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Mutations in the gene encoding a-synuclein (asyn) causes autosomal-dominant, in the parkin gene
autosomal-recessive forms of Parkinson’s disease (PD). The pathophysiology of PD is poorly understood,
even though published evidence suggests a role for mitochondria in the pathogenesis. To gain insight
into the influence of asyn and parkin on mitochondrial integrity and function, we have generated several
mono-mutant mouse lines expressing doubly mutated human asyn (hm2asyn) under the control of two differ-
ent promoters, or a targeted deletion of Parkin (Parkin-Exon3-knockout). Both mouse lines were crossed to
generate the double-mutant. Here we compare the ultrastructure and functional properties of mitochondria in
the substantia nigra (SN), the striatum, the cerebral cortex (Cx) and skeletal muscle of young (2–3 months)
and aged (12–14 months) mono- and double-mutants mice. We observed severe genotype-, age- and region-
dependent morphological alterations of mitochondria in neuronal somata. The number of structurally altered
mitochondria was significantly increased in the SN of both double-mutants and in the Cx of one mono- and
one double-mutant line. These alterations coincided with a reduced complex I capacity in the SN, but were
neither accompanied by alterations in the number or the size of the mitochondria nor by leakage of cyto-
chrome c, Smac/DIABLO or Omi/HtrA2. None of the transgenic animals developed any gross histopathologi-
cal abnormalities or overt motor disabilities. Together our results provide compelling evidence that (i) both,
asyn and parkin are relevant for mitochondrial integrity, (ii) the influence of these proteins on mitochondria
are age- and tissue-specific and (iii) changes of mitochondrial morphology do not inevitably cause functional
impairments.

INTRODUCTION

Parkinson’s disease (PD) is the most common movement dis-
order and the second most prevalent neurodegenerative
disease. The majority of cases of PD appear to be sporadic in
nature and familial PD with specific genetic defects accounts
for fewer than 10% of all cases of PD. In recent years, mutations
or polymorphisms in 10 genes (a-synuclein, parkin, UCHL1,
DJ-1, LRRK2, NR4A2, Pink1, HTRA2, tau, ATP13A2) have
been identified in PD families (1; reviewed in 2–4), and five
other loci across the genome harbour as yet unidentified

genes (5). The clinical manifestations of PD include resting
tremor, muscular rigidity, bradykinesia and postural instability.
These severe symptoms are caused by a progressive degener-
ation of dopaminergic neurons. The accumulation of protein-
aceous cytoplasmic inclusions known as Lewy bodies is
another pathological hallmark of PD; however, it is absent in
some familiar forms of PD (6,7). The aetiology of PD is still
unknown, but previous work suggests that oxidative stress,
inflammation, aberrant protein degradation and, in particular,
mitochondrial dysfunction may be involved in the PD-associated
neuronal degeneration (reviewed in 8–11).
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The latter, impairment of mitochondrial function, is emer-
ging as a common theme in PD pathogenesis. Whether it
plays a causative role in PD has not yet been elucidated,
but several studies suggest that deficiencies in mitochondrial
function are involved in the degeneration of dopaminergic
neurons. Evidence for a connection between mitochondria
and PD stems from the observation that a defect in the
activity of respiratory chain protein complex I was identified
in the substantia nigra (SN) (12), the striatum (ST) (13), the
frontal cortex (Cx) (14), platelets (15) and in leukocytes (16)
of PD patients. This link was further strengthened when (i) a
mitochondrial localization of DJ-1, Pink1, HTRA2 and
parkin (17–21), (ii) the interaction of Pink1 and parkin in
the regulation of mitochondrial function (20,22) and (iii)
the phenotype of some transgenic mice carrying PD-inducing
human gene mutations were reported. In transgenic mice
overexpressing mutant a-synuclein (synTG) and in DJ1-
(DJ1-KO), HRTA2- (HRTA2-KO) and parkin-null mice
(PaKO) an increased susceptibility to mitochondrial toxins
(21,23–26) was noted. For both, synTG and PaKO mice,
reductions in respiratory capacity were described (27–29).
Proteins related to energy metabolism were found to be dif-
ferentially expressed (30,31). Although these data suggest
that most of the PD-related mutations converge on mitochon-
drial pathways, morphological signs of mitochondrial defects,
such as those seen in the mesencephalon and skeletal muscle
of PD patients (32–35), were only observed in brain motor
regions of one synTG line (28). PaKO mice were reported
to have deficiencies in mitochondrial function, but lacked
gross morphological abnormalities (29). In contrast, Droso-
phila models of PD displayed severe histopathological mito-
chondrial changes, which were restricted to flight muscle and
spermatids. In the flies, loss of Pink1 (20,22,36) or parkin
(37) leads to enlarged and disintegrated mitochondria.

An explanation for the lack of a mitochondrial phenotype in
previous publications of such transgenic mice was hindered by
genetic differences between the mouse strains used to generate
the transgenics. All transgenics analysed in previous studies
were of the F1 generation with a 50:50% background. The
disparity between human patients and mouse models might
also be caused by an age effect. PD is a disorder with late
onset and up to date most analysed transgenics were of
young ages.

To address these issues, we provide a detailed comparative,
ultrastructural analysis of neuronal morphology, with empha-
sis on mitochondrial integrity, in three different brain
regions and skeletal muscle of various young (3 months) and
aged (12–14 months) transgenics mice of the F4 generation
of mice carrying Parkinson mutations. Moreover, we
addressed the question whether changes in mitochondrial
structure are accompanied by dysfunctions in respiration or
enhanced release of intermembrane space proteins. In addition
to two monogenic lines, synTG with a pure C57BL/6 back-
ground and the F4 generation of PaKO, we generated and ana-
lysed double-mutant animals carrying both a-synuclein
mutations and the parkin knock-out, to unravel synergies
and/or an interactions of these proteins in pathways leading
to mitochondrial defects.

Preliminary results of the study were presented in abstract
form (38).

RESULTS

Transgenic mouse generation

Targeted deletion of parkin exon 3 results in a frameshift after
amino acid 57 of parkin. A loss of exon 3 has also been
observed in humans, leading to a very early form of PD
(39). An RT–PCR analysis of total RNA isolated from the
brains of wild-type mice and PaKO siblings using a primer
pair specific for exons 1–6 showed a shorter parkin transcript
in homozygous PaKO than in wild-type mice (Fig. 1A).
Sequencing the PCR fragments confirmed that the deletion
of exon 3 causes an abnormal splicing from exon 2 directly
onto exon 4 (data not shown). Lack of full-length parkin
protein in homozygous PaKO and a reduced level in heterozy-
gous PaKO mice was demonstrated by western blotting
of total brain protein with a polyclonal antibody against the
N-terminal part of mouse parkin (Fig. 1B). The truncated
C-terminus of the parkin protein was not detected.

Both a-synuclein transgenic lines, BA(ß-actin)syn and
TH(tyrosine hydroxylase)syn, expressed the transgene in a
promoter-dependent fashion. Radioactive western blot analy-
sis (Fig. 1C and D) and immunohistochemistry (40) revealed
an up to 8-fold stronger transgene expression in the BAsyn
mice compared with the THsyn mice. This expression differ-
ence depended on the brain region and mirrored the difference
between BA- and TH-promoter activities in the adult mouse.
All a-synuclein transgenic lines exhibited neuronal expression
of the transgene, but with a different regional and cellular dis-
tribution (40).

Disruption of the Parkin gene in double-mutants (BAsyn/
PaKO, THsyn/PaKO) neither affected the a-synuclein trans-
gene expression level (Fig. 1C and D) nor its spatial
expression pattern (data not shown).

General health and histopathology of transgenic lines

All transgenic lines (mono- and double-mutants) were viable,
fertile and did not display any gross pathological abnormal-
ities. The brain and the spinal cord appeared macroscopically
normal. To assess whether the gene mutations induced histo-
pathological changes in the nigro-striatal dopaminergic
system, we applied immunohistochemical and histological
methods to study the morphology of the dopaminergic
system, the occurrence of cell death and the formation of
astro- and microgliosis. None of the lines displayed morpho-
logical or quantitative changes of dopaminergic neurons and
axons [data shown for double-mutants versus littermates
(LM, Fig. 2A–F), cell death or micro- (data shown for double-
mutants versus LM, Fig. 2G–I) and astrogliosis (data shown
for double-mutants versus LM, Fig. 2J–L) in the SN, the ST,
the locus coeruleus and the cerebral cortex (Cx)].

Ultrastructural abnormalities in neurons of old
transgenic mice (12–14 months)

Electron microscopy was used to examine ultrastructural
changes in the SN, the ST and the Cx of both, mono- and
double-mutant animals. In this study, we concentrated on
changes in neuronal somata and disregarded those present in
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glial cells in order to reduce variations due to possible cell-
type specific vulnerabilities to these gene mutations (41) and
to differences in antioxidant potential (reviewed in 42).

In all analysed brain regions of old-aged mono- and double-
mutant animals, most neurons displayed cytoplasmic vacuoles
(Fig. 3A) and a disruption of the Golgi network (Fig. 3B) and
the endoplasmic reticulum (Fig. 3C). Occasionally, we
observed a detachment of the outer nuclear membrane
(Fig. 3C). In addition, neurons displayed a high number of
lysosomes and lipofuscin granules (Fig. 3D), which, in con-
trast to the former pathological features, were also present in
similar numbers in LM (control animals) of the same age.

The most prominent feature, however, was abnormal mito-
chondria. In Figure 3E–I, several examples of mitochondrial
changes are shown, including those with electron dense

inclusion bodies (Fig. 3E), dilated and disorganized cristae
(Figs 3F–H) and protrusions (Fig. 3I). These mitochondrial
alterations were rarely seen in age-matched LM.

To analyse whether dopaminergic neurons also possess these
abnormal mitochondria, we used a pre-embedding electron
microscopy immunogold technique with an antibody against
TH to identify dopaminergic neurons in the SN of aged double-
mutants (n ¼ 2). Immunogold labelling for TH was primarily
seen within neuronal perikarya (Fig. 3J and K) and dendrites.
All labelled neuronal somata displayed damaged mitochondria
(Fig. 3J) and, in addition, lipofuscin granules (Fig. 3K).

While our observations suggest that the number of damaged
mitochondria varies among strains at the age of 12–14 months,
we systematically counted these organelles and measured
their size in the SN, the ST and the Cx of all mono- and

Figure 1. Characterization of transgenic lines. (A) RT–PCR analysis of parkin transcript using primers specific for exons 1 and 6. A 788 bp DNA band in LM
brain contains exons 1–6, while a smaller parkin fragment (548 bp) lacks exon 3 in PaKO brain. Subsequent sequencing of the fragment confirmed the exon 3
skipping in parkin transcripts in PaKO brain. (B) Western blot with parkin antibody of total brain proteins from LM, PaKO and HE (heterozygous) mice confirms
the reduction of parkin in the HE and the absence of parkin in the PaKO. (C) Comparative analysis of the transgene hm2asyn expression in the SN, the ST and the
cerebral Cx of mono- and double-mutant transgenic lines. The blots were stripped and probed with an antibody against alpha-tubulin to normalize protein levels.
(D) Graph showing quantitative phosphorimager analysis of hm2asyn signals (backgound values subtracted and normalized for protein content) in the different
transgenic lines. PSL, photo-stimulated luminescence.

Human Molecular Genetics, 2007, Vol. 16, No. 20 2379



double-mutant animals in comparison with age-matched LM.
Of each transgenic line (PaKO, THsyn, BAsyn, THsyn/
PaKO and BAsyn/PaKO) and the LM, four aged animals
were analysed. The quantitative ultrastructural analysis con-
firmed our first impression of an increase in the number of
damaged mitochondria in the brain of all transgenic mice
(Fig. 4A). Furthermore, our analyses showed that the presence
and the number of damaged mitochondria were region- and
genotype-dependent. Although in all transgenic (mono- and
double-mutant) animals, the number of damaged mitochondria
was increased in SN and in some mouse lines also in the Cx,
none of the transgenic animals exhibited an increase of
damaged mitochondria in the ST when compared with LM.
Surprisingly, the extent of mitochondrial alterations also
varied among the lines. In the SN, the mean increase of
damaged mitochondria was significant (P , 0.05) for the

double-mutants (THsyn/PaKO 340%, BAsyn/PaKO 195%
versus LM) (Fig. 4A), while in the Cx the increase was consider-
ably higher (up to 900% versus LM), but restricted to BAsyn and
BAsyn/PaKO (Fig. 4A). To determine whether these changes in
morphology are compensated by a general increase in the
number of mitochondria within the affected strains, we
counted all mitochondria in the neuronal somata. We generally
found higher numbers of this organelle in the SN, but no inter-
strain differences within the analysed brain regions (Fig. 4B).
Next we analysed mitochondrial swelling to answer the ques-
tions whether (i) morphological changes in the affected mice
were accompanied by an increase in mitochondrial size and
(ii) animals without a significant increase in the number of
damaged mitochondria display mitochondrial swelling as an
early sign of an emerging structural disorganization. We did
not observe mitochondrial swelling in any transgenic line.

Figure 2. Dopaminergic system, astrocytes and microglia in double-mutant mice, compared with LM. Representative photomicrographs of 12 m old LM, THsyn/
PaKO and BAsyn/PaKO illustrating TH- (A–F), PT66- (G–I) and GFAP-immunoreactivity (J–L) in the SN (A–C,G–L) and the ST (D–F). No deficits or
abnormalities in the number or morphology of immunopositive structures are observed in the double-mutants. Scale bars, 100 mm (A–C,G–L); 25 mm
(insets), 10 mm (D–F).
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Figure 3. Ultrastructural changes in the brains of double-mutant animals. Electron micrographs of the Cx (A,D–G) and the SN (B,C,H–K) of THsyn/PaKO (B–
F,I–K) and BAsyn/PaKO (A,G,H) mice revealed ultrastructural changes in the cytoplasm (A), the Golgi apparatus (B) and the endoplasmic reticulum (C) of
neuronal somata. Mitochondria (filled arrowheads) were seriously affected and showed dense inclusion bodies (E), dilated cristae (F–H,J) and protrusions
(I). (J,K) Immunogold labelling (small arrows depict gold granules) with TH-antibodies showed that damaged mitochondria (filled arrowhead) and lipofuscin
granules (unfilled arrowhead) were also found in dopaminergic neurons. Scale bars, 0.5 mm (A,C,H); 1 mm (B,E,F,G,I–K), 2 mm (D).
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Ultrastructure of mitochondria in neurons of young
transgenic mice (2–3 months)

Our results suggest the presence of a high number of damaged
mitochondria in the SN and the Cx of 12–14 months old mice
in some transgenic lines. The gradual progressive nature of PD

in humans raises the question whether the observed changes in
the transgenics are also age-related. This would be implicated
by the absence or a lower number of damaged mitochondria in
early mouse adulthood. To investigate this issue, we analysed
the SN and the Cx of 2–3 months old double-mutant
animals (THsyn/PaKO and BAsyn/PaKO, n ¼ 4 for each line).

Figure 4. Quantitative analysis of changes in mitochondrial morphology, number and size in the SN, the ST and the Cx of mono-and double-mutant mice at the
age of 12–14 m. (A) Graphs showing the percentage of damaged mitochondria in the different brain regions analysed. Compared with LM, significant increases
in damaged mitochondria were found in the SN of the double-mutants (THsyn/PaKO and BAsyn/PaKO). In the ST, no difference in mitochondrial morphology
between transgenic lines and LM were observed, whereas in the Cx the BAsyn and BAsyn/PaKO exhibited a tremendous increase in damaged mitochondria. (B
and C). No change in the total number (B) or the average area of the mitochondria (C) were detected in any analysed brain area. ��P , 0.01.
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These mouse lines displayed significant mitochondrial damage at
old age. As shown in Figure 5, neither the number of damaged
mitochondria nor the total number of mitochondria were signifi-
cantly altered in comparison with age-matched LM. While the
number of damaged mitochondria in the LM remained fairly con-
stant with advancing age, our analysis showed that the number
increased dramatically in the SN of the double-mutants THsyn/
PaKO (3 months 3.3/14 months 9.8) and BAsyn/PaKO (3
months 2.6/14 months 6.5) and in the Cx of BAsyn/PaKO (3
months 2.3/14 months 17.5) (compare Figs 4A and 5A). In
addition, in LM and in THsyn/PaKO, the total number of mito-
chondria decreased with advancing age (e.g. SN: LM 3 months
53/14 months 33, THsyn/PaKO 3 months 45/14 months 31)
(compare Figs 4B and 5B), while in BAsyn/PaKO the number
remained constant in the Cx (3 months 30/14 months 30) or
increased in the SN (3 months 39/14 months 44).

Ultrastructure of mitochondria in skeletal muscles
of old transgenic mice (12–14 months)

From histopathological studies of PD patients (35) and of trans-
genic Drosophila models (20,22,36,37), it is evident that

mitochondrial defects are not restricted to neurons but are
also present in skeletal muscle. Therefore, we examined mito-
chondria in skeletal muscle of the double-mutants THsyn/
PaKO (n ¼ 4) and BAsyn/PaKO (n ¼ 4). First, we analysed
the expression of the transgene hm2asyn in the skeletal
muscle. While the BAsyn/PaKO consistently expressed the
transgene, it was neither found in the non-transgenic LM nor
in the THsyn/PaKO (Fig. 6A). Ultrastructural microscopy of
non-transgenic LM revealed well-organized muscle fibres
with many tightly packed normal organized mitochondria
(Fig. 6B and C). Some mitochondria, however, appeared
hollow and swollen, therefore they were classified as
damaged (Fig. 6D). In the double-mutants, mitochondria exhib-
ited the same morphological features. Our quantitative analysis
did, however, not reveal a difference in the number of damaged
mitochondria between non-transgenic LM and double-mutants
(Fig. 6E). However, it was interesting to realize the generally
higher number of damaged mitochondria in muscle compared
with brain tissues (compare Figs 4A and 6E).

Release of intermembrane space proteins from
mitochondria in old transgenic mice (12–14 months)

The levels of cytochrome c, Smac/DIABLO and Omi/HtrA2
in the cytosolic and mitochondrial fractions of SN, ST and
Cx were determined by western blot analysis. Irrespective of
genotype and analysed brain region, the respective proteins
were always more prominent in the mitochondrial than the
cytosolic fraction. No difference in the ratios of mitochondrial
versus cytosolic levels was found in any brain region of the
double-mutants compared with age-matched non-transgenic
LM (see Supplementary Material, Fig. S1).

Mitochondrial respiration in old transgenic
mice (14 months)

Analysis of mitochondria from PD patients demonstrated
complex I deficiencies (12,13,15). The morphological
changes displayed by mitochondria in our transgenic lines
also suggest mitochondrial deficiencies. To address this
issue, we examined the respiratory capacity of mitochondria
isolated from the brain regions SN, ST and Cx of the
various transgenic lines by measuring state 3 and state 4 res-
piration using substrates for complex I, complex II and
complex III/IV. State 3, also termed active respiration, is
defined as respiration in the presence of an oxidizable sub-
strate and ADP and thus is a measure of the respiration that
is coupled to ATP synthesis. State 4, or resting respiration,
is the rate of respiration in the presence of substrate but
without ADP, and thus is a measure of the rate of respiration
that is not coupled to ATP synthesis. The respiratory control
ratio (RCR; ratio of state 3: state 4 respiration) provides a
measure of the efficiency of coupling of the electron transport
chain and can be used to evaluate the functional intactness of
the preparation.

In our study, we performed three series of experiments.
In series 1, we measured the mitochondrial respiration rates
starting at complexes I, II and III/IV of the SN, ST and
Cx of the double-mutant mouse line BAsyn/PaKO and the
corresponding monogenics BAsyn and PaKO versus LM.

Figure 5. Quantitative analysis of changes in mitochondrial morphology
and number in the SN and the Cx of double-mutant mice at the age of 3 m.
In 3 m old double-mutants neither the number of damaged mitochondria
(A) nor the total number of mitochondria per neuron (B) were increased com-
pared with age-matched LM.
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In series 2, all respiration rates were analysed in SN and ST
of THsyn/PaKO and the monogenics THsyn and PaKO
versus LM. In the last series (series 3), we also included an
analysis of all respiration rates with/without the uncoupler
CCCP (SN, Cx).

Consistent with our morphological data of profound mitochon-
drial changes in the SN, we observed reduced rates of state 3 res-
piration starting at the complex I in the SN of the two
double-mutant lines BAsyn/PaKO (series 1: 18.7% reduction,
P , 0.05) and THsyn/PaKO (series 2: 29.4% reduction,
P , 0.05; series 3: 21.0% reduction, P , 0.05), but not in the
monogenics when compared with LM (Fig. 7A), whereas respir-
atory rates starting at complex II or complex III/IV were
unchanged (see Supplementary Material, Table S1), indicating
a specific reduction of the complex I activity in the SN of both
double-mutants. No significant reduction was observed in state
4 respiration (Fig. 7B) and RCR (Fig. 7C) by using glutamate/
malate as substrate. Since state 4 respiration is associated with
proton leakage across the inner mitochondrial membrane, the
morphological abnormalities observed in the double-mutants
may cause the increase of state 4 respiration. To confirm
the reduction of complex I function, we measured the respiratory
rate in the presence of the uncoupler CCCP, which breaks down
the entire proton gradient across the inner mitochondrial mem-
brane. The respiratory rate in THsyn/PaKO was significantly
decreased (23.2% reduction, P , 0.05) when glutamate/malate
was used as substrate after treatment with CCCP (Fig. 7D). The
latter assay showed a similar reduction also for PaKO (29.5%

reduction, P , 0.01). Complexes II and III/IV in the SN were
not affected in any transgenic line (see Supplementary Material,
Table S1).

We did not observe a reduction in electron transport chain
capacity for any complex in the ST or the Cx of the transgenic
lines (see Supplementary Material, Table S1). In view of the
serious structural mitochondrial damage in the Cx of BAsyn/
PaKO and BAsyn, the lack of functional deficits is particularly
surprising (Fig. 4A).

DISCUSSION

Studies implicate a diverse array of environmental and genetic
factors contributing to the pathophysiology of PD. Increasing
lines of evidence suggest that mitochondrial toxicity rep-
resents a common target for several if not all of these
factors. The goal of the present study was to investigate the
pathological effects of PD-associated genes on mitochondrial
integrity and function. To address this, we have generated
several mono- and double-mutant mouse lines expressing
high levels of doubly mutated human asyn (hm2asyn) and/or
a targeted deletion of Parkin. Overexpression of human asyn
and deletion of the parkin gene were chosen since in
humans they are associated with inherited PD as dominant
or recessive traits, respectively. In the present study, we
have analysed the mitochondrial ultrastructure in various
brain regions (SN, ST, Cx) and skeletal muscle of these

Figure 6. Mitochondria in skeletal muscle of double-mutant animals at the age of 12–14 m. (A) Western blot analysis of the transgene (hm2asyn) expression in
skeletal muscle of the LM and the double-mutant lines THsyn/PaKO and BAsyn/PaKO (1–3, three different animals per line). Only the BAsyn/PaKO animals
expressed the transgene in the skeletal muscle tissue. (B–D) Electron micrographs of muscular mitochondria in LM. Most mitochondria appeared normal (B and
C) and only some were swollen with distorted cristae (D). (E) Quantitative analysis of damaged mitochondria in LM, THsyn/PaKO and BAsyn/PaKO revealed
no change in the number of damaged mitochondria in the skeletal muscle. Scale bars, 1 mm.
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transgenic mice at young and old age. Moreover, we addressed
the question whether the loss of normal mitochondrial archi-
tecture is accompanied by the translocation of intermembrane
space proteins and/or changes in respiratory capacity.

The main results of this study are severe genotype-, age-
and region-dependent morphological alterations of mitochon-
dria in neuronal somata, which are restricted to the brain
and lacking in skeletal muscle cells. These alterations are

Figure 7. Respiration capacity of complex I in mitochondria of the SN of aged transgenics. Three independent series of measurements with 8–10 animals each
were performed (series 1–3) to analyse the respiratory capacity of complex I in LM and the various transgenic lines. Both double-mutant lines, BAsyn/PaKO
(series 1) and THsyn/PaKO (series 2 and 3) showed a significant decrease in state 3 (A) but not in state 4 respiration (B) or the RCR (C). Following treatment
with CCCP mitochondria from THsyn/PaKO, but also from PaKO, a significant reduction in uncoupled respiratory rates was observed, indicating a reduced
capacity of the electron transport chain (D). �P , 0.05, ��P , 0.01. CCCP, carbonyl cyanide m-chlorophenoxylhydrazone; RCR, respiratory ratio control.
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not accompanied by alterations of the number or the size of the
mitochondria or by leakage of cytochrome c, Smac/DIABLO
or Omi/HtrA2, but in the SN, coincide with a reduced
complex I capacity. None of the transgenic animals developed
overt motor disabilities or any gross histopathological abnorm-
alities in the analysed brain regions.

General pathology

The main focus of this study was to investigate the effects of
PD associated gene mutations on mitochondrial ultrastructure
and function. In order to evaluate the mitochondrial alterations
in the context of the histopathology of the analysed brain
regions, we studied cell death and gliosis as two neuropatho-
logical hallmarks of PD. None of the transgenic mouse lines
developed a significant histopathological phenotype. We
neither observed morphological evidence for damaged
neurons nor for gliotic changes in the mesencephalon or
the Cx.

Several reports have shown that overexpression of human
mutant asyn or deletion of Parkin in mice results in variable
neuropathological phenotypes. Only some a-synuclein trans-
genic lines showed morphological alterations in the dopamin-
ergic system (43–45) and all generated Parkin-knockout lines
lacked nigral degeneration [parkin-Ex3-Del (46,47); parkin–
Ex2-Del (48); parkin-Ex7-Del (45)]. The latter observation
is in accordance to our histopathological data. Up to date,
only one double-mutant mouse line overexpressing mutant
(A53T) human a-synuclein under the control of the prion
protein promoter (prp) on the background of an exon-7
deleted parkin knockout was reported (49). In accordance
with our double-mutants, the double-mutant line generated
by von Coelln et al. (49) was also indistinguishable from the
corresponding monogenics with respect to the expression
level of mutated a-synuclein. This result is unexpected since
a-synuclein has been shown to be a parkin substrate (50).
Moreover, von Coelln et al. (49) noted cell death restricted
to the brainstem of the double-mutants, which was similar in
amount and extent to that observed in the prpA53Tsyn trans-
genics (43). The reasons for this discrepancy in toxic effects
between prp-driven A53T hmasyn and our BA- or TH-driven
hm2asyn are not clear. Variations in the expression pattern or
the level of the transgene might be a reason, but seems to be
unlikely since the transgene expression in the BAsyn line
does not show considerable regional differences and is
remarkably high.

Mitochondrial structure

Although no evidence for cell death has been observed in
any of the transgenic mice, we discovered marked alterations
in mitochondrial architecture. Subsets of mitochondria
appeared swollen, accompanied by disorganized cristae and/
or detachment of the outer membrane. These morphological
abnormalities observed in some of our transgenic mice
bear a striking resemblance to those described in human PD
patients (32–35).

It is well established that mitochondria are highly suscep-
tible to morphological artefacts caused by inadequate fixation.
Furthermore, fixation by almost any technique is frequently

associated with the presence of at least some swollen and
apparently exploded mitochondria, even in tissues which
appear to be generally well prepared. However, several argu-
ments led us to the conclusion that the observed changes in
this study are not fixation artefacts. First, all animals
(controls ¼ LM and transgenes) were fixed in exactly the
same way and processed in parallel experiments, but trans-
genes consistently exhibited more damaged mitochondria
than LM. Secondly, we analysed four animals per genotype
and age, and every single transgenic animal of a line exhibited
a higher number of damaged mitochondria compared with any
LM. And finally, the structural variations were significantly
lower in young animals and their number depended on the
brain region. Altogether, these data argue against a methodo-
logical artefact but support an intimate relationship between
genetic mutations and structural mitochondrial changes in
distinct brain regions.

The most exciting result of our study is the genotype-, age-
and region-dependence of the structural mitochondrial
changes. In the SN and Cx, all transgenes exhibited an
increase in the number of damaged mitochondria. The extent
of the increase varied and was significant in the SN for the
double-mutants THsyn/PaKO and BAsyn/PaKO, and in the
Cx for BAsyn and BAsyn/PaKO. The data implicate that,
while both, parkin inactivation and overexpression of
hm2asyn, induce mitochondrial damage in distinct brain
regions, the combination of these mutations induces a much
stronger destructive effect on mitochondria. Interestingly, a
similar elevation and/or acceleration of pathology by the com-
bination of two disease-associated mutations has been reported
for transgenic models of Alzheimer’s disease. Although none
of the Alzheimer’s mouse models completely recapitulates all
facets of the disease, the combination of two or even three
mutations yielded animals with more lesions and an enhanced
progression of the disease than a single mutation (51;
reviewed in 52–54). Similarily, in our PD mouse models,
the effects of both mutations, parkin inactivation and overex-
pression of hm2asyn, appear to be additive. Consistent with
this notion, Parkin and asyn have been shown to interact in
a common anti-apoptotic cellular pathway (55–57). Moreover,
there is evidence that both, Parkin and asyn, interact with
mitochondrial proteins, supporting the idea that they could
indeed converge in a common pathway regulating mitochon-
drial integrity. Parkin is localized at the outer mitochondrial
membrane (18) and associated with the mitochondrial tran-
scription factor A (58), whereas asyn exhibits homology to
14-3-3 proteins and is capable to interact with Bad (59). A
precise understanding of the complex relationship between
Parkin and asyn and their influence on mitochondrial structure
and function is an important challenge.

The mitochondrial changes in the double-mutants occur
with advancing age. In young animals (2–3 months, Fig. 5),
mitochondria were morphologically unaltered, but developed
severe damage within the following months and were well-
established in 12–14-month-old animals (Fig. 4). In recent
years, several studies documented that aging itself is associ-
ated with changes in number, size, architecture and function
of mitochondria (reviewed in 11,60–63), implicating that the
observed mitochondrial changes in the old double-mutants
might be an age-related effect. However, the higher number
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of mitochondria with structural abnormalities observed in our
old double-mutants is unlikely to occur as a consequence of
aging since age-matched LM did not exhibit similar
numbers of such abnormalities. The increase of damaged
mitochondria with age may either be related to the age-related
decline in compensatory/protective mechanisms or to an inter-
action of genetic and harmful environmental factors, which
accumulate with increasing age. The dynamic nature of the
structural changes of mitochondria in double-mutants will
potentially render the exploration of the underlying pathophy-
siological mechanisms possible.

The increase of mitochondrial alterations in the double-
mutants was restricted to particular brain regions and absent
in skeletal muscle. We show that the double-mutant line
THsyn/PaKO developed mitochondrial damage only in the
SN, but not in the Cx and the ST, whereas the BAsyn/PaKO
line displayed these changes in SN and Cx but not in the
ST. Since the Parkin gene is inactivated in every cell of the
animals and neurons in PaKO mice do not show increase in
structural mitochondrial pathology, the reason for this tissue
and region selectivity might either be promoter-induced vari-
ations of hm2asyn-expression and/or regional differences in
the sensitivity of mitochondria. Evidence for mitochondrial
heterogeneity derives from studies analysing biochemical
and structural parameters of mitochondria in different CNS
regions (64–71). Since comparative studies of the analysed
brain regions are missing, the contribution of region-specific
features to the differential reactions of the mitochondria
cannot be assessed.

Mitochondrial function

Finally, we addressed the question whether the marked
increase in the number of structurally altered mitochondria
is associated with measurable physiological changes in mito-
chondrial respiration and/or an enhanced release of the
pro-apoptotic proteins cytochrome c, Smac/DIABLO and
Omi/HtrA2.

We have shown that the structural mitochondrial abnormal-
ities in the SN of double-mutant animals (BAsyn/PaKO and
THsyn/PaKO) correlate with a significant decrease (18.7%
BAsyn/PaKO/21–29% THsyn/PaKO) in state 3 respiration
when glutamate/malate is used as energetic substrate. CCCP
treatment, which results in a collapse of the proton gradient
across the inner mitochondrial membrane and allows mito-
chondrial respiration to proceed at maximal capacity, irrespec-
tive of the proton leakage, confirmed the reduction of
complex I function. State 4 respiration was not reduced. The
abnormal mitochondrial morphology in the SN of the
double-mutants may cause proton leakage across the inner
mitochondrial membrane, thereby increasing the state 4 respir-
atory rate, and may mask the reduction caused by a deficient
function of complex I during the measurement of state 4
respiration.

The changes are similar to functional alterations of complex
I described in SN mitochondria of PD patients (12). Interest-
ingly, this decrease in complex I activity is restricted to
the SN, even though mitochondria in the Cx of BAsyn
and BAsyn/PaKO are also seriously damaged. Other com-
plexes of the respiratory chain are not affected. The regional

selectivity of the functional deficits suggests that dopamin-
ergic neurons are particularly vulnerable. Dopamine and its
oxidation products interact with the mitochondrial oxidative
phosphorylation system, which may contribute to the inacti-
vation of complex I (72–75). Moreover, a recent study (76)
has demonstrated that overexpression of mutant asyn aug-
ments the level of catechol species, thereby potentially impair-
ing the oxidative stress situation in dopaminergic neurons.
The current observations, however, do not provide sufficient
evidence to firmly conclude that the structural damage in mito-
chondria and the dysfunction of complex I are causally related.
Further studies are required to substantiate this assumption or
to demonstrate that they are independent pathological features.

In addition to mitochondrial respiration, we analysed the
pro-apoptotic intermembrane space proteins cytochrome c,
Smac/DIABLO and Omi/HtrA2. In light of the structural
damage, we expected an enhanced release of these proteins.
However, the ratio of mitochondrial and cytosolic amount of
these proteins was not changed in any transgenic line. It
remains unclear, why the translocation of mitochondrial pro-
teins is not affected, despite the serious damage of mitochon-
drial structure. One reason may be the relatively low
sensitivity of the western blot method, which may not allow
the detection of the small variations in cytosolic protein con-
centrations that can be expected in view of the rather small
fraction of damaged mitochondria (7–16%). On the other
hand, it is conceivable that the observed disturbance of
mitochondrial architecture is not sufficient to release the
analysed proteins. Nevertheless, the overt absence of pro-
apoptotic factor release might be an explanation for the lack
of nigral degeneration in our transgenic mice. To further
analyse the functional consequences of the mitochondrial
changes, a procedure for the separation of the damaged mito-
chondria is required.

Together our results provide compelling evidence that (i) a-
synuclein and parkin are both relevant for mitochondrial integ-
rity, (ii) the influence of these proteins on mitochondria
are age- and tissue-specific and (iii) changes of mitochondrial
morphology do not inevitably cause functional impairment.

An inhibition of complex I of the respiratory chain was
detected in the SN, but not in other brain regions with
similar morphological mitochondrial damage. The fact that
there is no pronounced mitochondrial protein release in spite
of the remarkable morphological damage visible in mitochon-
dria may explain why even the double-mutants do not develop
cell death. Apparently, the observed complex I inhibition in
the SN is not sufficient to kill the neurons. It is tempting to
speculate that similar mitochondrial damage occurs in
humans, and that this species is more prone to severe func-
tional consequences.

MATERIALS AND METHODS

Mouse strains

Five different transgenic lines were analysed in this study: a
Parkin-deficient mouse line with a targeted deletion of exon
3 (PaKO); two a-synuclein transgenic lines carrying the
doubly mutated human asyn (hm2asyn) driven either by
the chicken beta-actin promoter (BAsyn) or by the mouse
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tyrosine hydroxylase (TH) promoter (THsyn); two double-
mutant lines with a Parkin deletion and the overexpression
of hm2asyn driven by the BA- (BAsyn/PaKO) or by the
TH-promoter (THsyn/PaKO), respectively.

For the generation of the PaKO, the 11 kb 129Sv/J mouse
genomic DNA fragment containing parkin exon 3 was used
to construct a gene targeting vector (Fig. 8A). Three of 500
screened transfected R1 embryonic stem cell clones exhibited
the properly targeted parkin allele. One ESC was injected into
blastocysts, and yielded male chimeric mice, transmitting the
parkin exon 3 deletion to progeny. Heterozygous F1 PaKO
mice were intercrossed to generate homozygous PaKO and
their LM. The successful deletion was confirmed at the
genome level by Southern blotting (data not shown). Offspring
were backcrossed into C57BL/6 mice up to the F4-generation,
which consequently had a mixed genetic background of
C57BL/6 (94%) and 129SvJ (6%).

Transgenic mice expressing the hm2asyn (BAsyn and
THsyn) were generated with the constructs shown in Fig. 8B
in a C57BL/6 background as described previously (40,77).

To generate double-mutant lines, we crossed the
F4-generation of the PaKO with either BAsyn or THsyn. The
genotypes of the mice were identified by PCR analysis of tail
DNA. Control mice were age-matched non-transgenic LM
from the same generation of backcrossing. Young (2–3 months)
and old mice (12–14 months) were used for the studies.

Immunoblotting

The expression of Parkin and the transgene hm2asyn was eval-
uated in transgenic mice and age-matched controls by
enhanced chemiluminescence (Parkin) or radioactive immuno-
blotting (hm2asyn). Mice were decapitated and the SN, the ST,
the Cx and skeletal muscle were dissected or total brain was
frozen in liquid nitrogen. For hm2asyn analysis, tissues were
homogenized in homogenization buffer (50 mM HEPES,
150 mM NaCl, 10 mM EDTA, 1% Nonidet P40, 0.5%
Na-deoxycholate, 0.1% SDS) containing complete protease
inhibitor cocktail (Boehringer Mannheim, Germany) using a
Teflon/glass homogenizer at 48C. After homogenization,

Figure 8. Generation of PaKO and asyn transgenic lines. (A) Strategy for deleting parkin exon 3 (grey box) in the mouse genome. When the targeting construct
(middle) recombines homologously with the parkin chromosomal locus (top), a locus is generated (bottom), in which the neomycin resistance cassette flanked
with two LoxP elements (Neo-LoxP; open box) has replaced exon 3 of the parkin gene. The external 50-probe recognizes a 8 kB fragment in HindIII-digested
wild-type genomic DNA and a 14 kB fragment in targeted genomic DNA. H,HindIII; E, EcoRI; X, XhoI; B, BamHI. (B) Schematic representation of the BA and
the TH-construct for the generation of the hm2syn transgenic lines.
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samples were incubated on ice for 30 min, followed by cen-
trifugation for 20 min at 12 000g. The supernatant was col-
lected as cytosolic fraction. For Parkin immunoblotting,
tissues were homogenized in sucrose buffer (0.32 M sucrose
containing complete protease inhibitor cocktail (Boehringer
Mannheim, Germany), centrifuged for 5 min at 1500g, and
the supernatant was collected.

For analysis of the release of mitochondrial intermembrane
space proteins (cytochrome c, Smac/DIABLO, Omi/HtrA2)
radioactive immunoblotting was performed from fresh brain
tissue (SN, ST, Cx) as described previously (78). Brain
tissues were homogenized in homogenization buffer
(250 mM sucrose, 10 mM KCl, 1.5 mM MgCl2, 2 mM EDTA,
20 mM HEPES containing complete protease inhibitor cocktail
Boehringer Mannheim, Germany) using a Teflon/glass hom-
ogenizer at 48C. Homogenized samples were briefly centri-
fuged for 5 min at 500g, and supernatants were collected
and underwent an additional centrifugation for 20 min at
12 000g. The supernatants of this centrifugation were col-
lected as cytosolic fractions, mitochondria were in the pellet.

Protein content was determined with the method of Neuhoff
et al. (79), after diluting all fractions 1:1 in 2� Laemmli
sample buffer and boiling.

For blotting, proteins were separated by electrophoresis on
15% polyacrylamide gels containing 0.1% SDS and trans-
ferred with 200 mA for 1.5 h at RT onto a PVDF membrane.
Blocking was performed with 3% milk powder and 2%
BSA in TBS-Tween (0.1% Tween, 20 mM TBS) at RT for
1 h. Incubation with the primary antisera was performed over-
night at 48C. Antisera were affinity purified rabbit anti-murine
Parkin [anti-parkin, 1:10 (80)], mouse anti-human asyn
(anti-syn211, 1:2000, Invitrogen, Karlsruhe, Germany),
mouse anti-rat cytochrome C (anti-cytC, 1:1000, BD Bio-
science, New York, USA), rabbit anti-mouse Smac/DIABLO
(second mitochondrial activator of caspases; anti-Smac,
1:2000, ProSci-Incorporated, Poway, USA) and rabbit anti-
human Omi/HtrA2 (high temperature requirement protein
A2, anti-Omi, 1:1000, Abcam, Cambridge, UK). Sub-
sequently, the blots were washed with TBS-Tween and incu-
bated with either HRP-coupled secondary antibodies, anti-rb
(for anti-parkin) (1:10 000, Amersham, München, Germany)
and anti-ms (for anti-syn211) (1:50 000, Amersham), or
50 mCi 35S-labeled secondary antibodies anti-ms and anti-rb
(Amersham) at RT for 1.5 h. For detection, the membrane
was washed three times in TBS-Tween and signals were
detected using the ECL-Plus system (Amersham) or the mem-
brane was exposed to a Fuji-Bas imaging plate for 24–48 h
and quantified using a PhosphorImager instrument.

To monitor the amount of proteins bound to the blots,
they were stripped using Restore

TM

western Blot Stripping
buffer (Pierce, Rockford, IL, USA) according to the manusfac-
turer’s recommendations, followed by detection with the anti-
body mouse anti-chicken alpha-tubulin (1:400 000, Sigma,
Taufkirchen, Germany) for testing equal protein loading or
with the antibody mouse anti-cow cytochrome c oxidase
(anti-COX IV, 1:5000, Abcam) to verify mitochondrial purifi-
cation. Detection was performed as described earlier.

The mean signal intensity of the area of interest (AOI) was
corrected for background and protein content (corresponding
tubulin band).

Histological stains

To define brain areas, cresyl violet staining was performed accord-
ing to standard methods. Degenerating neurons were detected
using FluoroJadeB-staining as described previously (81).

Immunohistochemistry

Transgenic mice and their age-matched LM were anesthetized
by an overdose of a mixture of ketamine (100 mg/kg; Upjohn
GmbH, Germany) and rompun (5 mg/kg; Bayer Leverkusen,
Germany) and then perfused transcardially with phosphate-
buffered saline (PBS) followed by 4% paraformaldehyde
(PFA) in 0.1 M phosphate buffer (PB). Brains and skeletal
muscle were immediately removed and postfixed in 4% PFA
overnight at 48C. Afterwards, they were either cryoprotected
in 30% sterile phosphate-buffered sucrose, frozen in methyl-
butane between 250 and 2708C and serially cut with a cryo-
stat (40 mm or 10 mm) or embedded in paraffin and serially cut
into 18 mm-thick sections.

The expression and localization of TH, the marker for dopa-
minergic structures, the transgene human asyn (hmasyn), the
astrocyte marker glial fibrillary acidic protein (GFAP) and
the microglia marker phosphotyrosine (PT66 (82) were exam-
ined at the light microscopic level in the SN, the ST and the
Cx by means of an immunoperoxidase method with diamino-
benzidine as chromogen. Sections stained for TH or GFAP
were first cooked for 5 min in 0.01 M citrate buffer (pH 6.0)
for antigene retrieval. Following a pre-incubation with 3%
normal serum in PBS for 10 min by RT, sections were incu-
bated with one of the primary antibodies: sheep polyclonal
antisera anti rat TH (anti-TH, 1:500; Chemicon, Hofheim,
Germany), mouse monoclonal antibody specific for hmasyn
(anti-syn211, 1:500, Invitrogen), rabbit polyclonal anti cow
GFAP (anti-GFAP, 1:250, Acris, Hiddenhausen, Germany)
and mouse monoclonal anti PT66 (anti-PT66, 1:1000,
Sigma) and then by the corresponding biotinylated secondary
antibody, ABC reagent (Axxora, Germany) and silver-gold
intensification (83).

Specificity of the immunostainings was tested by pre-
incubation with 3% H2O2 in methanol to suppress endogenous
peroxidase activity and by omission of the primary antibodies.

Transmission electron microscopy

For conventional EM, monogenics, double-mutants and age-
matched LM were transcardially perfused with PBS followed
by 2% PFA plus 2.5% glutaraldehyde in 0.1 M PB and a post-
fixation time of 2 h at 48C. Sagittal sections, 100 mm thick,
were cut with a vibratome, and Cx, ST, SN and skeletal
muscle samples were microdissected and placed in 2% OsO4

for 1 h, dehydrated with graded concentrations of ethanol
and Epon-propylene oxide and flat embedded in Epon. Repre-
sentative ultrathin sections were collected on Formvar-coated
grids and contrasted with uranyl acetate and lead citrate.

Immunoelectron microscopy

For pre-embedding electron microscopic immunohistochemis-
try, animals were transcardially perfused with PBS followed

Human Molecular Genetics, 2007, Vol. 16, No. 20 2389



by 4% PFA plus 0.1% glutaraldehyde in PB and a postfixation
overnight. Sagittal sections, 150 mm in thickness, were cut
with a Lancer vibratome and then incubated for 2 h in 10
and 20% sucrose/PBS followed by 30% sucrose/PBS over-
night. All sections were frozen rapidly over liquid nitrogen
and thawed in room temperature PBS to break membranes.
For immunohistochemistry, vibratome sections were pro-
cessed with anti-TH (1:300) for 4 days followed by rb
anti-sheep Fab fragments coupled to 1.4 nm gold particles
(Biotrend, Germany) diluted 1:100 in PBS plus 10% normal
horse serum and 0.2% BSA for 2 h.

After a silver enhancement procedure (Nanoprobes,
Yaphank, USA), the SN was dissected, washed and postfixed
for 1 h in 2% OsO4 followed by embedding, cutting and
contrasting as described earlier.

Mitochondrial respiration

Mice were decapitated and the SN, the ST and the Cx were
rapidly dissected. Corresponding brain regions from the right
and left hemisphere were pooled and mitochondria were isolated
for each animal and brain region. Tissues were placed into
ice-cold isolation medium (0.25 M sucrose, 25 mM HEPES,
1 mM EGTA, 0.2% fatty-acid-free BSA at pH 7.2) and hom-
ogenized in a Dounce-type tissue homogenizer. All the follow-
ing steps were performed at 48C. The homogenate was
centrifuged at 610g for 10 min. The supernatant was removed
and centrifuged again at 11 900g for 5 min to obtain the crude
mitochondrial pellet. Mitochondria were suspended in isolation
medium containing 6.5 mM KH2PO4 and protein content was
determined by the BCA assay (Pierce, Bonn, Germany).

Three separate series of mitochondrial respiration measure-
ments were performed. In each series, 8–10 animals per
genotype were measured. For each animal, brain region
and substrate, measurements were performed in triplicates.
Mitochondrial respiration was determined in a miniature
chamber system (100 ml volume; MT200, Strathkelvin
Instr., Glasgow, UK) equipped with a magnetic stirrer and a
Clark-type oxygen electrode. Glutamate/malate (8 mM each)
(complex I), 4 mM succinate (complex II) or 1 mM ascorbate/
0.4 mM N,N,N0,N0-tetramethylphenylenediamine (complex
III/IV) were used as substrates. State 3 respiration was initiated
by the addition of ADP (complex I: 0.35 mM, complex II:
0.23 mM, complex III/IV: 0.12 mM). After ADP depletion,
state 4 respiration was measured. After determination
of coupled respiration, 0.4 mM carbonyl cyanide m-
chlorophenoxylhydrazone (CCCP) was added to the reaction
chamber and respiration was measured in the absence of a
proton gradient. All three respiratory rates were calculated as
nmol of O2 per minute and per milligramme mitochondrial
protein and the RCR was calculated as the ratio of the state 3
to the state 4 respiration.

Data analysis

Histology and peroxidase-labelled immunohistochemistry sec-
tions were visualized at the microscopic level (Axioskop2;
Zeiss, Oberkochen, Germany) under brightfield illumination
and Nomarski optics. Structures were described according to
the main subdivisions of the brain and were identified with the

aid of the atlas of Paxinos and Franklin (84). The anatomic termi-
nology used in this study is based on this atlas. Images were cap-
tured with an imaging system (JVC, KY-F75U camera)
connected to a computer equipped with an image program
(Diskus 4.50, Hilgers, Königswinter, Germany). For final
output, images were processed using Photoimpact 4 software.

Ultrathin sections were visualized using a Phillips EM-410
electron microscope. The morphology, number and size of
mitochondria in brain were evaluated in digitized electron
microscopy images of three different brain regions of
2–3 months and 12–14 months old transgenic and LM
animals. In total, 20 neuronal somata per brain region (cerebral
Cx—primary motor Cx layers I–VI; SN—pars compacta and
reticulata; ST) taken from two different vibratome sections
(100 mm thick) of each animal were independently analysed
by two examiners blind with regard to the genotype, the brain
region and the age of the animals. Ultrathin sections were
selected at random from the middle of the vibratome sections
to avoid potential structural irregularities that might occur on
the surface of the vibratome sections. Neurons were counted
only if they contained a nucleus surrounded by cytoplasm. Of
each transgenic line (PaKO, THsyn, BAsyn, THsyn/PaKO
and BAsyn/PaKO) and the LM, four animals per age group
were analysed. Morphological changes of muscle mitochondria
were evaluated in skeletal muscle specimen from double-
mutants (THsyn/PaKO and BAsyn/PaKO, n ¼ 3) and LM
(n ¼ 3) at the age of 12–14 months. In total, several pictures
per muscle taken from 2–3 vibratome sections (100 mm
thick) of each animal were examined in a blinded fashion.

Mitochondria were classified as structurally damaged when
one or more of the following alterations were observed: dis-
torted or disrupted cristae, detachment of the outer membrane
or protrusions from the outer membrane (see Figs 3 and 6).
The area of mitochondria, lysosomes, nuclei and somata were
measured using the image program Diskus 4.50 (Hilgers,
Königswinter, Germany). Data are presented as mean + SD
of the means of the four analysed animals per genotype.

Statistical analysis of ultrastructural changes was carried out
using one-way analysis of variance followed by the post hoc
Tukey test when significance (at the P , 0.05 level) was indi-
cated. If tests on normality and equal variances failed, an
H-test was performed. In all cases, the null hypothesis was
rejected at the P , 0.05 level. When comparisons were
made between two genotypes, a Student’s t-test was per-
formed and P , 0.05 was considered significant. To avoid
accumulation of a-errors in multiple t-tests, P-values were
adjusted with the Bonferroni-method.

Data of mitochondrial respiration are presented as
mean + SE. For comparison with the control group (LM),
the Student’s t-test was employed. Statistical significance
was assumed at P , 0.05.
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