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Abstract
We present a longitudinal study using the rhesus monkey to determine biochemical and histological
changes in vastus lateralis (VL) muscle fibers and whether these changes correlate with muscle mass
loss. Dual energy x-ray absorptiometry (DXA) was used to determine body weight, body fat and to
estimate upper leg muscle mass in twelve adult male rhesus monkeys over 12 years. Muscle mass
(MM) was evaluated at years six, nine and twelve of the study. Concurrently, VL muscle biopsy
samples were collected. Muscle tissue was sectioned, stained and individual muscle fibers were
analyzed for fiber type, cross-sectional area (CSA) and mitochondrial electron transport system
(ETS) enzyme abnormalities. The animals body weight did not change over time, however a
significant increase in DXA-measured percent body fat was observed. Significant MM loss occurred
in the upper leg over 12 years. A reduction in muscle fiber CSA significantly contributed to the MM
loss observed in the VL of middle-aged rhesus monkeys. An age-dependent increase in muscle fibers
developing mitochondrial enzyme abnormalities due to mitochondrial DNA deletion mutations was
observed. The longitudinal approach of this study demonstrated that significant muscle changes
occurred during middle age in a cohort of aging rhesus monkeys.
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Introduction
Sarcopenia is the inevitable decline in muscle mass and function that occurs with age. It
negatively impacts the daily activities of a significant portion of the elderly population
contributing to billions of dollars in added health care costs per year (Janssen, 2006).
Sarcopenia is increasingly recognized as a biomarker of aging, predicting an increased risk for
disability and mortality (Faulkner et al., 2007; Melton et al., 2000; Roubenoff and Castaneda,
2001). Developing standardized criteria to define sarcopenia, and especially to identify the
early stages, is crucial given the strong evidence that people in the early stages of sarcopenia
are most likely to benefit from interventions (Lauretani et al., 2003).

The age-dependent loss of skeletal muscle mass results from the contributions of both muscle
fiber atrophy and fiber loss. It is not clear if the two processes are linked. In cross-sections of
autopsied whole vastus lateralis (VL) from healthy men, Lexell et al. (1988) determined that
approximately 10% of the muscle area was lost by 50 years of age. After age 50 the reduction
accelerated such that, by 80 years of age, almost half of the muscle had wasted. Further analyses
revealed that a reduction in muscle fiber cross-sectional area, specifically type II fibers,
contributed to muscle area loss as early as 50 years of age. Fiber loss occurred at older ages
with significant reductions observed after 70 years of age (Lexell et al., 1988). Fischer × Brown
Norway hybrid rats (mean life span 33 months, maximum life span 43 months) show a similar
trend of gradual fiber atrophy between 15- and 30-months followed by significant fiber atrophy
and 30%-46% fiber loss at very old age (33- to 36-months of age) (Lushaj et al., in press).

The proposed mechanisms of sarcopenia are multi-factorial and include the loss and
reorganization of neuromuscular junctions (Delbono, 2003; Larsson, 1995), contraction-
induced injuries (Rader and Faulkner, 2006), satellite cell deficiencies (Carlson, 1995; Collins
et al., 2007; Jejurikar et al., 2006), alterations in gonadal hormones (Lee et al., 2007; Roubenoff
and Hughes, 2000), oxidative stress (Muller et al., 2007; Weindruch, 1995) and age-dependent
changes in the mitochondrial genome (mtDNA) (Dirks et al., 2006; McKenzie et al., 2002). A
more complete understanding of these mechanisms may lead to successful treatment of
sarcopenia.

Our work has focused on the hypothesis that mitochondrial DNA deletion mutations in aging
skeletal muscle fibers ultimately results in permanent fiber loss (Aiken et al., 2002; Herbst et
al., 2007). Age-dependent alterations to the mitochondrial genome results in the removal of
large portions of mtDNA that encode crucial subunits of electron transport system (ETS)
enzymes that are required for normal oxidative phosphorylation. These deletion mutations
induce phenotypic alterations in mitochondrial enzyme activities (ETS abnormalities) that can
be observed on histological sections, specifically, the absence of cytochrome c oxidase
(COXneg) activity and a concomitant hyper-reaction of succinate dehydrogenase (SDHhyp)
activity. Using consecutive sections of muscle tissue, single muscle fibers can be followed
from slide to slide tracking phenotypic and genotypic changes. Utilizing this histological
approach to evaluate the relationship between mitochondrial genotype and muscle fiber
phenotype, mtDNA deletion mutation accumulation was correlated with dysfunctional cellular
phenotypes and ultimately with muscle fiber loss (Bua et al., 2006; Herbst et al., 2007).

In this study, we employ a longitudinal study design in a non-human primate model, rhesus
monkey (Macaca mulatta), to characterize age-specific changes in muscle. The rhesus monkey
more closely models human aging, compared to rodent models, due to its phylogenetic
proximity to humans, physiologic similarities and a rate of aging approximately 2.5 – 3 times
that of humans (Colman et al., 2005). Male rhesus monkeys reach their maximum total body
lean mass at 15.6 ± 2.5 years of age with a 20% reduction in muscle mass by 23 years of age
(Colman et al., 2005). Male human lean mass stabilizes by the mid- 40's (Roubenoff and
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Hughes, 2000). A 23% decline in estimated skeletal muscle was observed in human males
between 18 to 34 and >75 years age groups (Kyle et al., 2001). The purpose of this study was
to characterize biochemical and histological changes in the vastus lateralis (VL) muscle and
determine whether these changes correlate with muscle mass loss as rhesus monkeys age
through their middle years (mean age 16.1 ± 1.6y) into early old age (22.1 ± 1.6y). VL muscle
mass loss was estimated in 12 adult rhesus monkeys using dual energy X-ray absorptiometry
(DXA) scans over 12 years. VL muscle biopsies collected at six, nine and twelve years of the
study were sectioned and stained to determine muscle fiber cross-sectional area and muscle
fiber type, as well as, the abundance and mitochondrial genotype of muscle fibers bearing
mitochondrial electron transport system (ETS) enzyme abnormalities. These data provide
unique insights into the early stages of muscle mass loss in an important model of human aging.

Materials and Methods
The animals in this longitudinal study are part of an ongoing study at the Wisconsin National
Primate Research Center (WNPRC) to systematically define the effects of aging in rhesus
monkeys (Colman et al., 2005; Colman et al., 2007; Kemnitz et al., 1993; Ramsey et al.,
2000). The mean and maximum life spans for rhesus monkeys at the WNPRC are 27y and 41y,
respectively (Colman et al., 1998; Colman et al., in press). A cohort of 15 males, between 8
and 14 years of age, was assigned to the study in 1989. The animals were housed individually
and fed ad libitum. Three animals died early in the study; we report on the remaining 12 rhesus
monkeys using data collected between 1990 and 2002. All animal procedures were performed
at the WNPRC with approved protocols from the Institutional Animal Care and Use Committee
of the Graduate School at the University of Wisconsin, Madison.

Appendicular lean mass, fat mass and body weight were assessed biannually using DXA
(Model DXP-L, GE/Lunar Corp., Madison, WI) whole body scans as previously described
(Colman et al., 1998; Colman et al., 1999; Colman et al., in press). Estimated skeletal muscle
mass (ESM) of the upper leg was determined by summing the lean mass from the thigh region
of both limbs. Upper leg muscle mass loss was determined by dividing the upper leg lean mass
at each time point by the maximum upper leg lean mass measured in the 12 years of the study.
Fat mass, determined by DXA measurements, was used to calculate percent body fat (%BF =
[fat mass / body weight] × 100).

In 1996, 1999 and 2002 (6, 9 and 12 years post-initiation of the study) VL biopsies were
performed on alternating legs following the DXA measurements. Biopsy tissue was bisected
with one half of the sample flash frozen in liquid nitrogen and the other embedded in Optimal
Cutting Temperature Medium (OCT, Sakura Inc., Torrance, CA) and frozen in liquid nitrogen.
Both halves were stored at -80°C until use. Frozen muscle biopsies were brought to -20°C and
blocks of tissue were sectioned using a cryostat. For each biopsy, 200 consecutive 10μm-thick
sections were cut. Cryosections were stored at -80°C.

Two slide sections were stained with hematoxylin and eosin (H and E; Sheehan and Hrapchak,
1980) for muscle morphology and muscle fiber counts. A digital composite image of the entire
muscle biopsy was created by taking reading frame images of the muscle and interlacing those
images using ImagePro Plus software (MediaCybernetics, Silver Spring, MD). Muscle fiber
counts were obtained from the composite images by annotating each muscle fiber using
Photoshop followed by ImagePro Plus to sum the total number of fibers annotated.

Using standard procedures for indirect immunoenzymatic staining (Sheehan and Hrapchak,
1980) with monoclonal antibody MY32 (Sigma St. Louis, MO) and DAB reagent for detection,
‘fast’ Type II muscle fibers were identified on histological sections. Type II muscle fibers were
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counted on each section and percentage determined from the total number of fibers present on
each biopsy section.

General muscle fiber atrophy was assessed using slides from the MY32 immunohistochemistry
assay for fiber type. Five 10× images per section were taken. Type II fibers were identified
and cross-sectional area (CSA) was measured using ImagePro. Data were imported into Excel
for analysis. At least 200 Type II muscle fibers were measured from each biopsy.

Histochemical staining for mitochondrial enzyme activities, cytochrome c oxidase (COX) and
succinate dehydrogenase (SDH) were performed on air-dried sections according to Seligman
et al. (1968) and Dubowitz (1985), respectively. Dual staining for COX and SDH provides
high contrast to identify abnormal mitochondrial enzyme activities (Taylor et al., 2003; Figure
1). Twenty-nine slide triplicates (the 2nd, 3rd and 4th, the 9th, 10th and 11th etc.) from the 200
slide sections from each biopsy were stained for COX, SDH and dual COX and SDH enzyme
activity staining. Intermediate slides were used for the mtDNA analyses.

ETS abnormal muscle fibers were initially identified on COX/SDH dual-stained slide sections
by the characteristic blue staining for a COX negative muscle fiber. The specific COX and
SDH phenotypes were then resolved on the single-stained sections. The number of unique ETS
abnormal fibers observed in the 2000μm of tissue was divided by the number of muscle fibers
counted in each biopsy to determine the proportion of fibers with ETS abnormalities for each
animal at the three time points. Once an abnormal fiber was identified, it was followed along
its length, every 70μm, using the remaining 28 slide triplicates described above. The COX and
SDH phenotypes of the fiber were recorded for each set of slides and the cross-sectional area
(CSA) of the fiber measured at each interval (ImagePro). The CSA measurements along the
length of ETS normal and ETS abnormal fibers were used to determine intra-fiber atrophy. A
cross-sectional area ratio was determined for each fiber where the minimum CSA of the ETS
abnormal region (or minimum CSA for normal fibers) was divided by the mean CSA of the
normal region. Abnormal fibers with a CSA ratio less than or greater than the normal
distribution of normal fiber CSA ratios were defined as atrophic or hypertrophic, respectively.

Laser capture microdissection (LCM) was used to isolate 10μm thick sections of ETS abnormal
and normal muscle fibers to determine the mitochondrial genotype. Frozen sections adjacent
to those used for identification of ETS abnormal phenotypes were stained for SDH activity,
dehydrated in ethanol and cleared in xylenes. Muscle fibers of interest were microdissected
using a PixCell II laser capture microscope (Arcturus Bioscience, Inc., Mountainview, CA,
USA) as previously described (Gokey et al., 2004).

Total DNA was extracted by incubating microdissected muscle sections with 1ul DNA
extraction solution (10mM EDTA, 0.5% SDS, 2 mg/ml proteinase K, 50mM Tris; pH 8.0) for
30 minutes at 37°C. Ten microliters of ddH2O was added to the extraction solution and 1ul of
the DNA solution was used for PCR reactions. Primary PCR reactions were performed using
the following mtDNA primers specific to the rhesus mitochondrial genome (Gokey et al.,
2004): Rh 725R (5′-GTGCTTGATGCTTGCTCCTCTTGGT-3′) and Rh 1176F (5′-
CCACCCCACCCTCTCTTGCTCA-3′) using the following conditions: 94°C for 30s, 58°C
for 30s, 72°C for 6min, 32 cycles. Nested PCR reactions were performed using the primers Rh
16245R (5′-GGGAACCATGTTATGTGTTACTGTTG-3′) and Rh 3499F (5-
CATTGCCCTCCTCCTATGAACCCC-3′) at 94°C for 30s, 60°C for 30s, 72°C for 5 min, 32
cycles.

PCR products were gel-extracted and purified using QIAquick Gel Extraction Kit (Quiagen
Sciences, Maryland, USA) and sequenced using the Big Dye terminator cycle sequencing at
the University of Wisconsin-Madison sequencing facility.
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A linear mixed model approach was used to estimate longitudinal trends while accounting for
the dependency in the data due to multiple observations per subject. The Roy (2006)
multivariate linear mixed model approach, which treats the multiple outcome variables as a
random effect, was used to estimate the correlation among the repeatedly measured outcomes
assuming an autoregressive process over time. SAS PROC MIXED was used for all analyses.

Results
Body weight and percent body fat (%BF) were determined for 12 rhesus monkeys over the six
years of the study. No significant changes were observed in body weight over time (r = 0.234l
p = 0738; Table 1). An age-dependent increase in %BF was observed. The correlation between
%BF and age, adjusted for repeated measures, was statistically significant (r = 0.423, p =
0.005).

DXA was used to estimate upper leg muscle mass in 12 rhesus monkeys over 12 years of the
study. The maximum upper leg muscle mass attained for each animal during this 12 year period
was used to determine the percent upper leg muscle mass loss for each animal at years 6, 9 and
12 of the study. At year 6, the majority of animals (n=9) were 15-16 years old. Average muscle
mass of the upper leg among this group was 95.1 ± 2.0% of their maximum (Figure 2a). The
average upper leg muscle loss for this group was 15 ± 4.6% at year 9 (n=9, 18-19y) and 22.6
± 5.7% at year 12 (n=9, 21-22y). Among these animals, one (15 year old) displayed an
accelerated rate of muscle mass loss: 29% between years 6 and 9 of the study, followed by an
additional 11% loss between years 9 and 12. Muscle mass loss among the two monkeys aged
17y and 18y at year 6 of the study was not significantly different from that observed among
the majority. The eldest monkey in the study was 20y at year 6, he also exhibited an accelerated
rate of muscle mass loss, 36% loss between years 6 and 9 and an additional 8% between years
9 and 12. The correlation between muscle mass loss in the Table 1 as and increasing age,
examining all animals over the length of the study (12 monkeys, 3 time points each, between
the ages of 15y and 26y), adjusted for repeated measures was statistically significant (Table 1;
r = -0.702; p < 0.001).

Type II muscle fibers were identified on sectioned biopsies, the percentage of Type II fibers
determined and CSAs measured (Table 2; Figure 2b). The proportion of Type II muscle fibers
declined from 96.4 ± 4.8% to 88.0 ± 6.3% over the course of the study (r = -0.2990; p = 0.024).
Type II muscle fiber CSA decreased with age. The average CSA was 11124 ± 1293μm2 for
15-16y rhesus monkeys (n=9) at year 6; the same monkeys at year 9 of the study had an average
muscle fiber CSA of 10366 ± 1335μm2, a 7% decline in CSA. At year 12 of the study, muscle
fiber CSA was 8621 ± 1071μm2 for monkeys now 21-22 years old, representing overall, a 33%
decline in CSA. One monkey (15 years of age at year 6 of the study) had increased muscle
fiber CSA between year 6 and 9 of the study. Among all animals in the study, the correlation
between fiber CSA and age, adjusted for repeated measures, was statistically significant (r =
-0.253, p < 0.001). An average CSA decline of 457μm2 per year between the ages of 15y and
24y was estimated using a standard linear mixed model (F = 30.13; p = 0.0002). The correlation
between fiber CSA decline and muscle mass loss, adjusted for repeated measures, was
statistically significant (r = 0.071, p = 0.01).

Thirty-six biopsies were sectioned, stained and scored for mitochondrial enzyme activities and
the percentage of ETS abnormal fibers per 2000μm of sectioned tissue was determined. There
were, on average, 2115 ± 1008 muscle fibers per biopsy. The age-dependent accumulation of
ETS abnormalities observed in each of the 12 rhesus monkeys, over time, is presented in Figure
2c and Table 2. By year 12 of the study, monkeys ranged in age from 21y to 26y and
approximately 1.0% of the muscle fibers in 2000μm of tissue contained an ETS abnormality.
One monkey, 15 years of age at year 6 of the study, had nearly twice as many ETS abnormalities

McKiernan et al. Page 5

Exp Gerontol. Author manuscript; available in PMC 2010 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(2.7%) at age 21y compared to other animals at year 12 of the study. The correlation between
the accumulation of ETS abnormalities and age in rhesus VL muscle was statistically
significant (r = 0.367; p < 0.001), as was the relationship between ETS abnormal muscle fibers
and muscle mass loss (r = -0.497; p < 0.001).

A total of 446 ETS abnormal fibers were observed in 36 muscle biopsies, 63% were
COXneg / SDHhyp, 31% COXneg / SDHnl and 6% presented other abnormal COX and SDH
phenotypes such as COXlow / SDHhigh, COXhyp / SDHnor or COXnor / SDHhyp. One hundred
fifteen ETS abnormal muscle fibers (COXneg / SDHhyp and COXneg / SDHnl) were followed
along their length. The CSA was measured and COX/SDH phenotypes recorded. CSA ratios
of ETS abnormal fibers describe the changes in fiber area along 2000μm. Minimum CSA ratios
provide an indication of the degree of atrophy within an ETS abnormal region compared to the
ETS normal region of the same fiber. These ratios were compared to the minimum CSA ratios
determined for normal fibers. ETS abnormal fiber minimum CSA ratios ranged from 0 to 1.8,
normal fibers had a more narrow range (0.6 to 0.9) (Figure 3). Only 58% of the ETS abnormal
fibers had CSA ratios within the normal range; 26% had CSA ratios less than normal, and 16%
had CSA ratios greater than normal. Although the mean minimum CSA ratio was similar
between ETS normal and abnormal muscle fibers, there was a significant difference in the
variance between the two groups. Regression analysis of the minimum CSA ratio for ETS
abnormal fibers indicated a significant correlation between intra-fiber atrophy and age (r =
-0.35; p= 0.015).

Sections of single fibers were obtained by LCM and analyzed for mitochondrial genotype. The
mitochondrial genomes from seven ETS abnormal and 17 ETS normal fibers from a 24 year-
old rhesus monkey were analyzed for the presence of mtDNA deletions. Mitochondrial deletion
mutations were present in all ETS abnormal muscle fiber regions sampled. Deletion mutations
were large, between 4.5 and 10.6kb, and 6 out of 7 mutations had direct repeats at the
breakpoints (Table 3). Two fibers contained deletion mutations with identical breakpoints.
Deletion mutations were not detected in ETS normal muscle fibers.

Discussion
Much of our understanding of skeletal muscle aging has been garnered from rodent models.
While there are clear advantages to working in relatively inexpensive, well-characterized and
short-lived mammals, there is an obvious challenge in extrapolating data generated in rodents
to human muscle aging. In contrast, data generated in the closely related primate species, rhesus
macaque, are more readily translatable to human aging; characterization of this model is
imperative for elucidation of novel mechanistic insights.

Sarcopenia is a gradual process culminating in significant losses in muscle mass and function.
To investigate the early stages of this process we monitored upper leg muscle mass (DXA) in
12 adult monkeys over a twelve year period. At the cellular level, we measured muscle fiber
atrophy (CSA of individual fibers), changes in muscle fiber type and the accumulation of
muscle fiber mitochondrial abnormalities at years six, nine and twelve. The combination of
repeated measures for gross muscle changes over time with tandem analyses at the muscle fiber
level in a primate model provides a unique data set that typical cross-sectional studies in rodent
models or even longitudinal studies in humans have not provided. This study assessed the
pattern of muscle aging in the cohort, as a whole, as well as in individuals and demonstrated
that chronological age does not necessarily reflect aging changes.

We confirm that upper leg muscle mass loss contributes to the decline in peripheral lean muscle
observed in aging rhesus monkeys (Colman et al., 2005). Ten of the 12 monkeys in this study
lost 13 ± 4% upper leg muscle mass by year nine of the study and a total of 20 ± 6% loss by
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year twelve. The rate of muscle mass loss between maximum mass (15-16y) and 21-22 years
of age was ∼3% per year. Observations in male humans approximate a 1-2% lean mass loss
per year past the age of 50 (Hughes et al., 2001; Thomas, 2007). Losses specific to the leg
muscle in 68 – 78 year old men averaged 3.6% over a two year period (Zamboni et al., 2003).
If we extrapolate the ages of the monkeys in this study to human years, the majority of monkeys
were equivalent to men as they progress through their early 40's, 50's and 60's.

Two monkeys experienced accelerated muscle mass loss. One, 15y at year six of the study,
lost 30% of its upper leg muscle mass by age 18y and 39% by 21y. The second monkey, the
oldest in the study, was 20y at year six of the study. At 20y upper leg muscle mass was only
7% less than its maximum, compared to an average of 20% loss for the other 21-24 year olds,
however, at 23y a 36% loss was observed and at 26y, 45% of the muscle had wasted. These
two monkeys were defined as sarcopenic as their muscle mass loss was greater than two
standard deviations (>2 sd) from the mean muscle mass of similar age animals (Lauretani et
al., 2003). This critical level was reached within year nine of the study at two distinct ages,
18y and 23y, respectively, emphasizing the considerable age variability in the initiation of
sarcopenic changes.

The VL is one of the largest fast-twitch muscles of the upper leg and is vulnerable to sarcopenia
(rat: Bua et al., 2002; human: [Lexell et al., 1988]). It is primarily composed of Type II muscle
fibers, the largest of the skeletal muscle fiber types, however, they are more prone to fiber
atrophy and loss with age than Type I muscle fibers (Lee et al., 2006; Proctor et al., 1995). We
observed an age-dependent shift in the proportion of Type II fibers from 96% to 88%. Rhesus
monkey VL Type II fibers were extremely large (11124 ± 1293μm2), 2-3 times larger than that
reported for humans (4113μm2 ± 957 for males 19 – 35 years of age, [Lexell and Taylor,
1991]). Jouffroy et al. (1999) report that rhesus monkey Type II VL muscle fiber CSA was
6810 ± 1457μm2, smaller than we report, however, only one animal was represented, age
unknown, these were deep tissue samples and the cadaver had been formalin fixed. They found
that Type II muscle fibers in nonpostural muscles of mixed fiber type were significantly larger
than Type I fibers. The average Type II muscle fiber CSA in 15 -16y rhesus monkeys was
∼11000μm2. In the same animals three years later, the value was ∼9800μm2 and, at 21 - 22
years of age, ∼8000μm2. This represents a 32% decline over the six years of the study,
approximately 5% per year. A similar decline was observed in humans, where Type II muscle
fiber CSA in young men (21 - 30y) was 4508 ± 1168μm2 compared to 2637 ± 658μm2 in older
(51-62y) men (Proctor et al., 1995), a 42% loss in fiber CSA. Reductions in muscle mass and
fiber CSA in both human and rhesus begin soon after peak estimates. We conclude that muscle
fiber atrophy significantly contributes to and is an initial event in the development of
sarcopenia.

A sedentary lifestyle affects muscle physiology and biochemistry in humans and may be a
contributing factor in this study. Body composition changes with aging in rhesus monkeys
closely parallel those in humans with an increase in fat mass and a decline in lean body mass
(Schwartz and Kemnitz, 1992). We did not observe any change in overall body weight,
however, a significant increase in %BF and a significant decrease in upper leg lean mass were
observed among the monkeys over the course of the study. While we have conducted activity
profiles for the animals described here (unpublished data); we have not examined age-
dependent differences in muscle strength and endurance. The majority of strength loss can be
accounted for by decreased muscle mass (Doherty, 2003).

We have suggested that mtDNA deletion mutations and their phenotypic effects on single
muscle fibers have a role in muscle fiber loss (Herbst et al., 2007). Muscle fiber numbers are
not yet available for the rhesus monkeys in this study due to the longitudinal experimental
design. The number of ETS abnormal muscle fibers, however, significantly increased in VL
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muscles within the same animals over time. Extrapolating from the percentage of ETS
abnormal fibers found in 2000μm (Lopez et al., 2000) of a VL biopsy sample from 21-22 year
old rhesus monkeys, to the entire length of the VL (∼4cm; Roy et al., 1991), we predict that
∼20% of the VL muscle fibers in these animals contain mitochondrial abnormalities
somewhere along their length. Even though a significant number of muscle fibers were affected
by mitochondrial abnormalities, intra-fiber atrophy (minimum CSA ratio) for abnormal fibers
was not different from that of normal muscle fibers. The variability range in CSA ratios for
the ETS abnormal fibers, in rhesus monkeys, was considerable and a significant negative
correlation between the minimum CSA ratio of ETS abnormal regions and age was observed.
Some fibers atrophied so that, within the ETS abnormal region, the fiber broke. MtDNA
deletion mutation accumulation has been linked to fiber splitting, atrophy and breakage, with
the more severe cellular pathologies resulting from higher mutation abundance (Herbst et al.,
2007). Permanent muscle fiber loss appears to be a sarcopenic event occurring in the very aged;
in hybrid rats at 33-36 months of age (Lushaj et al., in press) and in humans in their 80's (Lexell
et al., 1988).

The work described here is the first longitudinal non-human primate study to characterize
changes at the cellular level leading to the onset and development of sarcopenia. Sarcopenia
is an age-dependent process resulting in reduced skeletal muscle mass and function due to two
distinct phenomena, muscle fiber loss and fiber atrophy. In agreement with rodent studies,
defects in mitochondrial ETS were detected with increasing age in a manner consistent with
their effects on fiber loss. Extension of these studies into a primate species places new emphasis
on the early stages of sarcopenia and reveals that a reduction in muscle fiber CSA significantly
contributes to muscle mass loss in rhesus monkeys. A critical insight of this study is the
identification of early muscle fiber changes indicative of sarcopenia. This knowledge facilitates
early diagnosis of individuals susceptible to sarcopenia and allows the opportunity for
treatment before significant muscle loss has occurred.
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Figure 1.
ETS abnormal muscle fiber from a 21y male rhesus monkey. Consecutive slide sections stained
for a) COX activity, b) SDH activity and c) dual stained for COX and SDH. Note the lack of
COX activity in panel (a), hyper-reactivity for SDH in panel (b) and the characteristic blue
against a brown background for dual stained sections. Black bar represents 50μm.
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Figure 2.
Longitudinal analyses of VL muscle from 12 aging rhesus monkeys using three time points
over 6 years. Panel a) upper leg muscle mass loss, b) Type II fiber cross-sectional area and c)
percentage of muscle fibers in 2000μm of tissue that were ETS abnormal. Connected dots
represent the same animal over time, like colored lines represent the same animal in each panel.
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Figure 3.
The distribution of the minimum cross-sectional area ratio for ETS normal and ETS abnormal
muscle fibers.

McKiernan et al. Page 13

Exp Gerontol. Author manuscript; available in PMC 2010 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

McKiernan et al. Page 14
Ta

bl
e 

1
M

or
ph

om
et

ric
s o

f t
he

 a
gi

ng
 rh

es
us

 m
on

ke
y

A
ni

m
al

B
io

ps
y 

Y
r

A
ge

 @
 B

io
ps

y
(y

rs
)

W
ei

gh
t

(k
g)

%
 B

od
y 

Fa
t

%
 M

M
 o

f M
ax

a

1
6

20
15

.9
7

28
.3

1
92

.9

1
9

23
15

.8
0

30
.5

8
64

.3

1
12

26
14

.9
3

32
.6

4
54

.6

2
6

18
12

.2
5

16
.5

2
94

.6

2
9

21
13

.9
8

25
.1

2
93

.2

2
12

24
13

.9
6

26
.7

4
82

.6

3
6

17
18

.5
2

31
.5

5
96

.9

3
9

20
19

.0
9

33
.5

4
88

.6

3
12

23
19

.0
9

34
.6

4
85

.4

4
6

16
11

.8
5

27
.2

5
93

.6

4
9

19
14

.6
9

39
.3

9
85

.8

4
12

22
14

.7
9

44
.1

4
71

.5

5
6

16
14

.4
8

19
.3

6
99

.0

5
9

19
15

.0
6

23
.4

2
88

.7

5
12

22
14

.5
6

24
.6

2
90

.3

6
6

16
14

.7
0

26
.3

8
94

.9

6
9

19
13

.9
0

26
.9

3
88

.4

6
12

22
13

.0
6

27
.1

1
78

.2

7
6

15
13

.2
6

22
.5

4
96

.3

7
9

18
14

.0
0

30
.8

2
81

.8

7
12

21
13

.4
6

30
.5

4
74

.6

8
6

15
13

.6
7

21
.4

2
88

.4

8
9

18
16

.7
0

26
.6

2
82

.0

8
12

21
15

.4
7

27
.3

2
77

.8

9
6

15
15

.3
3

24
.8

5
98

.9

9
9

18
14

.6
8

30
.5

8
69

.1

9
12

21
11

.5
8

24
.1

1
60

.5

10
6

15
10

.9
6

16
.7

9
95

.3

10
9

18
10

.6
9

17
.5

5
90

.7

Exp Gerontol. Author manuscript; available in PMC 2010 March 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

McKiernan et al. Page 15

A
ni

m
al

B
io

ps
y 

Y
r

A
ge

 @
 B

io
ps

y
(y

rs
)

W
ei

gh
t

(k
g)

%
 B

od
y 

Fa
t

%
 M

M
 o

f M
ax

a

10
12

21
8.

32
9.

46
82

.0

11
6

15
12

.9
2

22
.5

4
94

.9

11
9

18
12

.0
2

20
.4

3
87

.9

11
12

21
11

.6
1

24
.1

5
84

.5

12
6

15
11

.1
0

15
.6

5
94

.6

12
9

18
14

.5
8

29
.5

2
83

.5

12
12

21
13

.3
0

30
.9

3
77

.1

r v
al

ue
s

0.
23

4
0.

42
3

-0
.7

02

p 
va

lu
es

0.
73

8
0.

00
5

< 
0.

00
1

a %
M

M
 o

f M
ax

 =
 (m

us
cl

e 
m

as
s o

f u
pp

er
 le

g 
/ m

ax
im

um
 m

as
s o

f u
pp

er
 le

g)
 ×

 1
00

Exp Gerontol. Author manuscript; available in PMC 2010 March 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

McKiernan et al. Page 16
Ta

bl
e 

2
A

ge
-d

ep
en

de
nt

 c
ha

ng
es

 in
 rh

es
us

 m
on

ke
y 

va
st

us
 la

te
ra

lis
 m

us
cl

e 
fib

er
s

A
ni

m
al

B
io

ps
y 

Y
r

A
ge

 @
 B

io
ps

y
(y

rs
)

%
 T

yp
e 

II
T

yp
e 

II
 F

ib
er

 C
SA

a
(μ

m
2 )

%
 E

T
S 

A
bn

b  p
er

20
00
μm

1
6

20
99

.6
3

12
57

0 
± 

27
40

0.
37

4

1
9

23
95

.5
9

10
58

4 
± 

23
19

0.
08

2

1
12

26
93

.8
2

10
07

3 
± 

51
12

0.
80

8

2
6

18
94

.9
4

11
48

3 
± 

24
79

0.
05

7

2
9

21
94

.0
2

10
61

0 
± 

20
11

0.
53

3

2
12

24
88

.0
0

81
32

 ±
 3

03
4

1.
18

0

3
6

17
99

.1
1

11
71

2 
± 

24
05

0.
23

6

3
9

20
88

.2
6

95
74

 ±
 3

73
0

0.
46

9

3
12

23
92

.0
3

78
81

 ±
 1

92
2

0.
24

3

4
6

16
95

.3
2

10
89

4 
± 

28
53

0.
18

8

4
9

19
94

.6
3

10
45

0 
± 

16
53

0.
26

8

4
12

22
92

.1
1

91
82

 ±
 4

06
4

0.
66

9

5
6

16
98

.6
8

11
30

1 
± 

20
51

0.
18

8

5
9

19
nd

nd
0.

27
1

5
12

22
78

.9
4

94
82

 ±
 3

64
6

1.
54

1

6
6

16
nd

nd
0.

00
0

6
9

19
nd

nd
0.

00
0

6
12

22
nd

nd
0.

93
8

7
6

15
97

.5
6

11
16

8 
± 

27
69

0.
00

0

7
9

18
94

.4
8

11
41

0 
± 

39
61

0.
00

0

7
12

21
95

.4
0

90
30

 ±
 4

07
1

0.
54

5

8
6

15
98

.0
5

13
28

8 
± 

23
06

0.
00

0

8
9

18
93

.3
6

11
22

4 
± 

24
90

0.
46

1

8
12

21
87

.0
8

lo
ng

1.
25

9

9
6

15
96

.4
0

13
20

7 
± 

21
13

0.
48

0

9
9

18
90

.9
9

94
90

 ±
 2

19
9

0.
57

9

9
12

21
81

.8
6

78
67

 ±
 2

44
2

2.
71

0

10
6

15
99

.1
4

10
97

0 
± 

18
70

0.
03

9

10
9

18
89

.2
7

12
23

2 
± 

25
80

0.
32

2

Exp Gerontol. Author manuscript; available in PMC 2010 March 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

McKiernan et al. Page 17

A
ni

m
al

B
io

ps
y 

Y
r

A
ge

 @
 B

io
ps

y
(y

rs
)

%
 T

yp
e 

II
T

yp
e 

II
 F

ib
er

 C
SA

a
(μ

m
2 )

%
 E

T
S 

A
bn

b  p
er

20
00
μm

10
12

21
96

.7
6

96
51

 ±
 1

43
2

0.
54

1

11
6

15
84

.9
9

12
38

2 
± 

21
03

0.
00

0

11
9

18
92

.0
7

85
74

 ±
 1

56
3

0.
40

7

11
12

21
85

.1
2

85
20

± 
14

32
1.

06
3

12
6

15
98

.6
9

94
95

 ±
 1

69
5

0.
08

8

12
9

18
99

.9
6

91
82

 ±
 1

88
5

0.
16

0

12
12

21
86

.3
3

66
15

 ±
 3

14
1

1.
01

5

r v
al

ue
s

-0
.2

99
-0

.2
53

0.
36

7

p 
va

lu
es

0.
02

4
< 

0.
00

1
<0

.0
01

a C
SA

=C
ro

ss
-s

ec
tio

na
l a

re
a

b Pe
rc

en
ta

ge
 o

f e
le

ct
ro

n 
tra

ns
po

rt 
sy

st
em

 e
nz

ym
e 

ab
no

rm
al

iti
es

 o
bs

er
ve

d 
in

 2
00

0μ
m

 o
f t

is
su

e

Exp Gerontol. Author manuscript; available in PMC 2010 March 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

McKiernan et al. Page 18

Table 3
Mitochondrial mtDNA deletion mutation analysis of ETS abnormal fibers.

Fiber Phenotype Breakpoint Direct Repeat
Size (bp)

Deletion Size (bp)

1 COXneg/SDHhyp 6116 – 10611 4 4528

2 COXlow/SDHhyp 10596 – 16063 6 5466

3 COXlow/SDHhi 5047 – 15667 4 10620

4 COXneg/SDHhyp 9081 – 14828 14 5797

5 COXneg/SDHhyp 9081 – 14828 14 5797

6 COXneg/SDHhyp 3323 – 12573 6 9250

7 COXneg/SDHhyp 3224 – 10680 - 7456
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