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Summary. The origin and tissue distribution of the mitochondrial dysfunction
in Parkinson’s disease (PD) remains still a matter of controversy. To re-evaluate
a probably free radical-born, generalized mitochondrial impairment in PD, we
applied optimized enzymatic assays, high resolution oxygraphic measurements
of permeabilized muscle fibers, and application of metabolic control analysis to
skeletal muscle samples of 19 PD patients and 36 age-matched controls. We
detected decreased activities of respiratory chain complexes I and IV being
accompanied by increased flux control coefficients of complexes I and IV
on oxygen consumption of muscle fibers. We further investigated if randomly
distributed point mutations in two discrete regions of the mitochondrial DNA
are increased in PD muscle, and if they could contribute to the mitochondrial
impairment. Our data confirm the previously debated presence of a mild mito-
chondrial defect in skeletal muscle of patients with PD which is accompanied
with an about 1.5 to 2-fold increase of point mutated mtDNA.

Keywords: Mitochondria, mitochondrial DNA, oxidative phosphorylation,
Parkinson’s disease, skeletal muscle.

Introduction

Parkinson’s disease (PD) is a neurodegenerative disease affecting the dopami-
nergic neurons of the substantia nigra. The etiology of the disease is unknown
in the majority of cases, except some rare familial forms of PD [for review, see
Gasser (2001)]. More than a decade ago, it has been discovered that mitochon-
dria play an important role in the process of neurodegeneration, mainly on
the basis of findings of a mitochondrial respiratory chain complex I (NADH:
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ubiquinone oxidoreductase) deficiency in postmortem brain tissue of PD
patients (Mizuno et al., 1989; Schapira et al., 1989), together with reduced
immunoreactivity for complex I (Hattori et al., 1991). The origin of this
well-established complex I deficiency could not be determined so far, neither
on molecular genetic nor on protein structural level.

It has been shown over the past years that free radicals play a crucial role in
the process of neurodegeneration [for review, see Jenner (2003)]. If a disturbtion
of the fine-tuned balance of free radical production and detoxification is patho-
genic in PD, then it has to be clarified whether a mitochondrial dysfunction is
restricted to specific structures in the brain, or (as a result of a generalized imbal-
ance of free radicals) if mitochondria in other cells also show any involvement.
These considerations are not novel: A decade ago it was already assumed that a
mitochondrial dysfunction in PD might be present also in other tissues than brain
(Bindoff et al., 1989; Shoffner et al., 1991; Nakagawa-Hattori et al., 1992).
However, we found enormous inconsistencies regarding the expression of
defects of respiratory chain enzymes in PD, for example in skeletal muscle
(see Table 1). It has to be clarified at least, whether the mitochondrial dysfunction
in PD is generalized, or restricted to certain regions of the brain. Using an exten-
sive range of optimized, well-established analytical methods, we tried to reduce
uncertainty of previous data obtained on skeletal muscle tissue of PD patients.

The genetic background of a putative deficiency of respiratory chain en-
zymes remains elusive (Richter et al., 2002). We therefore hypothesized that
the ROS-induced damage of the mitochondrial DNA (mtDNA) would possibly
result in randomly distributed somatic point mutations, presumably at ex-
tremely low levels of heteroplasmy, in all regions of the mitochondrial genome.
Therefore we used the “double PCR and digestion” method (Pallotti et al.,
1996) in two discrete regions of the mitochondrial genome. This is a method
which has been proven to detect extremely low levels of point mutated mtDNA
(Wiedemann et al., 2002).

Table 1. Results of previous investigations on respiratory chain enzymes in skeletal muscle of
PD patients

Authors Complex I or Complex II or Complex IV
Complex 14 1III Complex I+ III

Bindoff et al. (1989, 1991) + + +

Shoffner et al. (1991) + + +

Nakagawa-Hattori et al. (1992) + - -

Mann et al. (1992)
Anderson et al. (1993) - - -
Cardellach et al. (1993)
Di Monte et al. (1993)

DiDonato et al. (1993)

Blin et al. (1994) + - +
Reichmann et al. (1994) — - -
Taylor et al. (1994) — — —
Wiedemann et al. (1999) + — +

+
\
+

(+) statistical significant difference to controls, (—) not significant
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Preliminary results of the study were already presented in abstract form
(Wiedemann et al., 1999).

Material and methods

Patients

PD subjects were selected from volunteers following an appeal of the “Deutsche Parkinson-
Vereinigung”. We selected younger patients without other diseases than PD and without any

Table 2. Parkinson’s disease patients characteristics

Patient Sex Age

Duration UPDRS Hoehn/ L-dopa Muscle histopathology and electron microscopy

no. (years) of disease motor Yahr treatment
(years) score score (mg/d)

1 m 65 8 34 3 1050 Mild to moderate neurogenic changes, dark
staining for mitochondrial enzymes. EIMi
normal.

2 f 47 10 25 3 250 Mild neurogenic changes, mild myopathic
changes. EIMi normal.

3 f 62 5 39 3 0 Moderate neurogenic changes. EIMi normal.

4 f 51 7 15 1.5 50 Mild neurogenic changes, dark staining for
mitochondrial enzymes. EIMi normal.

5 f 62 11 13 1.5 300 Mild fiber atrophy. EIMi not performed.

6 m 49 8 35 3 512.5 not determined.

7 m 71 3 8 1 375 Moderate fiber atrophy, enhanced staining
for mitochondrial enzymes. EIMi normal.

8 f 64 4 15 2.5 150 Mild neurogenic changes, dark staining for
mitochondrial enzymes. EIMi normal.

9 f 47 3 7 1 0 Mild neurogenic changes, dark staining for
mitochondrial enzymes. EIMi normal.

10 m 62 10 21 2.5 300 Mild fiber atrophy, myopathic features,
rare fiber necrosis, dark staining for
mitochondrial enzymes. No inflammation.
EIMi not performed.

11 m 78 13 19 2.5 500 Moderate neurogenic changes. EIMi normal.

12 f 37 3 11 2 0 Dark staining for mitochondrial enzymes.
EIMi normal.

13 m 56 3 7 1 200 not determined.

14 m 62 2 1 1 300 Moderate neurogenic changes, mild myopathic
changes, dark staining for mitochondrial
enzymes, ragged red fibers (<1%). EIMi with
mitochondrial crystalloid inclusions.

15 m 65 3 16 2.5 0 Mild fiber atrophy, mild myopathic changes,
dark staining for mitochondrial enzymes. EIMi
not performed.

16 m 71 4 20 3 200 Mild to moderate neurogenic changes, mild
myopathic changes. EIMi not performed.

17 m 54 12 29 3 1100 not determined.

18 f 61 5 13 1.5 0 Mild fiber atrophy. EIMi normal.

19 f 42 4 20 2.5 300 Mild to moderate neurogenic changes, mild

myopathic changes. EIMi not performed.

m male; f female; EIMi electron microscopy
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history of toxins and neuroleptic medication. 19 patients with PD (9 female and 10 male, age
37-78 years, mean 58 years) underwent skeletal muscle biopsy. The patients suffered from a 2—
13 years (median: 4.5) history of PD. The median motor score of the Unified Parkinson’s Disease
Rating Scale (UPDRS), measured whilst ‘on’, was 26.5 points (range: 4-57). All patients suffered
from the akinetic-rigid type of the disease. There was no family history in any of the PD patients.
PD was diagnosed on the basis of clinical evaluation, absence of signs accompanying secondary
parkinsonism, and response to dopaminergic drugs. Clinical evaluation of all patients was
performed by one senior neurologist (H.L.). Except for one PD patient (No. 7), who was a
long-distance cyclist, no patient reported to perform physical endurance training. Patient’s char-
acteristics are demonstrated in Table 2.

As controls for biochemical studies we selected 36 patients with muscular pain, fatigue,
cramps and vague electromyographic abnormalities who underwent diagnostic muscle biopsy.
There was no statistical difference between the age of the PD and control subjects (age 31-77
years, mean 52 years). The control subjects did neither have weakness and atrophy nor any sign
for a neuromuscular disorder in the routine histopathological investigation and in the routine
laboratory investigation (including creatine kinase and lactate). None of the controls was on
medication with levodopa, neuroleptics, or other drugs known to affect mitochondrial function.
All control subjects were clinically evaluated by the same senior neurologists (C.W. and H.L.). As
controls for molecular genetic studies on skeletal muscle we selected 9 age-matched patients (age
47-62 years, mean 57 years) out of the 36 control patients with biochemical data representative
for the whole control group. All patients and volunteers gave written informed consent (according
to the Declaration of Helsinki) prior to biopsy. The study was approved by the ethics committee
of the Medical Faculty, Magdeburg University.

Histological investigation

Staining for HE, cytochrome ¢ oxidase, succinate dehydrogenase, NADH reductase, myofibrillar
ATPase, and modified Gomori-Trichrome staining were performed following standard procedures
(Sciacco and Bonilla, 1996; Dubowitz and Brooke, 1973).

Preparation of muscle fibers

About 50 mg of biopsy tissue (M. vastus lateralis exclusively) was used for isolation of saponin-
permeabilized fibers as previously described (Saks et al., 1998). The saponin treatment was
performed as described (Kunz et al., 1993).

Respiration measurements and inhibitor titrations

The oxygen consumption of saponin-permeabilized muscle fibers was analysed at 25°C using the
“Oroboros” high resolution oxygraph (Anton Paar, Graz, Austria) as previously described (Kunz
et al., 1993; Saks et al., 1998). We used the specific complex I inhibitor amytal and the specific
complex IV inhibitor sodium azide to titrate the ADP-stimulated maximal respiration of muscle
fibers for determinations of the flux control coefficients (C;), as described (Kuznetsov et al., 1997,
Wiedemann et al., 1998).

Enzyme activities

All tissue samples used for enzymatic assays were kept frozen in liquid nitrogen until analysis.
All enzymatic activities were determined at 30°C in tissue homogenates using a Cary 100™
spectrophotometer (Varian, Mulgrave/Victoria, Australia) with two exceptions as stated below.
Skeletal muscle homogenate was made from 50 mg of muscle tissue in ice-cold phosphate buffer,
using an ultra-turrax homogenizer T25 (IKA, Staufen, Germany) 3 times for 15s at 24000 rpm,
and was centrifuged at 14000 rpm in a Eppendorf 5417R centrifuge at 4°C for 15 min. The CS
activity was measured in the supernatant as described in (Bergmeier, 1974). The activities of the
respiratory chain enzymes were measured in the remaining pellet (resuspended in ice-cold phos-
phate buffer). To find out whether the low substrate affinity of human skeletal muscle cytochrome
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¢ oxidase (COX) to the bovine cytochrome c (Van Kuilenburg et al., 1991) leads to uncertain
COX activity determinations, we measured the activity simultaneously in duplicate: First, using
the “classical” COX assay with a bovine cytochrome ¢ concentration of 80 uM (Wharton and
Tzagoloff, 1967) and second, using an optimized spectrophotometric method (Wiedemann et al.,
2000), with a dual wavelength spectrophotometer (Aminco DW 2000™, SLM Instruments,
Rochester/NY, U.S.A.), the wavelength pair 510 nm—535 nm (greg.0x = 5.9 mM~'ecm™!) and in
the presence of 200 pM bovine cytochrome. The activity of rotenone-sensitive NADH:CoQ-
reductase was measured as described in (Wiedemann et al., 2000). The succinate: cytochrome
¢ reductase was measured at 550nm after preactivation for 5min with 20mM succinate in
100 mM phosphate buffer (pH 7.4) containing 1 mM KCN and 80 pM ferrocytochrome c. All
enzymatic activities were assessed at least in duplicate.

Double PCR and digestion (DPD)

The method has been described previously (Pallotti et al., 1996; Wiedemann et al., 2002). Total
DNA was extracted from frozen skeletal muscle tissue by proteinase-K digestion and phenol-
chloroform extraction. Two mtDNA polymerase chain reaction (PCR) fragments were amplified
with 6-FAM labeled forward primers: One encompassing the mtDNA region of the nucleotides
(nt) 7440-7445 (the recognition sequence for the restriction endonuclease Xbal), the other en-
compassing the mtDNA region nt 8991-8995 [the recognition sequence for Mval; numbering
according to (Anderson et al., 1981)]. Both regions can harbour well-established pathogenic
mtDNA mutations: nt 7445 is mutated in sensorineural hearing loss [SNHL; Reid et al.
(1994)], and nt 8993 is mutated in neuropathy, ataxia, and retinitis pigmentosa [NARP; Holt
et al. (1990)]. PCR products were digested with 0.2 U/ng DNA overnight with Mval (restriction
site at nt 8993) or Xbal (restriction site at nt 7445); both enzymes cut only wild type mtDNA at
these respective sites. Complete digestion was assured by separation of the 6-FAM labeled PCR
products on an ABI Prism® 310 capillary sequencer as follows below. The digested DNA samples
were used as a template for a second round of PCR. Since only uncut molecules could be re-
amplified, mutated (i.e. uncuttable) mtDNA molecules were amplified selectively. After a second
round of digestion with either Mval or Xbal, 10 pl of the digestion product were electrophoresed
through a polyacrylamide gel (5.8% for the fragment containing the Xbal site and 8% for the
fragment containing the Mval site) in a horizontal electrophoresis device (Multiphore 2™,
Pharmacia, Uppsala, Sweden) and silverstained to estimate DNA content and quality. The
digested and undigested DNA fragments were separated on an ABI Prism® 310 capillary sequenc-
er (Applied Biosystems, Foster City/CA, U.S.A.), and the undigested DNA was quantlﬁed with
respect to the total amount of PCR fragment ampllﬁed by means of the GeneScan® 3.1.2 Analysis
Software (Applied Biosystems). The GeneScan®-500 Rox™ Size Standard (Applied Biosystems,
Warrington, U.K.) was used for the identification of the two 6-FAM labeled fragments.

PCR-conditions

After denaturation for 3 minutes at 94°C, 30 cycles were performed including denaturation for
1 min at 94°C, annealing for 1 min at 55°C, and extension for 1 min at 72°C followed by a final
extension step at 72°C for 7 minutes. The digestion time was 16 hours for both enzymes. The
primers for the fragment containing the Xbal site were nt 7321-7340 and nt 7669—7648, accord-
ing to the Cambridge sequence (Anderson et al., 1981). For the fragment containing the Mval site
we used nt 8657-8674 and nt 9279-9257.

Southern blotting

The procedures were described previously (Kirches et al., 1998). The blots were hybridized with
a digoxygenin-labeled total human mtDNA probe (DNA extracted from isolated skeletal muscle
mitochondria). Digoxygenin detection was performed using an anti-digoxygenin antibody,
conjugated with alkaline phosphatase and CSPD-chemiluminescence (Tropix, Bedford/MA,
U.S.A.). Screening for mtDNA depletion was performed using a mixed probe, which contained
a P*’labeled, cloned fragment of the human 18S-rRNA-gene, besides the P**-labeled mtDNA.
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The plasmid was a kind gift from Dr. C. McMillan (Montreal, Kanada). Labeling of equal
amounts of Pvull-digested human mtDNA and of the plasmid insert was performed using the
standard ready-reaction-mix from Amersham (Freiburg, Germany). The hybridized blots were
read in a Fujix BAS-1000 phosphoimager (Fuji PhotFilm Co., Tokyo, Japan). The ratio of the
total intensities of both fragments (16.6 kb versus 12kb) was calculated.

Sequencing

Total DNA was extracted from frozen skeletal muscle tissue and from one milliliter of an EDTA
blood sample. PCR amplification was performed in a PTCI100 thermal cycler (Biozyme,
Hessisch-Oldendorf, Germany) starting with 100ng DNA in a total reaction volume of 25l
containing 0.3 U Goldstar DNA polymerase (Eurogentec, Herstal, Belgium) in the appropriate
buffer, 1.5 mM MgCl,, 200 uM of each dNTP and 300 nM of the primers. All 20 base pair (bp)
primers were designated according to the position of their 5'-site in the L-strand or H-strand
of the Cambridge sequence (Anderson et al., 1981): 14236+ H4480 (tRNA cluster),
L4531 4 H4920 (ND2). After denaturation for 3 minutes at 93°C, 25 cycles were performed:
93°C for 1 minute, 55°C for 1 minute and 72°C for 1 minute, followed by a final extension step at
72°C for 7 minutes. Following electrophoretic control, the fragments were sequenced in both
directions on an ABI Prism® 273A sequencer (Applied Biosystems, Foster City/CA, US.A)
using the big dye™ terminator technology (Applied Biosystems, Warrington, U.K.).

Data analysis

Results are represented as mean values + standard error of the mean. Statistical significance was
assessed by unpaired two-tailed Student’s r-test for comparison of clinical data, DPD, and enzy-
matic activities, and by Mann-Whitney-U test for comparison of citrate synthase normalized data.
Correlations were verified using Spearman’s nonparametric correlation analysis. A p-value of
<0.05 was accepted as the level of statistical significance.

Results

Because of the comprehensiveness of the biochemical investigations on limited
amounts of biopsy material we could sometimes not apply all procedures to all
specimens. We nevertheless decided to demonstrate here all results to prevent a
selection of data and to avoid sharing the subjects into small subgroups. All
clinical and biochemical investigations were performed by the same individuals
over the whole time period without any changes in the methodology.

Histopathology in skeletal muscle samples

Cryostat sections were processed from 16 biopsy specimens. Table 2 shows that
the majority of the patients exhibited slight neurogenic changes (i.e., mild type
grouping, moderate fiber atrophy and some ‘‘dark angulated™ fibers). Interest-
ingly, 9 subjects showed very intensive mitochondrial staining in the SDH and
NADH dehydrogenase reaction. In one sample (No. 14) we noticed mitochon-
drial crystalloid inclusions in the electron microscopy and some ragged red
fibers (less than 1% in a section). We could not reveal other samples with
features of a mitochondrial myopathy (i.e., “ragged red” fibers or COX-nega-
tive fibers with dark staining for SDH).

Biochemistry in skeletal muscle homogenates

We determined the activities of CS, rotenone-sensitive NADH:cytochrome
¢ reductase (complexes I+ III), rotenone-sensitive NADH:CoQ; reductase
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Table 3. Mitochondrial enzymatic activities in skeletal muscle homogenates of PD patients and controls

PD patient no. Citrate NADH: NADH: Succinate: ~ Cytochrome Cytochrome ¢
synthase cytochrome  CoQ, cytochrome ¢ oxidase™  oxidase™*
¢ reductase  reductase ¢ reductase

1 229+0.08 3.41£0.06 1.70+0.04 1.53+0.07 3.72+0.18 2.80+0.12

2 11.6 £0.00 1954+0.03 1.284+0.04 1.04£0.02 2.10£0.27 4.50 £0.35

3 15.8+0.09 1.80£0.04 058+0.02 196+0.05 1.70+£0.01 4.92 £0.25

4 174+£0.05 2664+0.03 090+0.08 2.57+£0.02 2.83+0.00 3.10+0.25

5 177£0.02 2354+0.03 0594+0.07 193+£0.11 2.29+0.08 390+0.14

6 19.5+0.00 3.27£0.06 060+£0.05 2.84+0.10 5.05+£0.01 nd.

7 255+139 330£0.03 2514+0.13 352+039 5.03+£0.02 1590=£1.10

8 223+021 4.83+£0.07 nd. 407+£0.16 499+0.22 n.d.

9 12.8+094 235£0.01 154+0.10 1.53+0.03 1.88+£0.09 7.60 £0.53
10 223+0.10 452+£0.09 1.70+0.08 2.56+024 436+0.05 10.80=£0.80
11 119+£051 1.694+0.02 0.70+£0.08 133+£0.07 120£0.05 n.d.

12 121+£0.01 2.164+0.02 1.104£0.02 1.564+0.03 3.48+0.15 520£0.45
13 186045 1214+0.14 0.78+0.08 2.67+£0.05 199+£0.01 n.d.

14 203+0.60 3.65£0.07 280+0.11 3.27+0.11 3.21+£0.07 8.80 £ 0.66
15 20.7£1.80 195+0.10 1.57£0.04 2.134+0.05 636+£0.55 10.30+0.70
16 994+0.12 1.72+£0.05 n.d. 1.89+0.06 2.96+0.04 nd.

17 170£032 4794033 2244+0.03 3.09+£0.00 137£0.23 11.40£1.20
18 15.6£0.15 1.574+0.05 n.d. 099+0.02 263+£029 nd.

19 128 +£0.10 2.06+0.06 0.76+0.04 1.44+0.02 1.73+0.01 3.60 +0.09
Controls (n=36) 12.6£45 2724+131 147+058 1.79+£0.82 2.14+1.10 7.04£0

All enzymatic activities are expressed in U/g wet weight of muscle tissue. (1 U= 1pmol substrate
metabolized in 1 minute). N.d. not determined. * Cytochrome oxidase activity in the presence of 80 uM
cytochrome c; ** Cytochrome oxidase activity in the presence of 200 uM cytochrome c (as described in the

Methods section)

(complex I), cytochrome ¢ oxidase (complex IV) and succinate:cytochrome c
reductase (complex II 4 1III) in skeletal muscle homogenates. Absolute enzy-
matic activities are shown in Table 3. In conformity with the enhanced mito-
chondrial staining in some of the biopsy specimens of PD patients we observed
a marked increase of CS activity (PD patients: 17.1 £4.2U/mg wet weight,
controls 12.6 £4.5U/mg wet weight, p<0.0005). The one patient who gave
report to perform regular physical training (No. 7) exhibited the highest CS
activity. The absolute enzymatic activities of the complexes I + I1I, IT + III and
IV correlated tightly with the CS activity (p<0.005 for all enzymes) with the
exception of the complex IV activity measured with 200 pM cytochrome c,
where one data point (patient 1) was aberrantly low.

To consider differences in mitochondrial quantity in the individual muscle
samples, the activities have to be normalized with respect to the mitochondrial
marker enzyme citrate synthase (CS). As shown in Table 4, a significant
decrease of the mean activities of the CS-normalized complexes I, 14 11,
and IV (with 200 pM cytochrome c) were detectable in PD muscle. A slight
but not significant decrease was also present in the complex II + III activity of
PD patients. It was not possible to find any differences using the ‘“classical”
complex IV assay (with 80 uM cytochrome c).
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Table 4. Citrate synthase-normalized enzymatic activities in homogenates and respiration rates
plus inhibitor titrations of saponin-permeabilized skeletal muscle fibers

Controls PD patients Level of

(N =36) significance
NADH: cytochrome c reductase/ 0.23+0.11 0.16 £0.05 p<0.01
citrate synthase (N=19)
NADH: Coenzyme Q1 reductase/ 0.12£0.04 0.08 £0.03 p<0.01
citrate synthase (N=16)
succinate: cytochrome ¢ reductase/ 0.15 £ 0.05 0.13£0.03 n.s.
citrate synthase (N=19)
cytochrome ¢ oxidase/citrate 0.18 £0.08 0.18 £ 0.06 n.s.
synthase (80 uM cytochrome c) (N=19)
cytochrome ¢ oxidase/citrate 0.57 +£0.20 0.40+0.16 p<0.05
synthase (200 uM cytochrome c) (N=13)
pyruvate + malate respiration of 85+£29 9.54+24 n.s.
permeabilized muscle fibers (N=19)
glutamate + malate respiration of 73+£33 99+22 p<0.005
permeabilized muscle fibers N=19)
succinate respiration of permeabilized 11.5+42 128 +£2.38 n.s.
muscle fibers (N=19)
flux control coefficient of complex I 0.22 £0.06 0.31 £0.09 p<0.001
(amytal titration) N=19)
flux control coefficient of complex IV 0.24 £0.05 0.29 £0.07 p<0.005
(azide titration) N=19)

The respiration rates are determined at 25°C and expressed in nmol O2 /min/mg dry weight.

The flux control coefficients are determined by inhibitor titrations of the maximal respiration
(in the presence of 2mM ADP) with the substrates glutamate + malate for complex I and
glutamate 4 malate 4 succinate for complex IV. N.s. not significant

Biochemistry in permeabilized muscle fibers

To investigate the mitochondrial function in PD muscle in more detail, we
decided to use the “‘permeabilized muscle fibers” technique. These muscle
fibers, when treated with low concentrations of saponin, have been shown to
be a suitable model to study oxidative phosphorylation in skeletal muscle under
conditions much more similar to the in vivo situation than isolated mitochondria
or skeletal muscle homogenates (Kunz et al., 1993). The maximal rates of
respiration of these fibers are shown in Table 4. In agreement with the elevated
CS activity in PD muscle, the ADP-stimulated respiration rates of saponin-
permeabilized fibers of PD patients are higher than in control preparations.
To evaluate the metabolic effect of the relative complex I and IV deficien-
cies, we applied inhibitor titrations with the specific noncompetitive inhibitors
of complex I — amytal — and complex IV — sodium azide (Hattori et al., 1991).
Typical amytal titrations of the ADP-stimulated muscle fiber respiration rate
from a control subject are shown in Fig. 1A. ADP addition initially causes maxi-
mal stimulation of the pyruvate + malate oxidation rate. Since glutamate is able to
further increase the respiration rate in the presence of 1 mM pyruvate and 5 mM
malate, we added 10 mM glutamate to obtain the maximal oxygen consump-
tion rate that can be reached with complex I-dependent substrates. Subsequent
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Fig. 1. Amytal titration of respiration in saponin-permeabilized skeletal muscle fibers. A

Control patient, B patient with PD. Bold line: Oxygen concentration in the measuring chamber.

Fine line: Oxygen consumption of permeabilized muscle fibers as derivate of first order of the
oxygen concentration

amytal additions caused a decrease of the respiration rate due to complex I
inhibition. A similar experiment performed with skeletal muscle fibers from
a patient with PD is shown in Fig. 1B. Again, ADP stimulated the fiber respira-
tion, and glutamate addition led to the maximal respiration rate. In contrast to
the controls, amytal caused a more pronounced initial inhibition of the rate of
muscle fiber respiration. This result can be explained by possible differences in
the amytal sensitivity of complex I or by a deficiency of the entire enzyme. To
obtain a quantitative value for the change in amytal sensitivity of muscle fiber
respiration, we calculated flux control coefficients of complex I which allows a



508 K. Winkler-Stuck et al.: Mitochondrial function in Parkinson’s disease

quantitative description of control exerted by this enzyme within the framework
of metabolic control analysis (a value of 1 is equivalent to maximal control; a
value of 0 is equivalent to no control (Kacser and Burns, 1973; Heinrich and
Rapoport, 1974)). A summary of these values for all patients is given in Table 4.
The quantitative data show that the complex I flux control coefficient in PD
muscle fibers is elevated. Similar investigations were performed with the
respiratory chain complex IV inhibitor azide. Again, a higher azide sensitivity
of respiration was observed in most PD muscle samples. The quantitative
expression of this higher azide sensitivity is the increased flux control coeffi-
cient for complex IV in PD skeletal muscle fibers (Table 4). These results are in
line with the decreased CS normalized activities of complexes I and IV in the
muscle homogenate.

Sequencing and Southern blot analysis

Since point mutations in the tRNA-cluster coding for the tRNAs Ile, Glu and
Met and in the adjacent ND2 gene of mitochondrial respiratory complex I had
been reported in patients with Parkinson’s disease (Shoffner et al., 1993), we
screened these two small regions by PCR and automated sequencing. In sum-
mary we could detect 27 variations from the Cambridge sequence (Anderson
et al., 1981). All of these polymorphisms were previously reported as non-
pathogenic in the MITOMAP database (MITOMAP, 2003), or they did not alter
the amino acid sequence. We could not detect any heteroplasmic point mutation
within the level of detection of automated sequencing which is above 10%
degree of heteroplasmy. All sequence variants were equally found in mtDNA
extracted from blood and from skeletal muscle specimens. We also screened
mtDNA in PD skeletal muscle for large-scale rearrangements (i.e. duplications
and deletions) and for quantitative changes (so-called “mtDNA depletion™),
using Southern blot techniques. We could not identify rearrangements of the
mtDNA in PD muscle within the level of detection. This confirms the observa-
tions of other authors (DiDonato et al., 1993; Shoffner et al., 1991). Compar-
ison of the relative amount of mtDNA to nuclear DNA did reveal a slight
increase of mtDNA in PD skeletal muscle, confirming the observed increase
of mitochondrial mass (data not shown).

Quantification of point mutated mtDNA by DPD analysis

Total DNA isolated from skeletal muscle samples from 19 patients with PD and
from 9 controls was subjected to DPD to detect mtDNA point mutations (pm-
mtDNA) in two small regions of the mtDNA. The DPD experiments were
repeated twice, starting from the DNA extraction step. In Figs. 2 and 3, we
show sets of experiments that were representative of our results. In panel A (in
both figures) we present original data printouts, generated by the GeneScan™
analysis software after the first PCR and digestion step, and after electropho-
retic separation on a capillary sequencer. It should be noted that traces of
uncleaved DNA, if existing, are far below the level of detection. After the
second round of PCR and digestion we checked the quality and quantity of
PCR fragments on silver-stained polyacrylamide gels (panel B, Figs. 2 and 3).
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Because a quantification of the stained DNA on these gels seemed to be not
accurate enough, we performed electrophoretic separation on the capillary
sequencer again and used the GeneScan® analysis software to calculate the
relative amount of uncleaved (i.e., mutated) DNA with respect to the cleaved
(i.e., wild type) DNA by determination of the peak areas of the two peaks
representing the 6-FAM labelled PCR fragments (Figs. 2 and 3, panel C).

In the nt 8991-8995 region (Fig. 2), we detected pm-mtDNA in six of the
controls and in all of the PD patients. The peak of uncleaved DNA (623 bp) was
below the level of detection (as defined by the baseline of the fluorescence
signal in GeneScan® analysis) in 3 single experiments in control samples.
The highest ratio of pm-mtDNA in controls was 23.1 +2.5%. As shown in
Fig. 4, we found a statistically significant difference between the average ratios
of the pm-mtDNA in controls (11.2 4+ 10.5%) and in PD-patients (23.6 4=4.5%;
p<0.001). One sample (No. 18, see Fig. 2B) was not cleavable by Mval,
leading to apparently 100% ‘‘mutated” DNA at the particular site. The sample
was sequenced to clarify the problem, and we found a presumably homoplas-
mic base pair change (G8994A) without changing of the amino acid (leucine)
but leading to a change in the recognition sequence of the restriction endonu-
clease. The sample was therefore excluded from further statistical analysis. The
highest ratio of pm-mtDNA was 31.3 +0.70% in PD patient No. 19.

Mutated DNA in skeletal muscle in the mtDNA regions
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Fig. 4. Relative amount of mtDNA harbouring point mutations in the mtDNA regions nt 7440—

7445 (the Xbal recognition sequence) and nt 8991-8995 (the Mval recognition sequence) in

skeletal muscle of PD patients and controls. The amount of pm-mtDNA is expressed in % of
total amount of the amplified mtDNA fragment. N number of subjects
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Mutations in the nt 7440—7445 region (Fig. 3) were detectable in all of the
samples. The highest ratio of pm-mtDNA in controls was 47.3 £0.4%. The
highest ratio of pm-mtDNA was found in PD patient No. 4 (60.3 £8.9%).
We found a statistically significant difference between the average ratios of
the pm-mtDNA in controls (35.0 £ 12.4%) and in PD-patients (47.6 = 5.8%;
p<0.001, see Fig. 4).

Since each DNA sample was isolated from muscle tissue samples contain-
ing several hundred muscle fibers, it was not clear if the rise of point mutations
was restricted to a subset of fibers, or if pm-mtDNA was present in virtually all
muscle fibers. Thus, we subjected DNA which was isolated from small bundles
of dissected muscle fibers (usually used for respiration experiments) containing
2—4 single fibers (checked by microscopy) to the DPD procedure. An amount of
10 fiber bundles for each of the subjects 6, 12, and two controls was taken for
the investigation. The percentage of point mutations in “‘oligo-fiber”” bundles
was nearly the same as in mtDNA from the large tissue samples of the same
patient, suggesting that mtDNA point mutations were almost equally dis-
tributed all over the skeletal muscle rather than clonal expanded in certain single
muscle fibers (data not shown).

We could not find a statistically significant correlation between L-Dopa
medication (Table 2), amount of point-mutated mtDNA, UPDRS, and biochem-
ical mitochondrial function in skeletal muscle. This observation is a strong
argument that the increase of pm-mtDNA as well as the mitochondrial impair-
ment is not closely related to L-Dopa medication.

Discussion

The mitochondrial involvement in PD cannot as yet be assigned (Orth and
Schapira, 2001), but there is conclusive evidence that mitochondrial dysfunc-
tion in PD is related to an imbalance between generation and detoxification of
reactive oxygen species (Koutsilieri et al., 2002). Many authors share the con-
viction that the mitochondrial dysfunction in PD is restricted to complex I of
the respiratory chain, in particular in the substantia nigra. However, in our
opinion there is no convincing reason to assure that a disturbance of free radical
metabolism in PD is present exclusively in the brain. Data about respiratory
chain enzymes in PD in extracerebral tissues like skeletal muscle are highly
controversal (see Table 1). In agreement with others (Singer et al., 1995; Orth
and Schapira, 2002), we believe that this inconsistency is most likely due
to methodological problems. In this study, we have tried to minimize factors
which are possibly responsible for misleading results in the analysis of mito-
chondrial enzymes: (i) underestimation of difficulties in enzymatic assays; (ii)
the selection of suitable control subjects; and (iii) the question whether to prefer
isolated skeletal muscle mitochondria or skeletal muscle homogenate for enzy-
matic assays.

The spectrophotometric analysis of skeletal muscle homogenate is rather
problematic because of a heterogenous portion of lipids and connective tissue
and because of the turbidity of the sample. However, we repudiate that there is
advantage to analyze isolated mitochondria because of possible loss of the
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presumably more fragile (i.e., swollen) defective mitochondria, resulting in an
artificial enrichment of non-affected (i.e., “normal”’) mitochondria in such pre-
parations. Thus, we and others have developed techniques for highly reliable
analysis of mitochondrial function in skeletal muscle homogenates (Miro et al.,
1998; Trounce et al., 1996; Wiedemann et al., 2000) and permeabilized cells
and muscle fibers for the analysis of mitochondria in their in situ environment
(Kuznetsov et al., 1998; Sperl et al., 1997). Using this optimized methods, we
confirmed the presence of a combined defect of complexes I and IV in PD
muscle (Shoffner et al., 1991; Bindoff et al., 1991; Cardellach et al., 1993; Blin
et al., 1994). The activity of the NADH: succinate dehydrogenase (complex
II+III) was not significantly decreased. However, it is likely that a mixed
enzymatic activity with low absolute values like the succinate: cytochrome c
reductase assay render the freedom from damage of complexes II and/or IIT
uncertain (Singer et al., 1995). Other authors have shown that there could be
indeed a deficiency of complex II or IT 4 I1I in PD skeletal muscle (see Table 1).
To confirm our results of a mild deficiency of NADH:CoQ oxidoreductase and
cytochrome c oxidase in skeletal muscle of PD patients, we applied two tech-
nically independent methods-high resolution respirometry and metabolic
control analysis- to saponin-permeabilized muscle fibers. We would like to
emphasize our point of view (Vielhaber et al., 2003) that the biochemical
investigation of mitochondrial function should be not based on one single
method.

One surprising observation is the abundance of mitochondria and CS activ-
ity in most of the PD samples despite the partial immobilisation of many PD
patients. It might be of interest to find out if there is a correlation between rigor,
tremor, and mitochondrial proliferation. Moreover, it could be of importance if
immobilisation and muscular disuse might affect the protein content of specific
respiratory chain complexes. However, the latter seems unlikely to us since
absolute activities of COX and succinate: cytochrome c reductase were higher
in PD muscle than controls.

It is likely that a generalized defect of respiratory chain complexes is due to
direct oxidative damage on proteins (Koutsilieri et al., 2002). However, it needs
to be clarified whether there is also a genetic basis of the observed respiratory
chain dysfunction. It was recently hypothesized that certain mtDNA sequence
variations could be associated to higher accumulation of ROS (van der Walt
et al., 2003). On the other hand, it is clear that PD is not a classical mitochon-
drial disorder characterized by point mutations or rearrangements of the mtDNA
(Byrne, 2002). It is surprising that all previous attempts to reveal mtDNA muta-
tions in PD were focused on either mtDNA deletions or on single mtDNA point
mutations at a relatively high level of heteroplasmy (i.e., at least 5% of total
mtDNA). Despite the recognition that mtDNA repair is robust (Mason et al.,
2003; Bohr et al., 2002), the hypothesis that free radicals damage the mtDNA 1is
largely conclusive: There are hints that base excision repair in mitochondria is
not as effective as in nuclear DNA (Saxowsky et al., 2002; Grishko et al., 1999;
Karahalil et al., 2002) and declines with age (Chen et al., 2002). Thus, it
seemed very likely that free radicals induce multiple, randomly distributed,
somatic point mutations of the mtDNA, presumably at extremely low levels
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of heteroplasmy, in all regions of the mitochondrial genome. We therefore
decided to address the question as to whether pm-mtDNA is present in low
levels of heteroplasmy in skeletal muscle of PD patients. In previous studies
on aging individuals, it was shown by PCR/RFLP analysis that the level of
heteroplasmy of pm-mtDNA was approximately 0.1% of total mtDNA (Zhang
et al., 1993). Because of these low levels, it could not be excluded that incom-
plete digested DNA or DNA polymerase misincorporation could lead to inac-
curate results. In order to avoid this problem, we used the DPD method (Pallotti
et al., 1996; Wiedemann et al., 2002). Compared with other PCR-based meth-
ods (i.e., real time PCR), DPD has the advantage that it detects any point
mutation in the endonuclease recognition sequence. Furthermore, the method
is not very prone to produce artifacts. It was shown by other authors that phenol
in DNA extraction solutions rarely increases the measurable level of pm-
mtDNA (Helbock et al., 1998). In contrast, any preparation-caused DNA frag-
mentation could easily imitate multiple mtDNA deletions.

We report here a significant increase of pm-mtDNA in two regions of the
mtDNA circle in skeletal muscle. This increase is about 1.5 to 2-fold to the
pm-mtDNA ratio in control subjects. However, DPD only estimates the pro-
portion of pm-mtDNA in a short stretch of the genome (i.e. the endonuclease
recognition sequence: 5—-6bp). If we assume that potentially any mtDNA
position could be mutated at low levels, and that some of these somatic muta-
tions could be pathogenic, it is possible to envision a situation where a large
number of mtDNAs in every cell are defective. Another point of concern is
that the abnormal amount of pm-mtDNA might be due to aging. However,
other authors provide evidence that specific mtDNA point mutations may not
accumulate in skeletal muscle during normal human aging (Pallotti et al.,
1996).

The fact that the relative amount of point mutated mtDNA in ‘““oligo-fiber
bundles” was equal to that from whole muscle tissue samples indicates that
some degree of mtDNA damage is present in virtually all fibers simultaneously.
It is therefore very likely that the elevation of pm-mtDNA in PD compared to
controls is the result of a generalized free radical-induced DNA damage. Free-
radical induced point mutations could be rapidly induced but also rapidly
removed by mtDNA repair. Thus, the observed point mutations can hardly
accumulate to a higher degree of heteroplasmy. On the other hand, if these
mutations are present during transcription and translation, the biosynthesis of
respiratory chain complexes could be impaired.

A point of critizism could be the fact that we could not find a statistically
significant correlation between the ratio of pm-mtDNA and the biochemical
data. This is, however, not surprising, because it is likely that there are other
mtDNA regions within the same individual containing much more or less
mtDNA point mutations. To our knowledge there is no other method to test
the overall load of low-heteroplasmic point mutations in mtDNA. It was pre-
viously shown that the absolute amounts of mutated mtDNA after DPD were far
below 1% of total mtDNA in each mtDNA region screened (Pallotti et al., 1996;
Wiedemann et al., 2002). Here we did not quantify the absolute amounts of
point-mutated DNA by subjecting the relative amounts to a standard curve
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again, because we have had the experience that this is a technically demanding
task without giving new information.

In summary, our data support the presence of a mild but generalized mito-
chondrial defect in patients with PD which is accompanied by an increase of
point mutated mtDNA in skeletal muscle. In consideration of the presumed adap-
tion of mitochondrial mass it is unlikely that the observed slight deficiencies of
complex I and IV have noticeable effects on the muscular strength of PD patients.
However, our observation underlines that pathogenetic factors of neurodegenera-
tion are not completely restricted to certain regions of the brain. A complex
mechanism, involving free radical production and/or detoxification, specific
enhancement of free radical damage in some neuronal structures, and impairment
of mtDNA repair could be responsible for the etiopathogenesis of PD.
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