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ABSTRACT

Quantitative information on the cell-to-cell distribution
of all possible mitochondrial DNA (mtDNA) mutations
in young and aged tissues is needed to assess the
relevance of these mutations to the aging process. In
the present study, we used PCR amplification of
full-length mitochondrial genomes from single cells to
scan human cardiomyocytes for all possible large
deletions in mtDNA. Analysis of more than 350
individual cells that were derived from three middle-
aged and four centenarian donors demonstrates that
while most of the cells contain no deletions, in certain
cardiomyocytes a significant portion of the mtDNA
molecules carried one particular deletion. Different
affected cells contained different deletions. Although
similar numbers of cells were screened for each donor,
these deletion-rich cells were found only in the hearts
of old donors, where they occurred at a frequency of up
to one in seven cells. These initial observations
demonstrate the efficiency of the method and indicate
that mitochondrial mutations have the potential to play
an important role in human myocardial aging.

INTRODUCTION

of aging but do not exclude the possibility that accumulation of
mtDNA mutations accompanies, but does not cause aging.

To discriminate between the two possibilities, it would be
important to explore whether these mutations are physiologically
relevant and whether the expected damage caused by these
mutations is sufficient to account for age-related changes in tissues.
A natural way to address this question is first to study age-related
changes in tissues and then relate them to somatic mtDNA
mutations. This approach, however, is complicated by the intricacy
of the aging phenotype. Instead, we propose a ‘reversed’ approach:
to perform detailed measurements of mtDNA mutations and to
infer, based on this information, whether mtDNA mutations are
likely to play a major role in aging.

Since there are multiple copies of mitochondrial genomes per
cell, a mtDNA mutation may become physiologically relevant for
a given cell only if the mutant fraction in that particular cell
exceeds a certain thresholi).(Therefore, we reasoned that to
assess their relevance, somatic mtDNA mutants must be
measured directly in individual cells rather than in homogenized
tissue. The cells with substantial fractions of mtDNA mutations
(if found) are likely to be adversely affected by these mutations.
Moreover, measuring one or a few particular mutations out of
many possible varieties is not sufficient. The majority of cells
with defects that result from other untested types of mtDNA
mutations would thereby escape analysis. In order to obtain a

About 10 years ago it was proposed that aging is caused igpresentative estimate of possible tissue damage caused by
life-long accumulation of somatic mitochondrial DNA (mtDNA) mtDNA mutations, individual cells must be scanned for all (or a
mutations {), which compromises cellular energy metabolisnsignificant proportion of all) possible mtDNA mutations.

and/or increases intracellular oxidative strésd{ltimately, this

Mitochondrial mutations in single cells have been studied in

could result in the development of the multiple degenerativiissues affected by mitochondrial diseaséisitu hybridization
changes in tissues that become manifest in old age. It has béeg. 6-8) as well as by allele-specific PCR amplification and
shown that mtDNA deletions and, with less certainty, mtDNAestriction digestion analysis (e9). These methods require prior
point mutations, increase with advancing age (recently reviewédowledge of the type of the mutation. Similar studies are more
in 3,4). These data are consistent with the mitochondrial theodifficult to perform in healthy aged tissues, because, in contrast
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to diseased tissue, in this case it is not known a priori wha
mutations should be sought. As a result, there has been only ,
limited number of such studies, which are based either or
numerical analysis of the results of allele-specific PCR from b
small numbers of cellsL(,11), or onin situ hybridization (2). ; : -
An important conclusion from these studies is that mitochondrial v
mutations are apparently segregated within a tissue, i.e. whil
some cells contain substantial amounts of mutants, others lac
detectable mutants. A B c
Most studies of somatic mtDNA mutations, including those cited
above, have focused on a few particular mutations out of the many
possible ones. Recently, several PCR-based procedures wéiigure 1. Individual human cardiomyocytes. Cardiomyocytes were isolated as
developed for the detection of all possible mtDNA deletions jndescribed in the textAoeC) represent the typical appearance of the cells. The
tissue homogenates. These procedures are based either GGh™ (©) contains25% of a deleted mIDNA species 9.1 kb long.
long-distance PCRLE-15) or on PCR amplification with multiple

primers (L6). These studies yielded conflicting results regardingNl) The outer pair of primers d(CACCCTATGTCGCAG-
the total load of deletions (see Discussion) and were not able{&r-tcTeTTTG ATTCCTGCCTCATC) and d(AGGGGA-
address the issue of cell-to-cell distribution of these mutants. A~ TGTGGGCTATTTAGGCTTTATGACCCTG AA) was used

To overcome the limitations of existing methods, we develop amplify the fragment from bp 110 to bp 16 550 of the human
an approach to scan individual cells for all possible MtDNA ..0-nondrial genome. The inner nested pair of primers
deletions by amplifying full-length mitochondrial genomes fromd(-l-CGC ACCTACGTTCAATATTACAGGCG AACATAC) and
individual cells. The novelty of this approach is that it was abl (TAGGAACCAGATGTCGGATACAGTTCACTTTAGC) was
to combine single cell analysis with measurement of all possibje . 1 amplify the fragment from bp 161 to bp 16 510 of the
MIDNA deletions, which was not possible before. Herein e an mitochondrial genome (GenBank accession no. V00662).

report the _results of such scanning .Of myocytes fr_om hum"’}@egative PCR controls were performed on a regular basis and were
hearts of different ages. The implications of our findings to thglways negative

mitochondrial theory of aging and the prospects of extending thISTO inactivate proteinase K, of the DNA solution (that is,

approach to scanning of individual celis for all possible mtDNAy ;15 o pNA isolated from a single cell) was added ju & 1x
mutations including point mutations are discussed. TaKaRa LA buffer and incubated for 1 min af@5 The sample

was supplemented with the remaining TaKaRa LA PCR compo-
MATERIALS AND METHODS nents (total volume of 20l, with the outer pair of primers) and
subjected to 25 cycles of long distance PCR according to the
manufacturer’s protocol (cycle: 20 s at’@5 10 min at 63C).
Human autopsy heart samples (left ventricle, free wall) wer@ne pl of PCR product was added to PO of fresh reaction
collected within several hours after death, quickly frozen in liqui¢omponents (with inner pair of nested primers) and subjected to
nitrogen, and stored at —8D. To make a cell suspension, frozenadditional 20 cycles of PCR.
tissue was sliced with a razor blade to make dlibelsmm thick,
10 mg each. The slices were transferred into 15 ml Kreb$setection and measurement of mtDNA deletions
Henseleit buffer (Sigma), supplemented with 0.1 mg/ml collage-
nase (Worthington), 10 mM EDTA pH 8 and 0.03% Evans Blu€CR products were separated by gel electrophoresis in 0.7%
dye (Sigma) in a Petri dish and put on an orbital shaker for 1 hagarose and visualized by standard ethidium bromide staining.
100 r.p.m. at room temperature. Individual cardiomyocytes werEhe gel images were captured, digitized and quantified using a
isolated using a modification of the method, which was describdgCD-based image analysis system. Multiple exposures were
for skeletal muscle9j. Individual cells were picked under used to ensure that the signal was within the linear range of the
inverted microscope by a hand-held siliconized glass capillafjieasuring system. A cell was considered a candidate carrier of a
(B0 um 1.D.), pulled from a Pasteur pipette, and transferred tgeletion if a prominent PCR product of a lower molecular weight
individual thin-wall 0.5-ml PCR tubes. The capillary waswas observed in addition to the full-length mtDNA. A separate
connected to a mouthpiece and finely controlled mouth pressuaéiquot of DNA from these cells was subjected to a duplicate
was used to draw and expel cells in and out of the capillary pipeﬁ%CR. The deletion was considered confirmed if the duplicate
Each processed cell was photographed for future referenB&R revealed the same deleted product as the first one.
(examples are shown in Fib). The procedure is straightforward;  The resolution of our electrophoresis system was sufficient to

Isolation of individual cardiomyocytes

it takes <5 min to process a cell. detect differences in length @B%, so we should have been able
to detect deletions of as little as 500 bp. Potentially, we should
DNA isolation and amplification have been able to detect partial duplications in mtDNA, which do

not include PCR primer region around the origin of replication of
To liberate the DNA, each cell in a 0.5 ml tube was covered withhtDNA if such duplications were present in the cells we
1 pl of 10 mM EDTA pH 8, 0.5% SDS and 2 mg/ml proteinaseanalyzed. However, the sensitivity of detection of such patrtial
K, and incubated for 30 min at 3Z. The samples were then duplications would have been much lower than that of deletions,
diluted 10-fold with water by gentle pipetting. because low intensity ‘duplication’ bands above the wild-type
The DNA from individual cells was subjected to long-distancd®CR product would have been lost in the ‘smear’ emanating
nested PCR using TaKaRa LA PCR system (Panvera, Madisarpwards from the intense wild-type band (F2p.
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The ratio of the shorter (deleted) to the full-length (wild-typethat as little as 1/100 of a single cell DNA preparation still
PCR product does not necessarily reflect the original ratio gfroduced reproducible PCR signal. The fact that this method
wild-type to deleted mtDNA in the cell, since shorter fragmentpreserves a large number of undamaged mtDNA copies per cell
may be amplified with a higher efficiency which would result inis very important for our ability to quantify mtDNA deletions.
their over-representation in the final PCR product. To infer th€irst, the probability that a deleted DNA molecule will be
original fraction of a deletion in a cell, the ratio of the deleted tdamaged during DNA isolation is lower than that for a full-length
the full-length product was corrected for the observed differencestDNA. Our ability to preserve a large number of undamaged
in amplification efficiencies of the two species. The relativentDNA copies therefore reduces the likelihood that we would
amplification efficiencies were determined based on reconstruoverestimate the proportion of deletions due to such a bias.

tion experiments as described in the Results. Second, PCR has a tendency to generate aberrant products of
shorter length (see below). In cases where full-length mtDNA
Determination of deletion breakpoints copies are scarce or absent, these aberrant products may prevail

creating an illusion of a high fraction of deleted mtDNA. Finally,
We have devised an economical and efficient approach tRe high yield of undamaged copies per cell allows us to perform
determine the breakpoints of mtDNA deletions. A detailegnultiple PCR amplifications from the same single cell DNA
description of the approach will be presented elsewhefgreparation, which enables us to eliminate the possibility that the
(N.D.Bodyak, J.Y.Wei and K.Khrapko, manuscript in preparadeletions we report are PCR artifacts (see below).
tion). Briefly, deleted mtDNA was digested in two separate DNA from each cardiomyocyte was subjected to nested
reactions either by restriction endonucle&®NI or by a |ong-distance PCR, capable of amplifying almost the full-length
combination ofAvd, Dral andBcll. The corresponding restric- mitochondrial genome. The use of nested primers helped to
tion sites in the wild-type mtDNA occur at least every 1000 bgliminate low molecular weight products, presumably primer
and yet produce a pattern of restriction fragments which can lgémers and misprimed PCR fragments, which otherwise accumu-
clearly separated from each other and unambiguously identifiggted in significant amounts after approximately 30 cycles of
in 2% agarose gel. The set of restriction endonucleases WhipitR. Thus, we were able to clearly visualize PCR products by
meet the above criteria was selected with the help of tacg2, gitnple ethidium bromide staining without resorting to more
excellent software product available free through a weblsfle (- sensitive but more laborious techniques. Finally, the use of nested
The absence of certain restriction fragments from the pattern pCR guaranteed that PCR products were of mitochondrial origin.
digestion of a particular deleted mtDNA allowed us to map themplification of wild-type mtDNA resulted in a PCR fragment
deletion breakpoint to within 1000 bp. The appropriate PCR16.4 kb long, while deleted mitochondrial genomes produced
primers flanking the expected breakpoint were then selected agibrter PCR fragments, which were resolved by gel electrophore-
sequencing of the resulting PCR fragment in both directionsis. This procedure is able to detect almost all possible large

yielded the exact sequence of the breakpoint. mtDNA deletions with the exception of those that cannot be
amplified because one of the primer sequences is affected by the
RESULTS deletion. We expect that these undetectable deletions are of
) ) o limited importance because primer sequences are positioned very
Meth0d0|ogy: isolation of DNA from individual cells close to the Origin of replication of mtDNA.

and long-distance PCR

To scan whole mitochondrial genomes of individual cells for
mtDNA deletions we developed a new procedure that enabled G€ll-by-cell distribution of mitochondrial genomes with
to perform long-distance single cell PCR. Human heart tissue welgletions
dissociated into single cells by collagenase treatment and
cardiomyocytes were collected individually. To isolate DNA forAnalysis of PCR samples obtained from a large number of
amplification we used a miniature ( total volume) SDS/ individual cells showed that the majority of samples contained
proteinase K digestion. We reasoned that the DNA impuritiesnly one major PCR product corresponding to the full-length
from a single cell should be insignificant and should not affeantDNA product (Fig2, lane 1). However, for a few cells (14 cells
PCR efficiency. We therefore eliminated any further purificatiorout of more than 350 cells analyzed, or 4%) we observed an
steps which could damage the high molecular weight PCRdditional intense band (one type per cell) corresponding to a
template. Of concern were proteinase K and SDS. ProteinaseRCR product of a shorter length representing mtDNA with a
was inactivated by pre-heating the sample prior to the addition déletion. (Seven examples are given in Bijdanes 5-11.)
polymerase. SDS at the concentrations used in the procedure difllote that in fact, lane 1 does contain additional low intensity
not affect PCR efficiency. We also tried to use other procedurdsands. These background bands are seen more clearly in lane 2,
such as alkaline lysis, commonly used for DNA liberation fromwhere the same sample as in lane 1 was overloaded to reveal the
single cells9,18), as well as boiling of the cells in water or buffer. low intensity background. These bands appear at similar relative
Neither of the two procedures worked in our hands for thiatensities in all our PCR reactions, even when PCR is performed
preparation of long-distance PCR template, although we hawea just a few initial mtDNA molecules. This means that these
successfully used them for short fragment PCR before. bands represent deletions that are continuously generaied by
This simple micro SDS/proteinase K procedure proved vergolymerase during PCR (deletional ‘hotspots’). Alternatively,
efficient for preserving the integrity of long DNA fragments. Thethese deletions could have been caused by mispriming during the
yield of undamaged mtDNA molecules was very high. Wanitial PCR cycles. We ruled out such a possibility by demonstrat-
obtained on the order of 1000 amplifiable full-length mtDNAIng that these deleted mtDNA species could be amplified by a
molecules per isolated cell, which was demonstrated by the fesetcond internal set of nested primers (data not shown).
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Figure 3. Distribution of cells enriched in deleted mtDNA among tissues of
different ages. The histogram represents the number of cells which were not

Figure 2. PCR of the whole mtDNA genome from individual cardiomyocytes. black iched in deleted ; :
Lane 1, a typical PCR from a cell that does not contain deleted mtDNA. Lane g%r\?ey% 2L\{ijeercets( aggd) t?:tc\?e:n énl :nz ?.OET ;,Eg‘rim the heart tissue of each of

2, ‘background bands’ presumably generated by PCR (marked by asterisks):
the same PCR reaction as in lane 1 is overloaded to reveal the low intensity
bands. Lanes 3 and 4, PCR from DNA isolated from homogenized heart tissue
of a 31 and a 101 year-old donor, respectively. Overloaded to visualize lowyere PCR artifacts, they would fall within a class of PCR artifacts
intensity bands. Lanes 5-11, PCR from individual cells that were found positiveca”ed ‘jackpots’ 20) Jackpots are ponmerase errors that arise in

for mtDNA deletions. Lanes 5-8, cells from a 101 year-old donor (9.1, 12, 3.7
garly PCR cycles, when only a small number of templates are

and 12.5 kb, respectively); lanes 9-11, cells from the 102 year-old donor (11.57<" ", 2 W . ates
3.7 and 6.3 kb, respectively). M (marker lane), 1 kb ladder, lowest band, 3 kbavailable for replication; as a result, their apparent fraction in a
given sample may be rather high. However, the probability of such
an early event is low, so these errors will show up as strong bands,
Inspection of Figure leads to several conclusions. First, thesporadically occurring in rare samples, i.e. exactly as we observed
mitochondrial genomes with deletions are not distributed homdAd our experiments. To eliminate the possibility that the observed
geneously within the tissue but are concentrated to a significageletions were PCR jackpots, we performed replicate PCR with
fraction in a few individual cells. Second, each of thosdNA from each cell, which demonstrated the presence of
deletion-rich cells contains only one type of deletion and differer@tdditional bands. This was possible because only 1/10 of DNA
cells contain different types. We conclude that in each of theégolated from a single cell was routinely used for a PCR. If the
cells a single initial mutational event was succeeded by dafeletions that we observed were PCR jackpots (or low frequency
increase in the number of mutant mtDNA copies, each of whidgiandom aberrant events of any other origin), they would not be
was a descendant of the original mutant copy (‘clonal expa®bserved in duplicate reactions. This is because it is very unlikely
sion’). Third, each species of deleted mtDNA (with onethatalow frequency random event will take place in duplicate PCR
exception) was detected only once. Assuming that we wefom the same cell. The presence of all the deletions reported in this
sampling randomly from a pool of deleted mtDNA of differentcommunication was confirmed by duplicate PCR. Several candi-
types and given that 13 samples out of 14 appeared to be differefte deletions which failed to appear in a duplicate PCR were
we conclude that the number of different types of deletions thdiscarded, even though they may have represented mutation events
are present in the tissue in measurable amounts may be quitevery low copy number.
large. Interestingly, none of the deleted mtDNA species we Figure4 shows examples of replicate PCR amplifications from
detected is identical with the ‘common’ 4977 bp deletion, whicta few single cell DNA samples, which were considered candi-
was shown to be the most frequent deleted mtDNA species @ates for containing deletions based on the first PCR amplifica-
certain mitochondrial diseasekd). tion. According to our criterion, the presence of a deletion in cells
We have screened more than 350 individual cells from sevdnand 2 (lanes 1a, 1b, and 2a, 2b, respectively) was confirmed,
donors aged 31 to 109 years. As shown in Figrevhich  while in cells 3 and 4 (lanes 3a, 3b, 3c, and 4a, 4b, 4c) it was
represents the distribution of deletion-enriched cells amongjected. Additional confidence that the deletions we detect are
donors of different ages, deletions were found in 14 cells, all ¢fot PCR artifacts is conferred by the fact that these deletions are
which were from centenarian samples. The finding of 14 celdistinct from any of the set of ‘background deletions’ that arise
with deletions in 189 centenarian cells and 0 in 165 cells froeproducibly when a deletion-free sample is subjected to many

younger donors is significant at the 99% confidence levatycles of PCR (Fig2, lane 2). These bands represent the PCR
assuming a Poisson distribution. deletional ‘hotspots’, i.e. the set of deletions which are generated

by the thermostable polymerase at relatively high rates. If the
deletions we detect in the cells were PCR artifacts, one would
expect them to belong to this set of PCR hotspots.

Given the fact that PCR is capable of generating artificial deletions,In addition, we have determined the breakpoints of most of the
it is important to eliminate the possibility that the deletions reportedeletions isolated so far (11 of 14; examples are shown in Table 1).
above are merely PCR artifacts. The deletions we observ&ektermination of the breakpoints, in conjunction with our use of
occurred only in a small fraction of samples, and in those sampliegernal nested primers for the second round of PCR, provides a final
their fraction was relatively high. This indicates that if the deletiondemonstration that the deleted species are of mitochondrial origin.

Tests for artifacts
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Figure 5.Relative amplification efficiency of deleted mtDNA of different sizes.
Reconstructed mixtures of deleted and full-length mtDNA PCR fragments were
subjected to a 100- and a*ffold amplification. The change of the ratio of
deleted versus full-length species relative to the ratio in the initial mixture
Figure 4. Test for PCR artifacts: examples of replicate PCR amplifications from (2verage of three experiments) is plotted against the extent of amplification.
DNA of individual cardiomyocytes. Each of four sets of lanes 1 (a, b), 2 (a, b), Deleted mDNA species 12.5, 12, 11.5, 9.1, 6.3 and 3.7 kb are represented by
3(a, b, c) and 4 (a, b, c) represents a set of independent PCR ampiifications d?Pen squares, filled d|amo_nds, open triangles, filled triangles, open diamonds
DNA from one of four single cells, respectively. Each of the four cells was and filled squares, respectively.

initially considered a candidate carrier of a deleted mtDNA based on the

presence of a short PCR fragment (lanes 1a, 2a, 3a and 4a). In two of the four

cells duplicate PCR amplifications confirmed the presence of deleted mtDNAcg|lular mtDNA should have resulted ir%-fold increase of the
species 3.7 and 11.5 kb long (lanes 1b and 2b, respectively). In the other tWP

cells, duplicate PCR amplifications failed to confirm the presence of deleted at|o_. Consequently’ to infer the O”gma_l ratio in the Ce_"’ we have

mDNA although PCR were replicated twice (lanes 3b, 3c and 4b, 4c). mto divide the apparent post-PCR ratio (as determined by gel

(marker lane), 1 kb DNA ladder, the lowest band is 3 kb. densitometry) by the%/4 correction factor. The estimates of the
original fraction of deleted mtDNA in a few typical deletion-
enriched cells are shown in Tall@hese are the same cells which

were characterized by PCR in Fig@&danes 5-11).

Estimation of the fractions of deleted mtDNA in the cells
Table 1.Estimated fractions of deleted mtDNA in typical
deletion-enriched cells

The ratio of the shorter (deleted) to the full-length (wild-type)
PCR fragments in a single cell PCR does not reflect the original

ratio of wild-type to deleted mtDNA in the cell. As a rule, shorter Size and position of | Numberof | Average estimated
fragments amplify with a higher efficiency and become over- Pfﬁ(l;oiffn; (lif i’ indel;)é;dent frz:gm?f dsleteﬁ

H - H P H available) of delete mi 1in the cel
represented in the final PCR product. To infer the original fraction mDNA presentin | amplifications (£ root mean
of a deletion in the cell, the ratio of the deleted to the full-length the cell from the cell deviation)
prqquct must be corrected for 'ghe difference in amplification 125 kb s 0.11+.08
efficiency between the two [‘allelic preferencel]].

To determine the relative amplification efficiencies we per- 12kb 2 0.2240.12
forrr_]ed reconstruction experiments. We prepared mixtures con- 11.5 kb: 8,036/13.095 6 0.1940.03
taining known amounts of the deleted and the full-length PCR
fragments. The relative amounts of the deleted and the wild-type 9-1 kb 6,836714,380 5 0-24£0.08
temp_late in ear;h _reconstructed mixture were qhosen cI_ose to the 6.3 kb: 4,069/14,306 6 0.0540.036
anticipated ratio in the cell. After an appropriate dilution (the
dilutions were selected so as to keep the PCR within the log/linear 37 kb: 3.21 2716071 3 064203
range), these mixtures were amplifigt?- and 16-fold (8 and 3.7 kb: 3,212/16,071 6 0.024+0.022

16 cycles), and the ratios of deleted to full-length PCR fragments
compared to the pre-PCR mixture were determined for each type
of deleted mtDNA. The averaged results of this experiment The data presented in Tableshow that estimates of the
performed in triplicate are shown in Figére fractions of deleted mtDNA in individual cells are characterized
As seen in Figuré, the fraction of deleted mtDNA increases by relatively large variances. We presume that the uncertainty of
upon amplification, which reflects the fact that shorter PCRhe estimates stems primarily from the sampling error associated
fragments are amplified with higher efficiency than the full-with starting from extremely low copy numbers of deleted
length product. The relative efficiencies can be calculated fromtDNA. Indeed, if we typically harvest abal®00 full-length
the slopes of the graphs. The graphs are essentially straight limnetDNA copies per single cell, then, since only 1/10 of it is used
which enables us to extrapolate the results obtained féffalti0  for a PCR, each PCR starts from about 100 of total copies of
amplification to the[1L(°-fold amplification used to amplify mtDNA. Hence, a deleted mtDNA present at 2% fraction will on
mtDNA from individual cells. The reasoning is as follows: ifaverage be represented by only two copies. Obviously, the
10*-fold amplification resulted in axfold increase of the ratio sampling error in such a situation is expected to be quite high.
of deleted to full-length mtDNA, as documented by the reconzonsistent with this interpretation, the relative variance appears
struction experiment, then a®®Id initial amplification of the  to be smaller for the cells with higher deletion fractions.
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Comparison of single cells with homogenized tissue deletions (Fig3) suggests that these mutations could have a role
_ ) o _in the aging process. On the other hand, our data rule out the
To obtain a complementary view of the distribution of deletiongossibility that deleted mtDNA represent the major mtDNA
in the tissue, we also performed long PCR on DNA isolated froonstituent of the aged heart, as suggested by some sfifjlies (
homogenized tissue rather than individual cells. The results of|t s worth considering possible mechanisms that could cause
such analyses of the tissues from the 31 and the 101 year-gl@nal expansion of deleted mtDNA observed in these experi-
donor are presented in Figuielanes 3 and 4, respectively.  ments. Traditionally, this phenomenon was explained by prefer-

PCR products from homogenized samples do not contain agwtial amplification of shorter mtDNA species or preferential
prominent bands in addition to the wild-type. Instead, the¥yrvival of mitochondria carrying mutated mtDNA (reviewed in
contain multiple low intensity bands. This is exactly what wouldb3). |t is possible, however, that the ‘clonal expansion’ is merely
be expected based on our single-cell data. Indeed, we may ngwesult of genetic drift of mitochondrial genotypes within
consider that each low-intensity band represents one or sevargjividual cells. It has been shown that in the mouse, such genetic
cells containing a high fraction of the corresponding deletion. Igyift operates in the female germlir@} and in the colong).

a mixture of large numbers of cells, such as tissue homogenajge have recently hypothesized that similar mechanisms may be
many different deletions originating from different deletion-55o operative in post-mitotic tissues including heart, where it
enriched cells would be represented, resulting in multiple bandsgid be driven by constant turnover of mtDN26), We are
Given that deletion-positive cells are rare and any of manyyrrently testing this hypothesis by measuring cell-to-cell
possible deletions may occur in a given positive cell, the intensitystribution of neutral mitochondrial haplotypes in the heart of a
of any particular band is expected to be low, as observed. heteroplasmic mous&®).

When dealing with low intensity bands it is necessary 10 are the fractions of deletions that we observe in the deletion-
exclu_de; back_ground bands dlscussed_above, whlch_are COMPAEH cells (2-65%; see Tablg sufficient to cause physiological
able in intensity to the bands representing real mutational event$iecis? First, the presence of deleted mtDNA could directly
Comparison of lanes 2 and 4 of Figdrshows that DNA of the  affect the activities of the mtDNA-encoded enzymes. Indeed, a
101 year-old_ donor contains, in add|t|(_)n to the ‘background,q,ction of MtDNA copy number in transgenic mice By%
bands’, multiple fragments corresponding to deleted MtDNAggyts in a 40% decrease of activity of mitochondrial complex |
molecules. On the contrary, PCR of DNA of the 31 year-old doncé’nzymes in the hear?T). Furthermore, the observed mtDNA

(lane 3) shows mostly the ‘background deletions’. Thesge|etions may account for the increased susceptibility of the aged
differences between the middle-aged and centenarian donors e, tissue to stress by facilitating apoptosis. Indeed, cells
consistent with our findings in single cells. We note, however, that, rving mtDNA mutations are more vulnerable to oxidative
quantification and analysis of images such as lane 4 of Fagure gesq induced apoptosis, presumably due to facilitated mitochon-
which contains multiple, closely spaced, low intensity band§ys| permeability trans-itior2@). It is conceivable, therefore, that
complicated by the background, is extremely difficult andypen 4 cell containing a subpopulation of mitochondria with
unreliable. This was one_of_the reasons why we deC|ded_ ﬁutated mtDNA (such as a deletion-rich cell) is subjected to
measure deleted mDNA in tissues by single cell PCR, whiclyoqs "the defective mitochondria would undergo a premature
produces, in addition to all other advantages, much simplgjeymeanility transition, releasing cytochrome c, a known apoptosis
pictures, which are easier to analyze. initiator (29). In this way, even a small subpopulation of
mitochondria with mutated mtDNA could predispose the whole
DISCUSSION cell to undergo apoptosis even without affecting mitochondrial
function of the cell to any measurable extent. This hypothesis
We report that scanning of the whole mitochondrial genomes §£ems to gain support in recent experiments by Peter Zassenhaus
more than 350 individual cardiomyocytes from the hearts of thregho constructed transgenic mice harboring mutation-prone
middle-aged and four centenarian donors revealed that mostraftochondrial DNA polymerase gamma, expressed specifically
the cells had no mtDNA deletions, while in some cells as mudh the heart30). mtDNA mutant fractions in the hearts of these
as one-third of mitochondrial genomes carried a deletion. Ea¢hice are significantly increased compared to the non-transgenic
cell carried only one type of deleted mtDNA, while different cellscontrol mice, approaching one mutation per mtDNA molecule,
carried different types, as if accumulation of deleted mtDNA inwhich is close to the levels anticipated in old humans (see below).
the cells were a result of clonal expansion of a single initidnterestingly, these mice display early-onset severe dilated
mutational event. Interestingly, such deletion-rich cells wereardiomyopathy and significantly increased rates of (presumably
found exclusively in the hearts of centenarians, where theapoptotic) cell death, although no defects in mitochondrial
occurred at a frequency of up to about one in seven cells.  function have been detected, as would be expected if apoptoses
Our data are consistent with the results of others, which indicateere caused by a small subpopulation of defective mitochondria.
that mtDNA deletions accumulate to high fractions in certain cells Our data on deletions in homogenized tissue can be compared
within tissue while most cells remain deletion-fréed). The to those published by other groups in the field. The results
novelty of our data is that in contrast to previous studies of singteported here are consistent with those reported by Reyner and
cells, which concentrated on one or a few types of deletions, vidalthiery for skeletal muscleL{). These authors also observed
were able to detect all possible large deletions in each cell. Asagoredominance of the full-length PCR product in both old and
result, our study does more than merely confirm previous reporgsung donors, while the old donors presented multiple additional
that mtDNA deletions are clustered, it goes further to estimate thaw intensity deletion bands absent in the young. Predominance
overall percentage of cells in tissue that are affected by amyf full-length mtDNA in old skeletal muscle was also observed
possible mtDNA deletion. The fact that as many one in seven bf Melov and co-author8{), who used direct Southern blotting
heart myocytes in very old people are affected by mtDNAf restriction digested (not PCR-amplified) mtDNA. However,
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other groups have reported that full-length mtDNA was a minceiging process is strongly supported. Work is in progress to target
subspecies compared to deleted mtDNA in the muscle as wellssanning for mtDNA mutations to cells that display decreased
in the heart of old donorsl$22). Ozawa and co-workers mitochondrial transmembrane potential upon staining with
reported that only 11% of mtDNA in the heart of a 97 year-oldhodamine 123 (following the staining strategy of Ames and
donor were full lengthZ2). Our single cell data do not support colleagues;35). Similarly, to test the above hypothesis that
these latter observations of extremely high fractions of mtDNMtDNA mutations might be predisposing cells to apoptosis, one
deletions in the aged heart. We therefore wondered whether aauld stain the tissue for early apoptotic events (e.g., in response
cell-by-cell analysis could have missed some cells rich in deletéd an appropriate stress), isolate positive cells and then scan their
mtDNA (e.g., due to their higher fragility) and thus underestimatgitochondrial genomes for all possible mutations.
the total load of deletions. The fact that the data on homogenizedAn approach similar to that described herein has been reported
tissue (lanes 3 and 4 of FR).are consistent with our cell-by-cell in a recent paper by Linnane and co-auth®8sgublished while
analysis indicates that losses of this kind are unlikely. this communication was under review. Linnane and colleagues
The data reported in this communication may underestimatsed long PCR to detect deleted mtDNA in individual skeletal
the importance of mtDNA mutations because they providewscle fibers with respect to their cytochrome c oxidase status.
information about mtDNA deletions only. To obtain the completéAlthough the method used by the authors is similar to that used
picture, it would be necessary to also scan individual cells fdry ourselves, their results differ from ours in several respects.
somatic point mutations as well. Full-length mtDNA amplifica-First, the overall level of deletions reporteddf)(is much higher
tion from single cells described in this paper puts this seemingtan that which we and others4(31) have observed: almost
enormous task within reach. Once mitochondrial genomes frogvery cell tested contained at least some deletions, and a
a single cell are PCR amplified and are available in larggignificant proportion of cells appeared to contain deletions only
quantities, it is possible to scan them for point mutations by arnd no wild-type mtDNA at all. Second, most of the cells studied
of a number of scanning methods. Work is in progress to scéh (36) apparently contained multiple deletions, while in our
individual cells for mtDNA point mutations using a low costhands each cell contained not more than one type of deleted
‘two-dimensional gene scanning assay’ (TDGS).(This assay MtDNA. One possibility is that these discrepancies reflect the
can measure virtually all possible point mutations in the mostifferences between skeletal muscle and myocardium. We are
critical 25% of the mitochondrial genome, using full-lengthplanning to extend our measurements to skeletal muscle to test
amplified mtDNA as input. However, TDGS can only be used téhis hypothesis.
scan somatic mutations in single cells and cannot be applied tdn conclusion, the presence of large fractions of mtDNA
homogenized tissue. The reason is that TDGS (as well as otfigitations in a sizable subpopulation of cardiomyocytes in the
scanning approaches) is not designed to detect low frequer@ged heart indicates tha_lt such mutations have the potential to be
mutations. We and others have shown that typical frequencies@te of the causes of aging of the human heart. Further studies of
mtDNA mutations in human tissues are QI@3), which is well pell—to—cell distribution of mtDNA mutations will allow us to
below the sensitivity of TDGS1.0%). However, when individ- infer their role in the aging process with a higher degree of
ual cells are concerned, the situation is different. There afertainty.
indications that, similar to deletions, mtDNA point mutations
accumulate in individual cells of healthy tissu&s) (This means ACKNOWLEDGEMENTS
that, in individual cells of the tissue, we may expect to see
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