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Although mitochondrial mutation abundance has been recognized to increase in an age-
dependent manner, the impact of mutation has been more difficult to establish. Using quantitative
polymerase chain reaction, we measured the intracellular abundance of mutant and wild-type
mitochondrial genomes along the length of individual laser-captured microdissected muscle
fibers from aged rat quadriceps. Aged muscle fibers possessed segmental, clonal intracellular
expansions of unique somatically derived mitochondrial DNA (mtDNA) deletion mutations.
When the mutation abundance surpassed 90% of the total mitochondrial genomes, the fiber lost
cytochrome c oxidase activity and exhibited an increase in succinate dehydrogenase activity. In
addition to the mitochondrial enzymatic abnormalities, some fibers displayed abnormal
morphology such as fiber splitting, atrophy, and breakage. Deletion mutation accumulation
was linked to these aberrant morphologies with more severe cellular pathologies resulting from
higher deletion mutation abundance. In summary, our measurements indicate that age-induced
mtDNA deletion mutations expand within individual muscle fibers, eliciting fiber dysfunction
and breakage.

DUE to a multifactorial etiology, the specific series of
molecular events that contribute to the aging process

has not been elucidated. Dissecting and deciphering specific
physiological mechanisms responsible for age-associated
phenotypes is critical for advancing our understanding of the
aging process. In accordance with the mitochondrial theory
of aging (1,2), the accumulation of defective mitochondrial
genomes has contributed to the physiological decline
associated with aging (3–5). Sarcopenia, the age-associated
loss of skeletal muscle mass and function (6), is a prime
nonpathological contributor to the frailty associated with
aging. Of the proposed mechanisms for sarcopenia (loss of
muscle stem cell activity, denervation and/or renervation,
endocrine changes, oxidative stress, or mitochondrial
genome instability), the cumulative loss of individual muscle
fibers represents a primary and permanent deficit.

In humans, 40% of muscle mass is lost between the ages
of 20 and 80 (7). This muscle mass loss is due to decreased
muscle cross-sectional area, loss of muscle fibers, and fiber
atrophy (8,9). In the rat quadriceps muscles, rectus femoris
and vastus lateralis, muscle mass decreased by 33% and
60% and fiber number decreased 30% and 58% between 18
and 36 months of age (10,11).

Concurrent with the age-dependent loss of muscle fibers,
multiple mitochondrial DNA (mtDNA) deletion mutations
accumulate over time in many tissues and species (12–16).
MtDNA deletion mutations were initially considered to be at
low abundance (,0.1%) when calculated against the total
mitochondria pool in tissue homogenates (17,18). When,
however, discrete numbers of muscle fibers were analyzed,

the abundance of mtDNA deletion mutations was found to
be inversely proportional to the number of cells analyzed
(19). In situ hybridization studies demonstrated that mtDNA
deletion mutations were not distributed homogeneously
throughout a tissue, but amplified focally within a subset of
individual cells, appearing as a segmental pattern along the
length of muscle fibers and as a mosaic distribution between
cells (20–26).

Mammalian mitochondria encode 22 transfer RNAs
(tRNAs), 2 ribosomal RNAs (rRNAs), and 13 polypeptides
from a 16.5-kilobase circular genome. Mitochondrial ge-
nomes exist as a cellular multiplicity and, as a result, mtDNA
molecules complement each other, protecting against dele-
terious mutations. When mutations do occur, a state of
heteroplasmy exists within individual mitochondria and cells.
The cellular and systemic impact of mtDNA mutation is
illustrated by a group of genetic diseases known as the
mitochondrial myopathies and encephalomyopathies (27–
29). Mitochondrial diseases are caused by the intracellular
accumulation of mutated mtDNA to levels that eventually
disrupt the synthesis of mitochondrially encoded components
of the electron transport system (ETS). The abundance at
which specific mutations cause ETS dysfunction is termed
the phenotypic threshold effect (reviewed in 30,31). A
characteristic cellular phenotype exhibited by patients with
mitochondrial myopathies is the histological absence of
cytochrome c oxidase (COX) activity and an upregulation
of succinate dehydrogenase (SDH) activity (24). In situ hy-
bridization studies on COX� fibers measured mitochondrial
transcript abundance and/or mtDNA concentrations and
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found that wild-type and deletion-specific transcript levels
were proportional to genotype abundance (20–23). Some
studies found that wild-type genomes were reduced, whereas
others suggested that wild type was maintained in COX�

regions [reviewed by Shoubridge (32)].
Whereas the same mtDNA mutation is distributed among

multiple tissues in the mitochondrial myopathies and
encephalomyopathies, mitochondrial mutations also origi-
nate as a result of spontaneous somatic mutation events
within individual cells. These age-associated mtDNA dele-
tion mutations also induce COX�/SDHþþ fibers, and are
distributed mosaically intercellularly and segmentally intra-
cellularly (26). Thus, accurate quantitation of the abundance
of these enzymatic abnormalities requires the analysis of
numerous sections of tissue along the length of the muscle.
Based on histological analysis of aged muscles, the cal-
culated tissue burden of ETS abnormalities was found to be
15% of all remaining muscle fibers in 36-month old rat
rectus femoris (10), and 60% in 34-year-old rhesus monkey
vastus lateralis (26). Additionally, muscles that display
a large age-dependent loss of skeletal muscle fibers contain
high levels of ETS abnormalities (33). Concomitant with
observed ETS enzymatic abnormalities are often morpho-
logical changes in muscle fiber structure including fiber
splitting, atrophy, and breakage.

The association of ETS abnormalities, mtDNA deletion
mutations, fiber loss, and muscle mass loss suggest that
these age-dependant events might share a common etiology.
In this study, we tested the hypothesis that mtDNA mutation
accumulation underlies the fiber splitting, atrophy, and
breakage associated with ETS abnormalities. By taking a
longitudinal single fiber approach to understanding the rela-
tionship between mitochondrial genotype and cellular phe-
notype, we link mtDNA deletion mutation accumulation
with these dysfunctional cellular phenotypes and, ulti-
mately, with muscle fiber loss.

METHODS

Animals and Tissue Preparation
The rectus femoris and the vastus lateralis muscles were

dissected from 36-month-old male Fischer 344 3 Brown
Norway F1 hybrid rats purchased from the National Institute

on Aging colony maintained by Harlan Sprague Dawley
(Indianapolis, IN). Rats were housed and killed in accor-
dance with the Guide for the Care and Use of Laboratory
Animals. The muscles were bisected at the midbelly,
embedded in optimal cutting temperature medium (Miles
Inc., Elkhart, IN), and flash frozen in liquid nitrogen.
Samples were stored at �808C until analyzed. Using a
cryostat, we cut 100 or 200 10-lm-thick serial transverse
cryosections and placed them on Probe-on Plus slides. At 60
lm intervals, cross-sections were stained for COX and SDH
as previously described (10), and ETS abnormal fibers were
identified. Fibers were also stained for cell morphology and
nuclei with hematoxylin and eosin.

Laser Capture Microdissection
Histological sections were dehydrated through a series of

graded ethanol and xylene (10). ETS abnormal fibers were
subsequently microdissected using a PixCell II laser capture
microscope (Arcturus, Mountain View, CA). Finally, cap-
tured fibers were further dissected from the capture film to
eliminate all potential contamination.

DNA Isolation, Breakpoint Analysis, and Quantitative
Real-Time Polymerase Chain Reaction

DNA isolation and mtDNA breakpoint analysis were
performed as previously described (34). Oligonucleotide
primers (Table 1) specific for either full-length or deleted
genomes were designed for use in quantitative polymerase
chain reaction (PCR) assays based on the unique sequence
of each mtDNA deletion obtained from the breakpoint
analysis. The full-length primer set is designed to amplify
a region of the genome within the confines of the deleted
mtDNA, ensuring the s specific amplification of full-length
wild-type genomes. Deletion primer sets flank the break-
point such that amplification of the deleted genomes yields
an amplicon of ;200 base pairs. The deletion primer sets
cannot amplify full-length mtDNA due to the short exten-
sion time in the elongation phase of the PCR. Total DNA
concentration is determined every cycle by the fluorescence
emission generated by the binding of SYBR Green to the
minor groove of DNA. Microdissected samples are ampli-
fied in parallel with known standards generated by cloning
the deletion-specific as well as full-length sequences into the

Table 1. Primers for Quantitative Polymerase Chain Reaction

Fiber Primer Pair Wt/del Sequence 59-39

1,2,4 RM13645F Wt CAACATAACCCCAACATCATCAATCTCATACA

RM13927R AATAGTTTTAGGGTTTGGGGGTTCGTTTTT

1 RM7290F del AGGACACCAATGATACTGAAGCTATGAATATACTGACTA

RM14786R ATGGAATGGGATTTTGTCTGCGTCG

2 RM5981F del CTTCGACCCCGCTGGAGGTGGAGAC

RM14347R GATGAGAATGCTGTTATGGTATCAGACGTGTAGTG

3 RM7189F Wt ATTCTCCCAGCTGTCATTCTTATTCTAATTGCCCTTCC

RM7332R TTCATAGTCAGTATATTCATATTCATAGCTTCAGTATCATTGGTGTCCT

3 RM5360F del CCTCTATAGGCTCATTCATCTCACTTACGCC

RM12683R GCAAATGTGGAGGAAAGCAAGGTAGGGT

4 RM7347F del CTCCTACATAATCCCAACCAATGACCTAAAACC

RM14675R GATGAAGTGGAATGCGAAGAAGCGTGT

Note: Wt ¼Wild-type specific primer; del ¼ deletion specific primers.

236 HERBST ET AL.

D
ow

nloaded from
 https://academ

ic.oup.com
/biom

edgerontology/article/62/3/235/655783 by guest on 16 August 2022



Figure 1. Typical quantitative polymerase chain reaction data from wild-type primer pair RM13645F–RM13927R. (A) Amplification curves for standards and

mitochondrial DNA (mtDNA) from laser-captured muscle fibers. Baseline curves are no-template control reactions. RFU¼ Relative fluorescence units. (B) Standard

curve generated by amplifying cloned wild-type standards. Log starting quantity of the mtDNA from the laser-captured sample is interpolated from the equation of the

best-fit line. (C) Melt-curve analysis of real-time amplification products illustrating the specificity of melting temperature and confirming product identity. Plot of the

first derivative of fluorescence with regard to temperature.
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pGEM T-easy vector (Promega, Madison, WI). Standards
were quantified by spectrophotometry at A260, and dilutions
were prepared using National Institute of Standards and
Technology (NIST)–calibrated volumetric pipets. Linearity
of dilutions was confirmed by quantitative PCR and
regression analysis. Samples and standards for both wild-
type and deletion-specific primer sets were amplified in
triplicate using iQ SYBR Green supermix (BIO-RAD
Laboratories, Hercules, CA). Standard curves were gener-
ated for the primer sets (Figures 1B and 2), and the starting
quantities of wild-type and deleted mitochondrial genomes
were calculated. Specificity of amplification reactions was
confirmed by melting point analysis (Figure 1C) and gel
electrophoresis.

RESULTS

Serial longitudinal cross-sections of aged muscle tissue
were stained histochemically at 60 lm intervals to identify
muscle fibers containing ETS abnormal regions (Figures 3–
6A). Four fibers containing COX�/SDHþþ regions were
selected based on their morphology and the contiguity of the
ETS abnormal region within the series of sections. Fibers
1 and 2 contain a 440 lm and 460 lm nonatrophic ETS

abnormal phenotype (Figures 3 and 4). Fiber 3 contains an
ETS abnormal region that colocalizes with a region un-
dergoing fiber splitting. The fiber splits along its length first
into two and, subsequently, three fibers before returning to
a single unified fiber (Figure 5). Fiber 4 atrophies,
eventually becoming undetectable for 250 lm, and then
reappears as an ETS abnormal fiber (Figure 6).

Multiple sections of each of these fibers were individually
microdissected, DNA-isolated and, through the use of
mtDNA-specific primers, amplified and subsequently se-
quenced. A single smaller-than-wild-type genome (an
mtDNA deletion mutation) was identified in each fiber’s
ETS abnormal region. The size of these deletion-containing
genomes varied between fibers and ranged from 8148 to
11,268 base pairs. All deletion mutations removed portions
of the wild-type mitochondrial genome along the major arc
and disrupted or abrogated genes coding for COX, ATP
synthase, NADH dehydrogenase, as well as the interspersed
mitochondrial tRNAs. The specific deletion mutation in
fiber one removed nucleotides 6013–14,165, fiber two
nucleotides 7455–14,731, fiber three nucleotides 6710–
12,542 and fiber four nucleotides 7389–14,485.

The absolute quantity of deleted and wild-type mitochon-
drial genomes was determined by breakpoint-specific

Figure 2. Standard curves generated by amplifying serial dilutions of wild-type or deletion-specific plasmids.
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quantitative PCR assays on laser-captured cell sections
collected along the length of individual muscle fibers. The
intracellular abundance of mtDNA deletion mutations
within each fiber’s ETS abnormal region was greater than
90%. In every fiber, the COX�/SDHþþ phenotype was
flanked by adjacent ETS normal regions that contained
detectable levels of deletion mutations, albeit at lower levels
(Figures 3–6). Fiber 1, for example, contained a 440-lm
ETS abnormal region within a 770-lm region that contained
an accumulation of mtDNA deletion mutations. As the
abundance of mtDNA mutation decreased, there was an
intermediate ETS abnormal transitional phenotype charac-
terized by slightly reduced COX activity, and slightly
increased SDH activity (Figures 3A [slides 44/45] and 4A
[slides 16/17]). In fiber regions distant from the ETS
abnormality, only wild-type genomes were detected, and
mtDNA deletion mutations were undetectable. The COX-
negative, SDH hyper phenotype occurred in regions that

contained greater than 90% mutant mtDNA (Figures 3–6).
Wild-type genomes were consistently detected in both ETS
normal and abnormal regions (Figure 7).

DISCUSSION

Age-associated mtDNA deletion mutations form as the
result of somatic mutation of wild-type genomes. The
cellular impact, however, is the result of the clonal
accumulation of mutant genomes to sufficiently high levels
to affect mitochondrial and cellular function. The presence
of mutant mtDNA genomes outside the ETS abnormal
phenotype (Figures 3–6) indicates that the ETS abnormal
phenotype results from the intracellular accumulation of
mtDNA deletion mutations, not vice versa. The maintenance
of wild-type genomes throughout the abnormal region
(Figure 7) at levels that are similar to ETS normal regions
and the coordinated decrease in mutation abundance in the

Figure 3. Fiber 1. (A) Serial micrographs showing enzymatic staining for cytochrome c oxygenase (COX) and succinate dehydrogenase (SDH). Scale bar¼ 25 lm.

(B) Morphometric digital reconstruction of fiber 1. The intensity of the shaded area denotes the severity of the electron transport system abnormal phenotype.

(C) Percentage of mitochondrial DNA (mtDNA) genomes that are mutant along the length of the abnormal fiber.
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ETS normal region indicate that the accumulation of deleted
genomes, and not the selective depletion of wild type, is
responsible for phenotypic threshold effect. The loss of
COX activity in the presence of wild-type genomes suggests
that incompetent genomes and their derived transcripts may
compete with wild-type genomes for binding of transcrip-
tional and translational machinery leading to a breakdown in
the amount of functional polypeptides and loss of enzymatic
activity.

We measured the absolute quantity of mitochondrial
genomes, full-length and deletion-containing, to determine
the threshold for the loss of COX activity. A 90% threshold
for age-induced mtDNA mutations is consistent with
previous measurements that determined the threshold for
loss of COX activity to be between 60% (35) and 90%
(20,21,36), depending upon tissue type (HeLa cells, or
multinucleated muscle fibers from patients with mitochon-
drial myopathies, respectively). The maintenance of full-
length wild-type genomes in ETS abnormal segments is
consistent with in situ hybridization studies from patients

with mitochondrial myopathies (20,21) as well as aged
muscle fibers (25,26).

Muscle fiber splitting is a characteristic phenotype of
many primary muscle diseases including dystrophies. In
the split muscle fiber (Figure 5), the same molecular muta-
tion was detected in each of the daughter fibers, indicating
that the mutation was present before the split occurred
and, consequently, that the fiber is undergoing splitting
and not fusion. Muscle fiber splitting has been observed to
be associated with 35% of ETS abnormal muscle fibers;
however, the split region rarely colocalized with the ab-
normal enzymatic phenotype (10). Our data suggest that,
whereas there is no overlap between the ETS abnormal
region and the split fiber regions, there is a colocalization
of fiber splitting and the accumulation of mtDNA deletion
mutations (Figure 5C), albeit at levels below the threshold
for the expression of the ETS abnormal phenotype. Split-
ting may represent a precursor phenotype to fiber atrophy
via the independent breakage of daughter fibers or a pro-
tective mechanism that allows segregation of mutant and

Figure 4. Fiber 2. (A) Serial micrographs showing enzymatic staining for cytochrome c oxygenase (COX) and succinate dehydrogenase (SDH). Scale bar¼ 25 lm.

(B) Morphometric digital reconstruction of fiber 2. The intensity of the shaded area denotes the severity of the electron transport system abnormal phenotype.

(C) Percentage of mitochondrial DNA (mtDNA) genomes that are mutant along the length of the abnormal fiber.

240 HERBST ET AL.

D
ow

nloaded from
 https://academ

ic.oup.com
/biom

edgerontology/article/62/3/235/655783 by guest on 16 August 2022



wild-type genomes altering the level of heteroplasmy in
each branch.

We have previously reported, in aged rat quadriceps
muscle, that 25% of ETS abnormal fibers are associated
with fiber atrophy and 7% with fiber breakage (10). Similar
observations have been made in rhesus macaques (25,26).
The proliferation of an mtDNA deletion mutation across
a broken fiber segment (Figure 6) and the subsequent ETS
abnormality directly supports the hypothesis that accumu-
lation of mtDNA deletions can result in fiber breakage. The
broken ends of the fiber (Figure 6C) contain exceedingly
high levels of the same unique mtDNA deletion mutation

suggesting that the fiber was once continuous, subsequently
atrophied, and ruptured. The broken ends of the fiber
contain the highest level of mtDNA mutations measured,
3 3 105 mutant genomes, demonstrating a profound ETS
abnormal phenotype.

The mechanism driving mtDNA deletion mutation pro-
liferation is not known. MtDNA deletion mutations could
accumulate because they possess a replication advantage,
because of stochastic events, or because their destruction is
disadvantaged. These possibilities have been put forth as
biological hypotheses: replicative advantage (21), random
drift (37), and survival of the slowest (38), respectively.

Figure 5. Fiber 3. (A) Serial micrographs staining for morphology with hematoxylin and eosin (H&E) and enzymatic activities for cytochrome c oxygenase (COX)

and succinate dehydrogenase (SDH). The muscle fiber splits into three distinct subfibers before fusing back together. The deletion mutation was detected throughout

1080 lm. Scale bar¼ 25 lm. (B) Morphometric digital reconstruction of fiber 3. The intensity of the shaded area denotes the severity of the electron transport system

abnormal phenotype. (C) Percentage of mitochondrial DNA (mtDNA) genomes that are mutant along the length of the abnormal fiber. The unique mtDNA deletion

mutation was found at high levels within different branches of the same fiber.
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These mechanisms are not mutually exclusive, however, and
the mechanism of mtDNA accumulation may be more
complex, especially in multinucleated tissue such as muscle
fibers. The strikingly high copy number of deletion-
containing genomes (;100,000 copies) measured within
an ETS abnormal section, combined with the relatively
stable numbers of wild-type genomes (;1000 copies),
implies that muscle fibers do not maintain a steady state of
mtDNA molecules in response to dysfunctional oxidative
phosphorylation. That is, mitochondrial deletion mutation
replication does not occur at the expense of wild-type
replication. Moreover, these measurements suggest that

deleted mtDNA molecules are advantaged, replicating to
high abundance. One prediction of the advantaged model is
the presence of neutral mtDNA deletion mutations that do
not accumulate to high levels due to genome size or specific
breakpoint location. We compared the specific deletion
mutation breakpoints that accumulate in individual ETS
abnormal fibers with the breakpoint sequences observed in
muscle tissue homogenates (Figure 8). The deletion break-
points in tissue homogenates were distributed throughout
the mitochondrial genome, whereas deletion breakpoints
from abnormal fibers were confined to the major arc of the
mtDNA indicating specificity for mutations that could

Figure 6. Fiber 4. (A) Serial micrographs staining for morphology with hematoxylin and eosin (H&E) and enzymatic activities for cytochrome c oxygenase (COX)

and succinate dehydrogenase (SDH). The electron transport system abnormal region extends for over 700 lm and includes a 250 lm region where the fiber has

ruptured and cannot be detected. Scale bar¼25 lm. (B) Morphometric digital reconstruction of fiber 4. The intensity of the shaded area denotes the severity of the ETS

abnormal phenotype. (C) Percentage of mitochondrial DNA (mtDNA) genomes that are mutant along the length of the abnormal fiber. The same mtDNA deletion

mutation is detected across the broken fiber region, and the highest levels (.99%) of mutation are found immediately flanking the fiber break.
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accumulate to cause ETS abnormal fibers. The localization
of mtDNA deletion mutation breakpoints from ETS
abnormal fibers to the major arc was previously attributed
to the existence of a ‘‘hot spot’’ for mutation formation
(34,39). The difference in deletion mutation patterns
between tissue homogenates and single cells, however,

suggests an alternative explanation: that the generation of
mtDNA deletion mutants is random but that certain
mutations, those producing small genomes (large deletions)
while retaining both origins of replication, are more likely to
accumulate to high intracellular abundance.

Many mechanisms have been proposed to explain the

Figure 7. Absolute quantification of mitochondrial DNA (mtDNA) genomes. (A) Fiber 1; (B) fiber 2; (C) fiber 3; (D) fiber 4. Each branch of the split fiber is

represented by a different line.
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age-associated loss of muscle mass. Our molecular obser-
vations of the role of mtDNA deletion mutations in
sarcopenia are consistent with the hypothesis that the
intracellular accumulation of mtDNA deletion mutations
causes mitochondrial dysfunction. The abrogation of
mitochondrial and cellular processes induces morphological
changes in the fiber such as splitting. The fiber atrophies and
eventually ruptures. The somatic generation and subsequent
intracellular accumulation of mtDNA deletion mutations
contributes to the age-dependent loss of muscle fibers and
sarcopenia.
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