance.

Sarcopenia is characterized by two main components: muscle weakness and atrophy (Cesari
2012; Fielding 2011). Maximal specific force was reduced 34-50% in old and BubR1H/H

mice compared to young mice. Estimating the maximal force of the DIAm from the product
of specific Po and mean fiber CSA, it is evident that a considerable decrement in force for
both old (~50% deficit) and BubR1H/H (~74% deficit) mice from young mice would be
present. Previous reports of age-related changes in DIAm force have been conflicting
(Dupont-Versteegden 1992; Faulkner 2008; Kavazis 2012; Kawai 2012; Lynch 1997). Most
of the previous research on age-related loss of DIAm force was conducted in aging rats,
where collectively there was approximately a 12-24% decrease in DIAm force (for age
groups corresponding to 65-25% survival) compared to young rats (Criswell 1997; Criswell
2003; Gosselin 1994; Imagita 2009; Powers 1996; Smith 2002). Although it is possible that
some of the difference relates to the selection of age groups with somewhat different
survival rates, there is also likely a difference in the age-related changes in DIAm force
between rats and mice. However, very few previous studies have examined age-related
changes in the DIAm force of mice. Dupont-Versteegden and McCarter (1992) examined
mice at various ages between 2 weeks and ~20 months of age, reporting no significant
difference in DIAm force. However, they reported a large variation in specific forces (16-30
N/cm2) through the various time points measured. This variation in specific force is much
greater than we observed in the present study. A report from Lynch and colleagues (1997)
found no difference in DIAm specific force of mice at ~5 and 24 months of age. Although
not reported, survival rates are likely comparable to those in the current study. Thus, the
results of the current study are in contrast to these previous studies conducted in mice. This
conflict highlights the importance of including longitudinal assessments with multiple time-
points when studying the combined effects of an intervention or disease and aging. Similar
considerations apply when using animal models of accelerated aging such as the BubR1
model.
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The second component of sarcopenia, muscle fiber atrophy, was also examined in the
present study. Although there was a significant overall effect on the size of DIAm fibers as a
result of natural and accelerated aging, remarkably the effect was fiber type specific. In
particular, there was an age-related decrease in the size of the type IIx and/or IIb DIAm
fibers for both the old and BubR1H/H mice. Old wild-type mice had a modest increase in
both the proportion and relative contribution of type IIa fibers to total DIAm CSA, with a
concomitant decrease for type IIx and/or IIb fibers. The decrease in proportion of type IIx
and/or IIb fibers may be due to an actual loss of these DIAm fibers although further research
is needed to determine if fiber loss occurs with DIAm sarcopenia. In BubR1H/H mice there
was a decrease in the relative contribution of type IIa fibers to total DIAm CSA and an
increase for type IIx and/or IIb fibers. It is possible that fibers co-express MyHC isoforms,
and immunohistochemical techniques used herein cannot exclude co-expression of MyHC2X
or MyHC2B with MyHCSlow or MyHC2A.Of note, we did not find evidence of MyHCSlow
and MyHC2A co-expression in any of the samples analyzed. However, an increased
incidence of MyHC isoform co-expression in DIAm fibers has been observed in other
conditions, such as denervation and hypothyroidism (Geiger 2002; Geiger 2001; Mantilla
2009). Much like age-related DIAm force loss, previous studies have provided conflicting
results related to age-related atrophy of DIAm fibers. Kavazis and colleagues (2012) found
no difference in DIAm fiber CSA for rats at 100% and ~35% survival. However, a previous
report from the same group and substantiated by others (Kawai 2012) indicated an age-
related increase in DIAm fiber CSA, specifically of type IIa fibers, in rats with comparable
survival rates (Kavazis 2007). No previous reports have examined DIAm fiber CSA in a
mouse model of aging.

In the present study, there was a small, but significant, age-related decrease in total protein
content of the DIAm but no change in contractile protein (i.e., myosin and actin) expressed
as a fraction of total protein between young and aged mice. This is the first paper to examine
DIAm protein content in old mice. However protein content has been previously examined
in aged rats with conflicting results. Most previous research has reported no age-related
change in DIAm protein content (Criswell 2003; Smith 2002), although these findings are
inconsistent (Criswell 1997). Indeed, Criswell and colleagues (1997) normalized DIAm
force for protein content in light of age-related loss of DIAm force. This normalization
eliminated the difference in specific force (i.e., force per DIAm CSA) indicating a decrease
in DIAm protein content with increasing age, but this data was not shown. Although there
was a small change determined in total DIAm protein content in the current study, it is
possible that the combination of reduced in DIAm force and CSA of MyHC type IIx and/or
IIb fibers may reflect reductions in MyHC content per half sarcomere in these fibers that are
undetectable at the whole muscle protein level. It is worthwhile noting that histo-
morphological analyses of the DIAm reveal minimal age-related change in the fraction of
total DIAm CSA comprised by interstitial space, suggesting that any protein loss reflects
changes at the myofiber level. Single, type-identified DIAm fibers (in rats) have been shown
to produce varying amounts of specific force depending on MyHC expression such that type
I and IIa fibers exert less specific force than type IIx and IIb fibers (Geiger 2000). Previous
research in rodent models of DIAm inactivity (e.g., via spinal hemisection, unilateral
phrenic nerve denervation, and chronic systemic corticosteroid administration) have shown
changes in CSA of type IIx and/or IIb fibers in parallel with changes in DIAm specific force,
albeit to varying degrees (Lewis 1996; Mantilla 2013; Miyata 1995). To further determine
the specific mechanisms of DIAm sarcopenia it will be necessary to examine single fiber
mechanics for specific force, MyHC content per half sarcomere, and MyHC co-expression
in single type-identified DIAm fibers.

Taken together the results of the present study indicate that sarcopenia is present in the
DIAm, as represented by reductions in DIAm force and fiber size. Sarcopenia may have
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substantial effects on the ability of the DIAm to accomplish a broad range of ventilatory and
non-ventilatory behaviors. It is possible that an increase in the percentage of fibers recruited
for resting breathing (i.e., eupnea) and a decrease in the ability of the DIAm to suitably
perform near maximal forces generated during non-ventilatory behaviors (e.g., sneezing or
coughing) may occur. Additionally, if there is decreased functional reserve capacity of the
DIAm due to sarcopenia, it is possible that external stresses placed on the DIAm by other
aging-associated pulmonary pathologies may not be tolerated well. In combination, this may
limit the ability of the DIAm to maintain airway clearance, especially in light of any age-
related changes in respiratory system mechanics. Future studies are needed to examine the
extent of disability for ventilatory and non-ventilatory behaviors imposed by sarcopenia of
respiratory muscles such as the DIAm, throughout the lifespan.
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Highlights

• Aging is associated with force loss in the diaphragm muscle

• Type IIx and/or IIb diaphragm muscle fibers display decreased size with age

• Accelerated aging in BubR1H/H mice exhibits diaphragm sarcopenia
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Figure 1.
Contractility of the DIAm from natural and accelerated aging mice (mean±SE). Specific
forces are corrected for physiological cross-sectional area. Both naturally-aged mice at 75%
survival (old; n=10) and the BubR1H/H accelerated-aging model (n=4) at ~60% survival
displayed less force generating capacity than young mice (n=7). Data analyzed by one-way
ANOVA. *Significantly different than young mice.

Greising et al. Page 12

Exp Gerontol. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Representative serial cross-sections of DIAm fibers from natural and accelerated aging
mice. A) Hematoxylin and eosin stained cross-sections, indicating a normal and healthy
appearance for all age groups. B) Fiber types were classified according to myosin heavy
chain (MyHC) expression based on immunoreactivity to isoforms MyHCslow (blue) and
MyHC2A (purple), the absence of staging (black) was classified as MyHC IIx and/or IIb.
Anit-laminin (green) was used to define the fiber sarcolemma. Scale bar represents 50 μm.
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Figure 3.
Fiber cross-sectional area (CSA) of DIAm muscles from natural and accelerated aging mice
(mean±SE). A) The distribution of fiber CSAs of the DIAm with significantly shifted
toward the left in both old (n= 5) and BubR1H/H (n= 4) mice compared to young (n= 9)
mice, distribution analyzed by chi-squared analysis. B) Fiber CSA of type identified DIAm
fibers; there was a significant decrease in the CSA of type IIx and/or IIb fibers of old and
BubR1H/H mice compared to young mice. Data analyzed by one-way ANOVA.
*Significantly different than young mice. n=4-9 per group.
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Figure 4.
The proportion of DIAm fibers by fiber type and age. Data were analyzed by two-way
ANOVA (group × fiber type). Interaction post hoc results are as follows: ‡significantly
different than type I fibers of the same group; §significantly different than type IIa fibers of
the same group;*significantly different than young mice within the same fiber
type; †significantly different than old mice within the same fiber type. n=4-9 per group.
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Table 1

Group characteristics of natural and accelerated aging mouse models

Young Old BubR1H/H One-way ANOVA

(n=11) (n=12) (n=4) P-value

Age (mo) 5.0±0.2 23.3±0.4 5.1±0.4

Body Mass (g) 31.2±1.6
37.8±1.4

*
21.6±1.7

*† <0.001

Mean±SE.

*
Significantly different than young mice

†
significantly different than old mice.
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Table 2

Effects of natural aging and accelerated aging on the DIAm

Young Old BubR1H/H One-way ANOVA

(n=8) (n=7) (n=5) P-value

Total protein per muscle mass (mg/mg) 0.141±0.010
0.097±0.009

* 0.115±0.016 0.030

Contractile protein per total protein (mg/mg) 0.605±0.087 0.551±0.118 0.562±0.036 0.991

Mean±SE.

*
Significantly different than young mice.
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