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ABSTRACT

The occurrence and types of complex forms and replicative intermediates
of mitochondrial DNA (mtDNA) were investigated in tissues from C57BL/6J mice
aged 10-11 months or 29-30 months. Total mtDNA from brain, heart, kidney and
liver was isolated in ethidium bromide-CsCl gradients and examined by elec-
tron microscopy after aqueous or formamide spreading. Contour length meas-
urements indicated no difference in the monomer size of mtDNA according to
either tissue or donor age. The frequencies of catenated mtDNA, ranging from
4 to 8%, varied significantly according to tissue but changed relatively
little as a result of donor age. The main age-related effect observed in
this study was a significant increase in the frequency of circular dimers,
from about 0.05% in adult tissues to 0.3% in kidney, 0.5% in liver, 0.6% in
heart and 1.9% in brain of senescent mice. The frequency of D-loop DNA
varied from 30 to 60% and that of larger replicative intermediates from 1 to
10%, suggesting differences in the rate of mtDNA replication according to
tissue. The frequencies and types of the various replicative intermediates
were unaffected by donor age.

INTRODUCTION

The prevalent form of mitochondrial DNA (mtDNA) in animal cells is a

circular duplex molecule of about 5-pm perimeter which constitutes the basic

genetic unit 4. A smaller portion of the mtDNA population occurs in two com-

plex forms: a catenated form consisting of two or more circular duplexes

which are topologically interlocked as the links in a chain and a circular

dimer form in which two genome-size units are covalently attached in a head-

to-tail arrangement 6.820. Catenated mtDNA has been found at frequencies
ranging from 2 to 10% in all normal tissues examined. In contrast, circular

dimers are seen very rarely in normal tissues, their frequency generally not

exceeding 0.1 to 0.2% 6,7,26. A much higher frequency of complex forms is

often found in malignant or otherwise pathological tissues, in some cultured

cell lines, and virus-transformed cells 6,29,30. The mechanisms of accumula-

tion and physiological significance of complex forms of mtDNA are incomplete-

ly understood.
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Recent studies of mtDNA replication in mouse L cells have described a
number of replicative intermediates and have led to a detailed model of mtDNA
replication 293,22,23,36. An early replicative intermediate containing a

small single-stranded displacement loop (D-loop DNA) is usually present at a
high frequency. Replication continues through expansion of the D-loop and
duplex synthesis on the displaced strand. Variations within this model have
been observed regarding the frequency of D-loop molecules and the synchrony
and pattern of duplex synthesis during expansion, for example, in rat liver
and rat hepatoma cells 42 and sea urchin oocytes 25. Although there is
evidence indicating mtDNA turnover in adult animal tissues 18, relatively
little is known of the pattern of mtDNA replication in various normal tissues.

This paper reports an electron microscope study of structural and repli-
cative forms of mtDNA in four mouse tissues: brain, heart, kidney, and
liver. The donors were C57BL/6J male mice belonging to two age groups:
adult mice of 10-11 months of age and senescent mice having reached the age
of average longevity (29-30 months).

MATERIALS AND METHODS

Animals

C57BL/6J male mice were obtained from the colony of Dr. C. E. Finch,

Andrus Gerontology Center, University of Southern California, Los Angeles.
These mice were originally received as retired breeders (8 months old) from
the Jackson Laboratory, Bar Harbor, ME and were subsequently maintained under
the husbandry conditions and health monitoring described previously
Two age groups were examined: adult mice, 10-11 months old; and senescent
mice, 29-30 months old (the age of 50% survival in this colony). Mice at an
age of 10-11 months are fully grown with respect to skeletal size and body
weight and correspond physiologically to human males aged 20-30 years; the
physiological age of the senescent mice used in this study would correspond

1 2to that of human males aged 70-80 years . The mice in each group weighed
about 30 g and appeared to be in good general health. The internal organs
were free of visible pathological signs, except for greatly enlarged but
otherwise clear seminal vesicles in three out of the four senescent mice
used; the latter condition is prevalent in the majority of C57BL/6J mice 24
months of age or older and is associated with an increased fluid content in
the seminal vesicles without detectable malignancy
Isolation of mitochondria

Mitochondria were isolated from brain, heart, kidney and liver; for each
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isolation, the organs from two mice were pooled and processed together. Two

procedures were used, differing mainly in whether the mitochondrial pellet

was treated with DNase before the extraction of the mtDNA or not. Both pro-

cedures were carried out in the cold. The tissues were trimmed free of fat,

minced, and rinsed in several changes of homogenization buffer. They were

then homogenized in about 1OX volume of buffer in a Potter-Elvehjem homogeniz-

er with a motor-driven loose-fitting teflon pestle until more than 90% of the

cells were disrupted, as monitored by light microscopy of samples stained

with methyl green and pyronin Y. In procedure 1, the homogenization buffer

was 0.25 M sucrose, 0.01 M Tris-HCl, 0.001 M CaCl2, pH 7.6; in procedure 2,

it was 0.25 M sucrose, 0.01 M Tris-HCl, 0.001 M EDTA, pH 7.6 (STE buffer).

The homogenates were centrifuged at 750 a (average) in a Sorvall HB-4 rotor

(Dupont Instruments, Newtown, CT) for 7 min. The nuclear pellets were dis-

carded and the supernatants centrifuged at 12,000 j for 12 min in the same

rotor. The supernatants were decanted and the mitochondrial pellets were

treated as follows. In procedure 1, the mitochondrial pellet was resuspended

in STE buffer and repelleted as before. In procedure 2, the mitochondrial

pellet was suspended in 2.0 ml of 0.25 M sucrose, 0.01 M Tris-HCl, 0.005 M

MgCl2, pH 7.6 containing 100 pg pancreatic DNase (2500 U/mg, electrophoreti-

cally pure, Worthington Biochemicals, Freehold, NJ) and incubated at 370C for

20 min to digest extra-mitochondrial DNA. The action of DNase was quenched

with an excess of STE buffer containing 0.005 M EDTA and the mitochondria

were repelleted as before. The mitochondria from the organs of two senescent

mice were isolated according to procedure 1, and the mitochondria from two

senescent mice and two adult mice were isolated according to procedure 2.

Isolation of mtDNA

The procedures used for the isolation of mtDNA were essentially the same

as described earlier 26 and were briefly as follows. The mitochondrial

pellets were suspended in 1.0 ml of 0.5 M NaCl, 0.1 M Tris-HCl, 0.01 M EDTA,

pH 8.0 (NTE buffer) and lysed with an equal volume of warm (37 C) 4% sodium

dodecyl sulphate in distilled water. The lysates were adjusted to a final

volume of 3.5 ml containing 1.55 g/ml CsCl (optical grade, Harshaw Chemical

Co., Solon, OH) and 300 ig/ml ethidium bromide (Boots Pure Drug Co., Ltd.,

Nottingham, England) and centrifuged for about 30 h at 40 krpm, 200C, in the

Beckman SW50.1 rotor. The tubes were illuminated with near-ultraviolet light

and the total DNA from the lower to the upper DNA band was collected. When

the isolation of the mitochondria included a DNase treatment of the mitochon-

drial pellet (procedure 2), most of the DNA (usually at least 90%) that was
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recovered banded in the lower band; when the DNase treatment was omitted
(procedure 1), the amount of DNA in the upper band generally ex'ceeded that in
the lower band due to the presence of contaminating nuclear DNA. The DNA
from each tube was dialyzed against Dowex 50 resin (Biorad Laboratories,
Richmond, CA) in NTE buffer, concentrated in the dialysis tubing with dry
Sephadex G-200 (Pharmacia, Uppsala, Sweden), and further purified by band-
velocity sedimentation on a CsCl gradient containing 100 vg/ml ethidium
bromide 26. The contents of the tube except for the upper portion located
above the nicked mtDNA band were collected, redialyzed as above, and used for
examination by electron microscopy. The velocity sedimentation removed the
bulk of the nuclear DNA, and the remaining large linear DNA molecules (in
samples obtained by procedure 1) did not interfere seriously with the electron
microscopic evaluation of mtDNA.

Electron microscopy

For an analysis of complex forms of mtDNA, the mtDNA was spread by the
aqueous basic protein film technique 10 from a solution containing 5 vg/ml of
ethidium bromide. Films were transferred onto parlodion-coated 300-mesh
copper grids, stained in alcoholic uranyl acetate, rotary shadowed with Pt-Pd,
and examined in a Philips EM200 operated at 40 kV. From 1000 to 2000 mtDNA
molecules per sample were selected at random and scored for the occurrence of
complex forms as described . The final score represents the pooled data
from at least two spreadings per group. In order to facilitate the identifi-
cation of circular and catenated dimers and to reduce the chance of accidental
overlapping, only those grids containing at least 90% of the mtDNA in the
relaxed (open) form and containing fewer than 250 mtDNA molecules per grid
square were evaluated. A preliminary study indicated that there was a signif-
icant increase in the apparent frequency of catenated forms when the number
of mtDNA molecules per grid square reached or exceeded 500. Each complex
mtDNA molecule was photographed and final classification was made after
analysis of the prints; when necessary, the negatives were traced on a Nikon
6F projection comparator and measured with a map measure. All mtDNA molecules
classified as circular dimers were verified by length measurement.

Replicative forms of mtDNA were visualized by formamide spreading 25 and
evaluated as follows. Prints (final magnification about X25,000) of randomly
taken electron micrographs were scored for the frequencies of the various
classes of replicative intermediates. The lengths of the single- and double-
stranded regions in the molecules were measured from the enlarged tracings of
the negatives. Formamide preparations were also used to measure the contour
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length of clean duplex mtDNA circles using duplex 4X174-RF DNA as an internal

standard. A molecular weight of 3.45 X 106 was taken for pX174-RF DNA

We are indebted to Dr. Paul Johnson for a gift of 4X174-RF DNA.

The frequency distribution of molecular classes was analyzed in chi-

square tests using 2 X 2 and 2 X C contingency tables; a correction for
3 9

continuity was applied for small class frequencies

RESULTS

Complex forms of mtDNA

Table I summarizes the frequencies of complex forms of mtDNA obtained

from the organs of adult mice. In each case, the organs from two mice were

pooled and processed together for the isolation of mtDNA; the processing in-

cluded a DNase treatment of the mitochondrial pellet. The total mtDNA, in-

cluding lower and upper bands, was used for electron microscopic evaluation

after spreading with the aqueous protein film technique.

TABLE I

Frequency of Complex MtDNA in Tissues from Adult Mice*

MtDNA form Brain Heart Kidney Liver

Monomers 94.6 ± 1.0 94.0 ± 0.9 96.1 ± 0.8 95.4 ± 0.9

Circular dimers 0 0.1 ± 0.1 0.05 ± 0.1 0

Catenanes consisting of:

2 monomers 5.2 ± 0.9 5.3 ± 0.9 3.5 ± 0.8 4.4 ± 0.9

3 monomers 0.2 ± 0.2 0.5 ± 0.3 0.3 ± 0.2 0.2 ± 0.2

4 monomers 0 0.04 ± 0.1 0 0.05 ± 0.1

Total complex forms (wt%)t 10.5 11.7 7.8 9.0

Total molecules scored 2174 2435 2162 2193
*

Frequencies are given as percent of total number of molecules scored ± the
statistical sampling error at the 95% confidence limit.

Total circular dimers and catenanes expressed as a percent of the mtDNA mass.

The frequency of circular dimers was extremely low, from zero to 0.1%, in

all the samples examined. Altogether, a total of 4 circular dimers were seen

in a population of 8,964 mtDNA molecules from the four organs, or a frequency

of about 0.05%. The frequency of catenated dimers and oligomers varied from

4 to 6%, or 8 to 12% of the mtDNA mass. Despite this narrow range, there is

a significant heterogeneity in the frequencies of total complex forms

(number-%) in the four organs (P<0.01).
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Table II shows the distribution of complex forms of mtDNA from the

organs of senescent mice. In these mice, two procedures were used for the

isolation of mtDNA, one involving a DNase treatment of the mitochondrial

pellet and the other omitting this step (see Materials and Methods). The
pooled organs from two mice were used for each procedure. However, since
neither the frequencies of complex forms (including circular dimers) nor

those of replicative forms of mtDNA differed significantly between the two
groups, the pooled data are presented throughout this paper.

TABLE II

zx MtDNA in Tissues from

The frequency of circular dimers,

ously elevated in senescent tissues.

(or 1.9% if circular dimers occurring

Senescent Mice*

ranging from 0.3 to 1.6%, is conspicu-
The frequency is highest in brain, 1.6%

in catenanes are included). As compared
with adult tissues, the increase in circular dimer frequency is statistically

significant in brain (P<0.001), heart(P<0.01), and liver (P<0.01) but not in

kidney. The incidence of circular dimers in senescent brain is significantly
higher (P<0.001) than in any of the other senescent tissues.

The frequency of catenated forms shows relatively little change in

senescent tissues, although it is somewhat elevated in brain (P<0.01) and
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MtDNA form Brain Heart Kidney Liver

onomers 90.7 ± 1.2 95.0 ± 0.7 94.3 ± 1.0 94.8 ± 0.9
Circular dimers 1.6 ± 0.5 0.6 ± 0.3 0.3 ± 0.2 0.5 ± 0.3
Catenanes consisting of:

2 monomers 6.8 ± 1.0 4.2 ± 0.1 5.0 ± 0.9 4.5 ± 0.9
3 monomers 0.5 ± 0.3 0.1 ± 0.1 0.4 ± 0.2 0.2 ± 0.2
4 monomers 0.1 ± 0.1 0 0.04 ± 0.1 0
5 monomers 0.04 ± 0.1 0.03 ± 0.1 0 0
2 circular dimers 0.04 ± 0.1 0 0 0
1 circular dimer 0.2 ± 0.2 0 0 0
+ 1 monomer

1 circular dimer 0.1 ± 0.1 0 0 0
+ 3 monomers

Total complex forms (wt%)T 18.1 9.7 11.1 10.1
Total molecules scored 2396 3600 2243 2201

I See footnotes in Table I.
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kidney (P<O.05), and somewhat lower in heart (P<0.05). The frequency of

total complex forms (number-%) is significantly increased in senescent brain

(P<0.001) and kidney (P<0.01), but there is no significant change in heart

and liver as compared with the corresponding adult organs.

Size of mtDNA

The contour lengths of the monomer circles of mtDNA from adult and

senescent tissues were measured with respect to double-stranded OX174-RF DNA

marker. Two adjacent OX174 circles were measured for each mtDNA molecule.

The DNA was spread with the formamide technique so that gapped circles could

be recognized; these were not included.

TABLE III

Size of Monomer Circles of MtDNA from Tissues from

Adult and Senescent Mice

Adult mice Senescent mice
No. of MtDNA size in No. of MtDNA size in

molecules 4X174 units* molecules cX174 units*

Brain 76 3.07 t 0.12 122 3.12 ± 0.14

Heart 57 3.13 ± 0.15 109 3.09 t 0.15

Kidney 50 3.12 ± 0.19 104 3.11 ± 0.20

Liver 88 3.07 ± 0.13 119 3.13 ± 0.17

The average size ± SD of monomer mtDNA circles in multiples of OX174-RF DNA.

There is no significant difference in the average size and distribution

of mtDNA in the different groups (Table III). We have also examined the oc-

currence of "odd-sized" mtDNA molecules, defined arbitrarily as those mole-

cules differing by more than ± 10% from the average size. The frequency of

such molecules was 2-3% and did not vary significantly according to either

tissue or donor age. The average size of mtDNA for the four tissues is

3.10 OX units, corresponding to a molecular weight of about 10.7 X 10 . (No

correction was made in this calculation for the spontaneous deletion of about

7% of the genome in a small percentage of 4X174-RF DNA in the am3 strain of
4 34X174 used in this study; ref. ).

Replicative forms of mtDNA

The frequencies of the various types of replicative intermediates of

mtDNA 36 were scored from electron micrographs of mtDNA spread with the forma-

mide technique. Molecules containing small displacement loops of up to 5%
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genome size were classified as D-loop DNA. Replicative intermediates with 6%

or larger expansions were classified as expanded-D molecules. The molecules

scored as gapped circles in this work contained single-stranded segments of 5

to 85% genome size.

TABLE IV

Frequency of Replicating Forms of MtDNA in Tissues

from Adult Mice*

MtDNA form Brain Heart Kidney Liver

Clean duplex circle 67.5 ± 5.6 46.9 ± 5.3 45.8 ± 6.3 63.8 t 4.8

With D loop 31.3 t 5.6 50.7 ± 5.3 49.6 ± 6.4 27.3 t 4.5

With expanded D loopl 0.8 t 1.0 2.1 ± 1.5 3.4 t 2.3 7.8 ± 2.7

Gapped circle 0.4 ± 0.7 0.3 t 0.6 1.3 ± 1.4 1.0 ± 1.0

Total molecules scored 265 341 238 384
*

Each monomeric unit of a catenane is scored as a separate molecule. Fre-
quencies are given as percent of total number of monomers scored t the
statistical sampling error at the 95% confidence limit. The terminology
of replicative forms follows that of Robberson et al. 36.
Approximately 20% of expanded-D molecules exhibited some degree of branch
migration and are included in this class.

Table IV shows the distribution of replicative forms observed in total

mtDNA from adult organs. The frequency of D-loop molecules ranged from

about 30% (brain, liver) to about 50% (heart, kidney). The frequency of

larger replicative forms (expanded-D molecules and gapped circles) varied

widely, from about 1% in brain to about 9% in liver. There is a significant

heterogeneity in the occurrence of both of these classes of molecules in the

four tissues (P<0.00l).

The frequencies of the different classes of replicative forms in mtDNA

from senescent organs (Table V) are similar to those in adult tissues. The

only difference amounting to statistical significance (P<0.05) is observed

in the frequency of D-loop DNA in heart which is somewhat higher, about 60%,

in the senescent group. On the other hand, a highly significant tissue-

dependent heterogeneity (P<0.001) in the frequency of D-loop molecules and

that of larger replicative forms also exists in the senescent group. If the

data for adult and senescent mice are pooled, one obtains the following fre-

quencies of larger replicative intermediates in the four organs: brain,
0.9%; heart, 2.0%; kidney, 3.9%; and liver, 10.0%. Between any two organs,
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the difference in these frequencies is statistically significant.

TABLE V

Frequency of Replicating Forms of MtDNA in Tissues

from Senescent Mice*

MtDNA form Brain Heart Kidney Liver

Clean duplex circle 73.2 ± 2.8 39.2 ± 4.5 53.4 ± 4.6 62.5 ± 3.0

ith D loop 26.0 ± 2.7 59.0 ± 4.5 43.1 ± 4.6 27.0 ± 2.7
With expanded D loopT 0.5 ± 0.4 1.6 t 1.1 2.2 ± 1.4 7.7 ± 1.6
Gapped circle 0.3 ± 0.3 0.2 ± 0.4 1.3 t 1.1 2.7 ± 1.0

Total molecules scored 987 449 453 1028

I See footnotes in Table IV.

Pattern of duplex synthesis

Since the mtDNA isolated from liver contained a high percentage of

expanded-D forms, these molecules were used for an analysis of the pattern

of duplex synthesis on the displaced strand. The size of the duplex seg-

ment(s) was measured in 40 expanded-D molecules, selected at random, from

control liver and in 50 such molecules from senescent liver. Fig. 1 illus-

trates the extent of duplex synthesis in these molecules as a function of

expansion. The pattern is similar in the two groups. About 50% of the

expanded-D molecules have undergone at least some degree of duplex synthesis,
and about 3% (in the combined total for the two groups) were totally double-

stranded Cairns' forms. Although duplex synthesis can be initiated at any

point during expansion, its frequency increases considerably in replicating
molecules that have expanded through about 30% of the genome. About 1/5 of

the expansions undergoing duplex synthesis had more than one duplex segment,
indicating multiple initiations. Although no detailed studies were made,
the larger replicative forms observed in the mtDNA from brain, heart, and

kidney showed a pattern of duplex synthesis similar to that of liver mtDNA.

DISCUSSION

The experimental animals used in this study appeared to be healthy and

the organs used for the isolation of mtDNA were free of malignant growth or

other visible pathological signs. Senescent mice at the age of 50% longevity
in this colony represent a healthy subpopulation by a number of criteria 13*

Therefore, any changes observed in the properties of mtDNA between the two
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FIGURE 1 Relative duplex synthesis in expanded-D molecules of liver mtDNA
from adult mice (left) and from senescent mice (right). The numbers within
the circles indicate the number of overlapping data points. The diagonal
line gives the position for fully double-stranded expansions. The units are
in genome size. Inserts: electron micrographs of liver mtDNA with ex-
pansions of 0.15 (left) and 0.7 (right) genome size; duplex regions are in-
dicated by brackets.

age groups can be reasonably attributed to "normal" aging processes rather

than to age-related pathological conditions. It is noteworthy that the brain

and endocrine glands of senescent C57BL/6J male mice were found free of

detectable malignancy in over 300 necropsies
The measurements of contour lengths have failed to reveal any signifi-

cant variation in the size of mtDNA either between different organs or as a

result of donor age. Specific cleavage analysis of mammalian mtDNA with

restriction endonucleases also suggests that the mtDNA in different organs of

the same individual is highly homogeneous, although a small degree of micro-

heterogeneity may be present

The frequencies of catenated mtDNA forms in this study are well within

the range generally observed in normal animal tissues . More than 90% of

the catenanes observed were diners and most of the remainder were trimers; no

catenane larger than pentamer size was encountered. There is relatively
little change in the proportion of catenanes in senescent tissues as compared
with control tissues; the biggest change, an increase in the frequenlcy of

catenanes from 5.4 to 7.8%, was observed in senescent brain. The factors

regulating the frequency of catenated forms of mtDNA are poorly understood,
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but studies in HeLa and L cells suggest that both linking and unlinking of

molecules occur at a rapid rate resulting in a dynamic equilibrium between

monomers and catenanes 3, 16. The proportion of catenanes tends to be higher

in tumors, established cell lines, and transformed cells, but may also

depend on the growth conditions of cells 6, 29, 30 Among normal cells, mature

oocytes of sea urchins and mice were found to contain a relatively high per-

centage (about 25 weight-%) of catenated forms 32, 3. There is no reason to

suspect that the catenated state per se would interfere with the normal

genetic function of mtDNA.

The very low frequency (about 0.05%) of circular dimers in the mtDNA

from adult mice in this study is in agreement with the reported scarcity and

apparent absence of this form in normal tissues of mice and other species
6, 7, 2 67 26. An earlier report of a high content of circular dimers in mtDNA

from apparently normal human and beef thyroids 31 was not substantiated by a
2 6recent comparative study of thyroid mtDNA . Increased frequencies of

circular dimers, ranging from a few percent to up to 50%, have been observed

in several human malignancies: granulocytic leukemia 8,9 , oncocytomas of the
3 0 3 8salivary glands , and a few solid tumors . Circular dimers constitute

several percent of the mtDNA in mouse L cells, but the frequency of these

forms could be increased significantly by exposure of the cultures to adverse

growth conditions and metabolic inhibitors 27,28,29 A subline of L cells

containing 100% circular dimers of mtDNA has also been obtained 6,22,23. The

mechanism by which mtDNA monomers are converted to the circular dimer form

has not been established, but a replication error may be involved by analogy

to circular dimer formation in bacteriophage 4X174 DNA , Xdv plasmid DNA in
- 1 9 1 7recA host , and SV40 viral DNA

In view of the apparent association of circular dimers of mtDNA with

pathological conditions and physiologically abnormal cells, the increased

frequency of these forms in the organs of senescent mice is of interest and

potentially of pathognostic significance. The values of circular dimer fre-

quency for the four tissues may be considered as minimal estimates since

structurally abnormal mitochondria, which may conceivably contain an increased

incidence of aberrant mtDNA, could have been preferentially lost during cell

fractionation 40; however, DNase treatment of the mitochondrial pellet in the

present study did not significantly affect the frequency of circular dimers

and other complex forms. These results suggest that the age of the donor

needs to be considered as an additional factor which may affect the content

of circular dimers in the mtDNA isolated from animal and human tissues. For
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example, in previous studies, the elevated content of circular dimers (about

1%) observed in thyroid mtDNA of older cows 26 and mtDNA of cow heart 6 may

well have been related to donor age.

The highest incidence of circular dimers, about 2%, was observed in mtDNA

from senescent brain; it remains to be determined whether certain cell types

or regions of the brain are involved preferentially. Age-related degenerative

changes in mitochondrial structure (for example, in the cristae) and defects

in the respiratory function of the mitochondria have been noted in a number of

tissues, for example, mouse brain 21, flight muscle from aging blowfly 37'41
rat skeletal muscle 5, and mouse liver 40. The increased frequency of circu-

lar dimers of mtDNA, as observed in the present study, may well be related to

some of these aberrations in mitochondrial structure and function. The mito-

chondrial changes themselves may be secondary to age-related disturbances in
1 2cellular metabolism due to intrinsic and extrinsic factors . Nevertheless,

if defects in the mitochondrial genetic system develop, this may have serious

consequences in non-dividing cells such as nerve cells. If the mutant mito-

chondria have a selective advantage, they can replace the normal mitochondrial

population within the cell, causing permanent functional damage or cell death.

The replicative forms of mtDNA observed in the four tissues in the pres-

ent study can be arranged in a sequence similar to that found in mouse L
293922923 36 42cells -, , , 6 and in rat liver and rat hepatoma cells . A minor

difference from the L-cell model is that the degree of asymmetry in the repli-

cation of the two strands is smaller in mouse liver mtDNA and probably also in

the other tissues examined. The frequency of D-loop DNA was 30 to 60% and

varied significantly according to tissue. Significant tissue-dependent

differences were also found in the frequencies of larger replicative forms,

ranging from 1 to 10%.

The presence of larger replicating intermediates in the four organs in-

dicates that the mtDNA is indeed turning over in these tissues, as has been

shown also by radioisotope labeling studies of mtDNA in the corresponding
1 8

organs of the rat . The apparent half-lives of mtDNA in the rat organs

were: 6.7 days in heart, 9.4 days in liver, 10.4 days in kidney, and about 31

days in brain 18. Multiplying these values with the fraction of larger

replicative forms observed in the present study, one can estimate the aver-

age time needed for the replication of an mtDNA molecule: approximately 3 h

in heart, 7 h in brain, 10 h in kidney, and 20 h in liver. These values are

subject to change, since the actual turnover rates of mtDNA in mouse tissues

may be different. Nevertheless, these results suggest that significant
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tissue-dependent differences exist in the rate of replication of mtDNA. In

comparison, the time required for the complete replication of an mtDNA mole-

cule in mouse L cells in the logarithmic phase of growth has been estimated at

about 2 h

Neither the frequencies and types of the various replicative inter-

mediates of mtDNA, nor the pattern of duplex synthesis appear to have been

significantly affected by donor age. These observations suggest that there

are no gross disturbances in the replication process of mtDNA as a result of

aging and that the rates of synthesis and turnover of mtDNA remain relatively

unchanged in senescent tissues. A much larger sample of replicative forms

would need to be examined to detect possible minor variations in the pattern

of replication of mtDNA.
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