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Summary. Previous studies have revealed an increase of  
cytochrome c oxidase-deficient fibres/cells in the skeletal 
and heart muscle of humans during ageing. The enzyme 
defect is due to a lack of  both mitochondrial and nuclear 
coded enzyme subunits. In the present investigation in 
situ hybridization of mitochondrial DNA (mtDNA) has 
been performed on extraocular muscles of humans over 
70 years of age to show whether mutated mtDNA with 
the so called common deletion of 4,977 basepairs at posi- 
tion 8,48~13,460 of mtDNA accumulates in the cyto- 
chrome c oxidase-deficient fibres. The cytochrome c oxi- 
dase-deficient fibres revealed different hybridization pat- 
terns: a normal hybridization signal with three different 
mtDNA probes, a reduced or lacking signal with all 
three probes indicating depletion of mtDNA and a selec- 
tive hybridization defect with the probe recognizing the 
"common deletion" region of mtDNA as evidence of 
mtDNA deletion. The results suggest that during ageing 
defects of cytochrome c oxidase are associated with dif- 
ferent molecular alterations of mtDNA. Deletion and 
depletion of mtDNA are not the only nor probably the 
leading mechanisms responsible for the loss of respirato- 
ry chain capacity during ageing. The normal hybridiza- 
tion signal in most of the cytochrome c oxidase-deficient 
fibres and the loss of mitochondrial and nuclear protein 
subunits indicate the involvement of other, especially 
nuclear factors. 
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Introduction 

Cytochrome c oxidase is the terminal enzyme of the re- 
spiratory chain catalysing the reduction of molecular ox- 
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ygen to water in the mitochondria. The mammalian en- 
zyme is composed of 13 subunits. The three larger sub- 
units I-III  are essential for the catalytic function. They 
are coded on mitochondrial DNA (mtDNA) and synthe- 
sized in the mitochondria. The ten smaller subunits I V  
VIII are derived from nuclear DNA and most probably 
exert regulatory functions (Kadenbach et al. 1987). Defi- 
ciency of cytochrome c oxidase is a typical feature of 
mitochondrial encephalomyopathies (DiMauro etal .  
1987), but occurs, although to a lesser degree, also dur- 
ing ageing in various tissues (Hansford 1983; Miiller- 
H6cker 1989, 1990; Trounce etal .  1989; Byrne et al. 
1991) including the extra-ocular muscles (Miiller-H6cker 
et al. 1992). 

MtDNA is a double-stranded, circular molecule of 
about 16.6 kb in size (Anderson et al. 198l) and contains 
very few non-coding regions in the D-loop segment. The 
genome encodes for 22 transfer RNAs (tRNA), 2 ribo- 
somal RNAs and 13 proteins all being part of the respi- 
ratory chain enzyme complexes (Anderson et al. 1981; 
Attardi 1981; Chomyn et al. 1985; Attardi and Schatz 
1988): 7 subunits of NADH-dehydrogenase (complex 
I), one subunit of ubiquinone cytochrome c oxidoreduc- 
tase (complex III), three subunits (I-III) of cytochrome 
c oxidase (complex IV) and two subunits of ATP syn- 
thase (complex V). In mitochondrial encephalomyopath- 
ies a variety of mtDNA defects have been reported in 
the last 3-4 years: single or multiple small and large 
scale deletions as well as point mutations especially in 
tRNA genes, duplications and depletions (Holt et al. 
1988; Lestienne and Ponsot 1988; Zeviani et al. 1988, 
1989; Wallace 1989; Schon et al. 1989; Morgan-Hughes 
et al. 1990; Shoffner et al. 1990; Yoneda et al. 1990; Ko- 
bayashi et al. 1990; Goto et al. 1990; Otsuka et al. 1990; 
Cormier et al. 1991 ; Harding 1991 ; Moraes et al. 1991 ; 
Obermaier-Kusser et al. 1991 ; Tanaka et al. 1991 ; Yu- 
zaki et al. 1989; Enter et al. 1991 ; Tritschler et al. 1992). 

In chronic progressive external ophthalmoplegia and 
Kearns-Sayre syndrome - two closely linked variants of 
mitochondrial encephalomyopathies (DiMauro etal .  
1985; Petty et al. 1986; Lombes et al. 1989) the 4,977 



basepair  deletion ( " c o m m o n  dele t ion")  at  nucleotide 
posi t ion 8,482-13,460 of  m t D N A  has been described in 
various tissues (Holt  et al. 1989; Mi ta  et al. 1989; Mor-  
aes et al. 1989; Nelson et al. 1989; Gerbi tz  et al. 1990; 
Larsson  e ta l .  1990; Obermaier-Kusser  e ta l .  1990; 
Shanske et al. 1990; Degoul  et al. 1991). In bo th  dis- 
orders typically focal-segmental  defects o f  cy tochrome  

c oxidase are present ( Johnson e ta l .  1983; Mtiller- 
H6cker  et al. 1983, 1985, 1986; Byrne et al. 1985; Yama-  
m o t o  and N o n a k a  1988; Romero  et al. 1989). The com-  
m o n  deletion but  smaller and larger deletions also occur  
a l though at a lower frequency,  as a physiological  event 
during ageing, especially in post-mitot ic  cells such skele- 
tal muscle, hear t  muscle and brain (Cortopassi  and Arn-  
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Fig. 1. Linearized map of mitochondrial DNA (mtDNA) with localization of mtDNa probes GI, G2, G3 employed in the study and 
of the 4,977 basepair deletion ("common deletion") at nucleotide position 8,482 on the left side and 13,460 at the right side of the 
mt genome. The following genes are indicated by boxes: ND 1-6 and ND 4 L of NADH dehydrogenase (complex 1), cytochrome 
b (CYT B, complex 3), COX I-III (subunits 1 3, complex 4), ATP 6, ATP 8 of ATP synthase (complex 5) large (16 S) and small 
(12 S) ribosomal RNA. On, OL indicate origin of replication of the heavy and light strand. The transfer RNA genes are not shown 

Fig. 2. Superior rectus muscle of 
a 72-year-old man. A Cyto- 
chrome c oxidase staining reveal- 
ing a deficient fibre (X). B High 
succinate dehydrogenase activity 
in the deficient fibre (X). C In 
situ hybridization with the com- 
mon deletion probe (G3) showing 
a selective defect in the enzyme- 
deficient fibre (X). There is some 
residual hybridization signal in 
the defective fibre, indicating co- 
existence of mutated and normal 
mtDNA. D In situ hybridization 
with a probe outside the deletion 
region (GI) exhibiting no defect 
(J0- A-D • 640 



heim 1990; Ikebe et al. 1990; Linnane  et al. 1990; Hat-  
tori et al. 1991 ; H a y a k a w a  et al. 1991 ; K a t a y a m a  et al. 
1991 ; Sugiyama et al. 1991 ; Zhang  et al. 1992) but  also 
in the liver (Yen et al. 1991) and other  tissues (Linnane 
et al. 1990). 

In situ hybr idizat ion and polymerase  chain reaction 
(PCR)  amplif icat ion have revealed that  in mi tochondr ia l  
disease the deleted m t D N A  molecules accumula te  in the 
cy tochrome  c oxidase-deficient fibres (Mita et al. 1989; 
Shoubridge eta l .  1990; Collins e ta l .  1991), p robab ly  
causing the enzyme defect when a certain threshold level 
o f  muta ted  m t D N A  is reached. 

In  the present study, in situ hybr idizat ion o f  m t D N A  
was under taken  to clarify whether  m t D N A  molecules 

with the c o m m o n  deletion cluster in cy tochrome  c oxi- 
dase-deficient extra-ocular  muscles o f  elderly subjects. 

Materials and methods 

Ten extra-ocular muscles (superior rectus) of humans over 70 years 
of age dying suddenly from cardiovascular disease, by accident 
or suicide were investigated not later than 20 h post-mortem by 
enzyme histochemical and immunocytochemical detection of cyto- 
chrome c oxidase as previously described (Mfiller-H6cker et al. 
1989) and of succinate dehydrogenase (Lojda et al. 1976). In situ 
hybridization of mtDNA was also performed on frozen sections. 
Immunohistochemistry was performed with subunit specific anti- 
sera raised in rabbits against the mitochondrially derived subunits 

Fig. 3. Superior rectus muscle of a 76-year-old wo- 
man lacking hybridization signal with three 
mtDNA probes (GI, G2, G3), indicating loss of 
mitochondrial DNA molecules (depletion). A, B 
Lack of enzyme protein in three fibres (x,x,xx). A, 
mitochondrial subunit II/lII. B, nuclear subunit 
IV. C, D, E In situ hybridization of mtDNA with 
the probes G1 (C), G2 (D), G3 (E) showing no re- 
action product in one fibre (XJ(). x 640 
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II/IiI and the nuclear coded subunit IV (Mfiller-H6cker et al. 
]989). 

Specific probes of mtDNA (G1, G2, G3, see Fig. 1) were pro- 
duced by PCR for in situ hybridization. The amplifications were 
performed in reaction volumes of 100 ~tl, containing 200 pM each 
dNTP (dATP, dCTP, dGTP, dTTP), 50 mM potassium chloride, 
10 mM TRIS-HCI (pH 8.3), 1.5 mM magnesium chloride, 0.01% 
gelatine, 30 pmol of each primer and 2.5 units of Thermus aquaticus 
(Taq) polymerase (Perkin Elmer Cetus). The primers used for am- 
plification of G] G3 are located within the human mitochondrial 
genome according to (Anderson et al. 1981). G! -For: nt 4831-4847 ; 
G1-Rev: nt 5898 59]7; G2-For: nt 5971-5988; G2-Rev: nt 7588 
7608; G3-For: nt 9265-9282; G3-Rev: nt 10088 10107. Human 
mtDNA, isolated from placenta, served as template DNA in con- 

< 

Fig. 4. Different in situ hybridization patterns in the superior rectus 
muscle of a 79-year-old woman. A. Cytochrome c oxidase staining 
revealing four defective fibres (x, xx, xxx, xxxx). B. In the succi- 
nate dehydrogenase staining all fibres have intensive reaction de- 
posits. C. Immunohistochemical detection of subunits II/III. In 
the defective fibres the enzyme protein is lacking. D. In situ hybrid- 
ization in the common deletion region (G3 probe). In two fibres, 
(x, xx) the signal is clearly reduced. In two further fibres (xxx, 
xxxx) the signal is normal. E. In situ hybridization outside the 
deletion region (GI probe). In the fibre x a weakened reaction 
is still seen indicating co-existence of mitochondria with depletion 
and deletion of mtDNA in the same fibre. The fibre xx shows 
an intensive reaction indicating the presence of the common dele- 
tion (see also Fig. 2). In the fibres xxx, xxxx)  the hybridization 
signal is equally intensive. A-E • 640 

centrations of 0.1 1.0 ng per amplification reaction (Seibel et al. 
1991). The double-stranded DNA obtained was purified by Centri- 
con 100 Microconcentrators (Amicon). 

The PCR-DNA fragments were labelled by random primed 
incorporation (Feinberg and Vogelstein 1983) of digoxigenin-la- 
belled deoxyuridine triphosphate with the digoxigenin labelling kit 
of Boehringer Mannheim. Purified PCR-DNA was denatured 
(100 ~ C, 10 min), chilled on ice and mixed with the reaction mixes 
as described in the protocol of Boehringer Mannheim. To obtain 
a high amount of synthesized digoxigenin-labelled DNA suitable 
for in situ hybridizations, the amount of template DNA was ad- 
justed to about 30 ng per labelling reaction. The reaction was fin- 
ished after 24 h. 

The probes G1, G2 will hybridize both with normal mtDNA 
and mtDNA with the common deletion whereas the probe G3 
will only hybridize with normal mtDNA. 

In situ hybridization was performed according to Mita et al. 
(1989) and Shoubridge et al. (1990) with modifications. Frozen sec- 
tions 8 gm thick were placed on siliconized glass slides, air-dried 
for 30 rain, fixed in 4% paraformaldehyde for 45 min, washed in 
distilled water, dehydrated in graded alcohol and washed in phos- 
phate-buffered saline (PBS) containing 5 mM magnesium chloride, 
followed by 10 min proteinase K (5 gg/ml) at room temperature. 
After a washing step with PBS, acetylation in 0.25% acetic anhy- 
dride in 0. l M triethanolamine was performed at room temperature 
for 5 rain. The sections were then treated with DNase-free RNase 
(50 pg/ml in 50 mM sodium chloride and 10 pM TRIS/HC1 pH 
8.00) for 30 min at 37~ and after a washing step transferred 
into the prehybridization solution (50% formamide/0.6 mM sodi- 
um chloride/20 mM TRIS pH 7.5/0.02% Ficoll/0.02% polyvinyl- 
pyrrolidone/0.12% bovine serum albumin/1 mM EDTA/0.5 mg/ml 
salmon sperm DNA (sonicated)/dextran sulphate 10%/0.5 mg/ml 
total yeast RNA/0.010 gg/ml yeast tRNA) for 2 h at 42 ~ C. Dena- 
turation of the probe and tissue DNA was performed at 92 ~ C. 
The denatured probe was combined with the prehybridization solu- 
tion. The slides were hybridized at 4~44 ~ C overnight. 

Post hybridization washes were performed, twice in SSC for 
I h at room temperature and in 20% SCC for 3 h at 50 ~ C. 

Detection was performed according to the digoxigenin-detec- 
tion kit of Boehringer Mannheim. Following the development of 
the reaction the sections were embedded without dehydration or 
counter staining in glycerol gelatine. Control hybridizations were 
performed without denaturation of tissue DNA, and with the plas- 
mid probe pBR328. 

Results 

Cytochrome c oxidase s ta ining revealed scattered fibres 
with loss of  enzyme activity (Figs. 2A,  4A).  No defects 
of succinate dehydrogenase  (SDH) were seen in the cyto- 
chrome c oxidase-deficient  fibres (Figs. 2B, 4B). SDH 
staining was often increased indica t ing  a high con ten t  
of mi tochondr i a  in the cy tochrome c oxidase-deficient  
fibres. Immunohis tochemica l ly ,  loss of  immunoreac t ive  
enzyme pro te in  was seen in the mi tochondr ia l ly  coded 
subuni ts  I I / I I I  (Figs. 3 A, 4C)  and  in the nuclear  coded 
subun i t  IV (Fig. 3 B), as well as in other  nuclear  subuni t s  
(not  shown). 

In  the cy tochrome c oxidase-deficient fibres three dif- 
ferent hybr id iza t ion  types existed. In  the react ion type 
A there were single cy tochrome c oxidase-deficient  fibres 
with a selective hybr id iza t ion  defect of  the probe  G3 
recognizing the c o m m o n  delet ion region (Fig. 2, see 
methods).  Occasional ly,  in cy tochrome c oxidase defi- 
cient fibres, no hybr id iza t ion  signal was present  with 
the three probes  G1, G2, G3 (Fig. 3) indica t ing  loss of  
m t D N A  molecules (deplet ion of  m t D N A - r e a c t i o n  type 
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B). Most often the cytochrome c oxidase-deficient fibres 
showed a normal hybridization pattern with all three 
probes (reaction type C, Fig. 4). In fibres with the reac- 
tion type A or B a small number of normal reacting 
mitochondria were always present (Fig. 2, see also 4D). 
Occasionally the co-existence of mitochondria with de- 
pletion and of mitochondria with deletion of mtDNA 
was suggested in single fibres (Fig. 4, E). In longitudinal 
sections both the enzyme defect and the hybridization 
defect were segmentally developed and co-localized. No 
selective hybridization defect was observed for the G2 
or G3 probe. No hybridization signals either were ob- 
tained with the plasmid probe pBR328 and without prior 
denaturation of tissue DNA after RNase treatment. 
There was no cross-reaction with nuclear DNA. 

Discussion 

In previous reports dealing with hybridization of the 
mitochondrial genome in situ radioactive probes have 
been used (Mita et al. 1989; Shoubridge et al. 1990; Col- 
lins et al. 1991). In situ hybridization of mtDNA with 
digoxigenin as a marker molecule has to our knowledge 
not yet been reported. 

The specificity of the present results is well estab- 
lished; there is no cross-reaction with nuclear DNA in 
situ and with a plasmid probe pBR328. Omitting the 
heat denaturation step which leads to unfolding of the 
DNA double helix, also led to negative hybridization 
results. In addition cross-reaction with RNA could be 
excluded by pretreatment with DNAse-free RNAse prior 
to the hybridization step. 

The major finding of the present study is that in cyto- 
chrome c oxidase-deficient extra-ocular muscle fibres of 
elderly subjects different hybridization patterns of 
mtDNA co-exist, a normal hybridization signal with dif- 
ferent mtDNA probes including a probe recognizing the 
common deletion region (position 8,48~13,460 base- 
pairs), a selective hybridization defect in the common 
deletion region and a reduced or absent signal with three 
different hybridization probes indicating depletion of 
mtDNA. No selective hybridization defect was observed 
with the two probes outside the common deletion region. 
A systematic in situ screening of mtDNA has, however, 
not yet been performed. 

In previous reports on hybridization of the mitochon- 
drial genome in situ in Kearns-Sayre syndrome accumu- 
lation of deleted mtDNA in respiratory deficient fibres 
has been reported in skeletal muscle (Mita et al. 1989; 
Shoubridge et al. 1990; Collins et al, 1991). In contrast, 
during ageing most of the cytochrome c oxidase-defi- 
cient extra-ocular muscle fibres showed a normal hybrid- 
ization signal. These results imply that the common dele- 
tion is of minor importance in causing the cytochrome 
c oxidase defects during ageing because clustering of the 
deleted mtDNA molecules - a necessary prerequisite for 
causing the enzyme defect - was not the main alteration 
in the present study. Therefore it has to be assumed 
that the mutated mtDNA molecules, which in one study 
were estimated at 3 9% in the heart of man 80-90 years 

old (Sugiyama et al. 1991) are more widespread in elder- 
ly human muscle than in mitochondrial myopathies. 

The reduced hybridization signal with different 
mtDNA probes recognizing different segments of 
mtDNA is indicative of depletion of mtDNA. Otherwise 
one would have to assume different or multiple deletions 
in the same fibre segment, and the same mitochondrial 
population. This, however, appears unlikely and has not 
yet been demonstrated. The possibility that the loss of 
mtDNA is due to a diminished mitochondrial mass is 
excluded by the SDH-staining reaction and by the ultra- 
cytochemical findings of a normal or increased content 
of mitochondria in the defective fibres (Mfiller-H6cker 
et al. 1992). 

The pathophysiological mechanisms leading to such 
a depletion of mtDNA are unclear. Recently depletion 
of mtDNA has been reported in early and later onset 
infantile mitochondrial myopathies expressing either dif- 
fuse or focal deficiency of cytochrome c oxidase (Moraes 
et al. 1991; Tritschler et al. 1992). In these cases with 
an autosomal inheritance, apparently defective nuclear 
factors involved in mtDNA replication appear the most 
likely cause. Recently it has been shown that zidovudine, 
used in HIV therapy, may also lead to depletion of 
mtDNA by interfering with mtDNA replication through 
blockage of gamma DNA polymerase (Arnaudo et al. 
1991). 

In a case of Kearns-Sayre syndrome, characterized 
by cardiomyopathy, cardiac cytochrome c oxidase defi- 
ciency (Mfiller-H6cker et al. 1986) and the common de- 
letion of mtDNA (Obermaier-Kusser et al. 1990), we 
have observed a similar depletion of mtDNA (Mfiller- 
H6cker et al. 1992). Therefore the question of pathogen- 
etic interrelations between deletion and depletion of 
mtDNA arises. This assumption is further suggested by 
the occasionally observed colocalization of both phe- 
nomena in the same fibre (Fig. 4E) as seen in the present 
study. 

Generally it is assumed that the deleted mtDNA mol- 
ecules have a replication advantage due to their smaller 
size, thus accumulating during life especially in the non- 
mitotic skeletal and heart muscle cells, causing progres- 
sive impairment of respiratory chain function. This repli- 
cation advantage, however, may be lost when replication 
of mtDNA is handicapped due to progressive energy 
failure caused by the deleted mtDNA molecules. Loss 
of mtDNA may thus ensue due to a progressive block 
in the synthesis of mtDNA replication proteins. Further- 
more, "dilution" of mtDNA may occur because mito- 
chondrial proliferation apparently may still continue 
under these conditions, as is seen in the infantile mtDNA 
depletion syndrome (Moraes et al. 1991 ; Tritschler et al. 
1992) and in zidovudine myopathy (Dalacas et al. 1990), 
which both feature an increased content of mitochon- 
dria. The combined occurrence of mtDNA deletion and 
depletion has recently been described (Otsuka et al. 
1990). 

The normal hybridization pattern in most of the cyto- 
chrome c oxidase-deficient fibres in the extraocular mus- 
cles implies that during ageing depletion and deletion 
of mtDNA play a minor role in causing cytochrome 
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c oxidase deficiency. The normal hybridization pattern 
does not, however, exclude alteration of  mtDNA.  Point 
mutations of  tRNAs in particular, would be most consis- 
tent with defective synthesis of  mitochondrial cyto- 
chrome c oxidase subunits and have been demonstrated 
in various mitochondrial diseases (Wallace 1989; Goto 
et al. 1990; Kobayashi et al. 1990; Shoffner et al. 1990; 
Enter et al. 1991 ; Lauber et al. 1991 ; Obermaier-Kusser 
et al. 1991; Tanaka et al. 1991). The presence of  a minor 
proportion of  deleted m t D N A  molecules in those fibres 
with a normal in situ hybridization signal cannot, how- 
ever, be excluded. Their pathophysiological importance 
however, should be negligible. In vitro experiments with 
cybrids containing deleted and non-deleted m t D N A  
have shown that an excess of  mutated m t D N A  is neces- 
sary to cause the enzyme defect (Hayashi et al. 1991). 
Furthermore the loss of  cytochrome oxidase protein in- 
cluding both mitochondrial and nuclear subunits of  the 
enzyme in the ageing skeletal muscle (see also Mfiller- 
HScker et al. 1992) points to the involvement of  addi- 
tional (probably nuclear) factors interfering with protein 
synthesis, import, assembly or degradation in the mito- 
chondria. 

Free radical damage of  m t D N A  and membranes by 
oxygen radicals has repeatedly been assumed to be an 
important contributory factor in ageing (Miquel et al. 
1980; Fleming etal.  1982; Harman 1983; Nohl 1988; 
Linnane etal.  1989; Kadenbach and Miiller-HScker 
1990; Miquel 1991 ; Mfiller-HScker 1992). This hypothe- 
sis is based on: An approximately ten times higher fre- 
quency of mutations in mitochondrial as compared to 
nuclear DNA, the compactness of the genome, increas- 
ing the probability that mutations will affect functionally 
important regions, the lack of  adequate repair mecha- 
nisms, and the increased production of oxygen radicals 
in mitochondria with increasing age, promoting chemi- 
cal modification of  mitochondrial proteins and DNA. 

The present results indicate that cytochrome c oxi- 
dase defects occurring during ageing are associated with 
different molecular alterations of  mtDNA.  It is, how- 
ever, still unclear whether ageing of mitochondria repre- 
sents a primary factor in the ageing process or merely 
is a consequence of  it. Nevertheless, the decline of  respi- 
ratory chain function with ageing is an important factor 
in the progressive decline of  functional organ reserve 
capacity in senescence. 
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