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Apoptosis and autophagy in nigral
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Summary. Parkinson’s disease (PD) is a neuro-
degenerative disorder characterized by progressive cell
loss confined mostly to dopaminergic neurons of the
substantia nigra. Several factors, including oxidative
stress, and decreased activity of complex I mitochondrial
respiratory chain, are involved in the degenerative
process. Yet, the underlying mechanisms leading to
dopaminergic cell loss remain elusive. Morphological
assessment for different modes of cell death: apoptosis,
necrosis or autophagic degeneration, can contribute
significantly to the understanding of this neuronal loss.
Ultrastructural examination revealed characteristics of
apoptosis and autophagic degeneration in melanized
neurons of the substantia nigra in PD patients. The
results suggest that even at the final stage of the disease,
the dopaminergic neurons are undergoing active process
of cell death.
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Introduction

In neurodegenerative diseases, the loss of specific
neurons is slow, but more rapid than normal aging. In
most patients, the initial cause and mechanisms leading
to cell death remain an enigma. In Parkinson's disease
(PD), cell loss is essentially confined to dopaminergic
neurons in the pars compacta of the substantia nigra
(Bernheimer et al., 1973). Biochemical abnormalities
suggesting oxidative stress, decreased activity of the
mitochondrial respiratory chain and decreased capacity
to buffer intracellular calcium have been described in the
substantia nigra, but their role in the death of
dopaminergic neurons is not known (Agid et al., 1993).
Morphological signs of cell suffering, such as Lewy
bodies (Forno, 1986) and dendritic atrophy (Patt et al.,
1991) have also been uninformative as to the cause of
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the degenerative process.

Cell death during embryonic development or in adult
cell populations with rapid turnover (Kerr et al., 1972)
occurs principally by apoptosis or programmed cell
death (PCD), which may be regarded as a regulated
series of biochemical events that lead to autodestruction
of the cell (Oltvai and Korsmeyer, 1994). Apoptosis can
be triggered by diverse signals. For example, deprivation
of a growth factor, inappropriate expression of dominant
proto-oncogenes and stimulation by cytokines such as
TNF-a (Raff et al., 1993). Some of the genes implicated
in the mechanisms of apoptosis have been identified: the
protooncogene bcl-2, which inhibits the process (Ellis et
al., 1991), is a mammalian homologue of the nematode
Caenorhabditis elegans cell death gene, ced-9, whereas
the gene coding for interleukin-1B-converting enzyme
(ICE) (Yuan et al., 1993) is a mammalian counterpart of
C. elegans ced-3 gene required for PCD. The cells which
undergo apoptosis in physiological situations exhibit
chromatin condensation, nuclear fragmentation, blebbing
of the plasma membrane and cell shrinkage. Cyto-
plasmic organelles remain intact even after final
engulfment in macrophages and there is no
accompanying inflammatory reaction (Kerr et al., 1972;
Clarke, 1990). This is in contrast with necrosis,
occurring in response to toxic insult that results in
cytoplasmic vacuolation and final cell bursting, whereas
the nucleus remains intact. Autophagic cell death is
another frequently observed autodegenerative process
characterized by formation of numerous autophagic
vacuoles, vacuolation of endoplasmic reticulum and
moderate chromatin condensation (Clarke, 1990).

In this study, we hypothesized that apoptosis may
represent an important mechanism through which
dopaminergic neurons ultimately die during the course
of PD. Unequivocal identification of the different
types of cell death in situ is based on criteria defined
at subcellular level (Kerr et al., 1972; Clarke, 1990).
Ultrastructural analysis of dopaminergic neurons in
the substantia nigra of patients with PD was undertaken
to search for morphological characteristics of cell
death.
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Materials and methods
Patients

The brains of 3 patients suffering from PD were
used in this study. The mean age and postmortem delay
between death and tissue fixation were, respectively,
75+7 years and 8.3%+2.3 hours (expressed as mean =*
SEM). Only brains with a postmortem delay of less than
12 hours were included to minimize artifacts from
postmortem degradation of the tissues. All patients were
under levodopa therapy (mean daily dose at death +
SEM: 830+120 mg). Parkinsonian motor disability
corresponded to stage III to I'V, according to the Hoehn
and Yahr rating scale (Hoehn and Yahr, 1967). The
diagnosis of PD was established on analysis of the
clinical charts and confirmed postmortem by the
presence of neuronal loss, extraneuronal neuromelanin
and Lewy bodies in the substantia nigra and locus
coeruleus.

Electron microscopy

After autopsy, the brains were removed from the
skull and hemisected. Brainstems were cut in 0.5 cm-
thick transverse slabs and small blocks of the rostral tier
of the substantia nigra pars compacta (0.5x0.5x0.5 cm)
were removed. They were fixed for 3 days at 4 °C in a

mixture of 4% paraformaldehyde and 2.5%
glutaraldehyde in 0.1M Na phosphate buffer and stored
in 0.2M Na phosphate buffer containing 0.1% Na azide
at 4 °C. Sections, 200 ym thick, were cut on a vibrating
microtome. From the sections, small pieces of tissue
which included melanized dopaminergic neurons were
selected and removed under binocular lens. Tissue
samples were immersed in 2% osmium tetroxide in
0.01M phosphate buffer saline for 30 min. After rinsing
in distilled water, dehydration and counterstaining were
performed in a graded series of alcohol solutions
containing saturated phosphotungstic acid. Embedding
of tissues was performed in Araldite resin. Semi-thin
sections (0.5-1xm) were cut and stained by toluidine
blue. Finally, 100 to 120 nm-thick ultrathin sections
were cut at the level that included nuclei of melanized
neurons. The grids containing the sections were
observed under a JEOL 1200 EX electron microscope at
70 kV.

Results

Ultrastructural features of apoptosis and also
autophagic degeneration were detected in 6% of the 169
melanized dopaminergic neurons analyzed in the
substantia nigra of three Parkinsonian patients (Table 1).
In apoptotic neurons, varying degrees of nuclear
alterations, ranging from moderate to major chromatin

Table 1. Number of dopaminergic (DA) neurons with apoptosis and autophagic degeneration in three Parkinsonian Patients.

PARKINSONIAN DISEASE AGE AT TOTAL NUMBER NUMBER OF NUMBER OF NUMBER OF
PATIENTS DURATION DEATH OF DA NEURONS APOPTOTIC APOPTOTIC DA NEURONS WITH
(yrs) (yrs) ANALYZED DA NEURONS  CELL FRAGMENTS AUTOPHAGIC DEGENERATION
1 15 64 109 3 3 1
2 13 73 45 - 2 s
3 3 87 15 3 2 3

Fig. 1. Nigral DA neurons, characterized by cyto-
plasmic neuromelanin granules (nm), with normal
morphological features (a,b). The nuclei (n) of the
neurons display the same pattern of dispersed
chromatin, forming a fine network in which a few
small patches are visible, even in the presence of a
Lewy body (Ib) in the perikaryon (b). Bar: 2 pm.

d<‘
P
4

L/

‘

i)w'wl .‘».;,; /fv



27

Apoptosis in Parkinson's disease

Fig. 2. Dopaminergic (DA) neurons, identified by neuromelanin granules (nm), with morphological features of apoptosis in the substantia nigra of
Parkinsonian patients. a. The nucleus of this DA Neuron contains large masses of condensed chromatin (c). Small patches of chromatin are scattered
close to the nuclear envelope outlined by arrowheads. Bar: 2um. b. Detail of (a) at higher magnification. The masses of chromatin (c) are surrounded
by the nuclear envelope (curved arrows). Mitochondria (m) are closely packed in the cytoplasm. Bar: 0.5um. c. An apoptotic DA neuron, characterized
by neuromelanin granules observed in adjacent sections (not shown), is engulfed in a glial cell (g; and p). Another glial cell (g») containing
neuromelanin granules (nm) is observed close to the neuron. The nucleus (n) of the DA neuron displays middle condensation of the chromatin. The
cytoplasm (cy) contains densely stacked organelles. Bar: 2um. d. Apoptotic DA neuron with pronounced chromatin condensation in the nucleus (n)
markedly convoluted. Bar: 2um. e. Area doted by a star in d at higher magnification. The endoplasmic reticulum (er) and densely packed mitochondria
(m) retain a normal morphology. The nucleus (n) contains condensed chromatin. Bar: 0.5 ym.
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condensation and, in some of these neurons,
disappearance of the nucleolus, were observed (Fig. 2).
The absence of nucleolus was verified by screening the
nuclei on serial semi-thin sections. The nuclear
envelope, although in appearance intact, was convoluted.
Outside the nucleus, the most striking change was
shrinkage of cell bodies (Fig. 2d). Endoplasmic
reticulum and mitochondria, although compacted,
retained normal morphology (Fig. 2e). Among these
dying neurons, some were partially or totally engulfed
by glial cells, suggesting an ongoing phagocytotic
process (Fig. 2¢). Fragmented nuclei with condensed
chromatin among clusters of melanin were observed in
glial cells. Features strongly suggestive of autophagic
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degeneration (Clarke, 1990) were observed in the
dopaminergic neurons of the substantia nigra of patients
1 and 3 (Table 1). These neurons were characterized by
condensation of chromatin, less pronounced than in the
apoptotic neuron, moderate vacuolation of endoplasmic
reticulum and lysosome-like vacuoles, more numerous
than in normal neurons (Fig. 3a-c). The appearance of
the mitochondria did not differ from that of
dopaminergic neurons devoid of abnormal features. In
one of the autophagic degenerating neurons, the number
of vacuoles containing remains of cytoplasmic material
was high, suggesting an advanced stage of this cell death
process (Fig. 3d).

The majority of the melanized neurons with features

Fig. 3. Nigral dopaminergic (DA) neurons, containing neuromelanin granules (nm), with features of autophagic degeneration. a. DA neuron with
moderate chromatin condensation in the nucleus (n) and vacuolization of the cytoplasm (c). Bar: 1 pm. b. Detail of the area marked by a star in a. This
region has a high density of lysosome-like vacuoles (arrows). Mitochondria (stars) have normal morphology. Bar: 0.5um. c. The nucleus (n) of this DA
Neuron has a moderate chromatin condensation. Numerous vacuoles (arrows) are present in the cytoplasm. Bar: 2um. d. Detail of two vacuoles
marked by arrows in c. The vacuoles (curved arrows) contain remains of cytoplasmic fragments (stars). Bar: 0.5 pym.
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of apoptosis and autophagic degeneration were localized
in the ventral part of the substantia nigra of patient 3, the
most advanced in age with a disease duration of three
years. Examination of ultra-thin sections of this patient
indicated that the dying cells were in the proximity of
GABAergic neurons of pars reticulata, evidenced by
their size (20 ym) and the presence of lipofuscin
granules in their cytoplasm (data not shown). Among all
the melanized neurons analyzed in the three patients, 8
neurons were found to contain Lewy bodies but no
morphological features of cell death (Fig. 1b). Neurons
without morphological abnormalities displayed a large
nucleus with dispersed chromatin forming a fine
network with only small patches and numerous mito-
chondria interspersed between piles of thin tubules of
endoplasmic reticulum (Fig. la). Necrosis, characterized
by cytoplasmic vacuolation, cell swelling and cyto-
plasmic membrane breakdown, was occasionally
detected in glial but not in dopaminergic cells (not
shown).

Discussion

The results indicate that the dopaminergic neurons in
PD die by an apoptotic process and also by autophagic
degeneration. The morphological criteria of apoptosis
parallel those that have been described during
development in various species (Kerr et al., 1972;
Abrams et al., 1993; Raff et al., 1993) in the substantia
nigra following excitotoxic lesion in immature
rats (Macaya et al., 1994) and in cultures of
catecholaminergic cells intoxicated with 1-methyl-4-
phenylpyridinium (MPP+) (Hartley et al., 1994) or
dopamine (Ziv et al., 1994). The observation of features
of autophagic degeneration indicates that there may be
more than one mechanism of cell death in PD. However,
it may also reflect the presence of two types of nigral
dopaminergic neurons undergoing differential responses
to primary insults, although such cellular heterogeneity
remains to be demonstrated. DNA fragmentation, either
by in situ labelling of strand breaks or by gel
electrophoresis, has been reported in human brain
tumors and in Alzheimer’s and Huntington’s diseases
(Su et al., 1994; Lassmann et al., 1995; Portera-Cailliau
et al., 1995; Tompkins and Hill, 1995). Although it can
be taken as a criteria of cell death by apoptosis in these
disorders, DNA fragmentation is also observed in non-
apoptotic dying cells (Su et al., 1994; Lassmann et al.,
1995; Portera-Cailliau et al., 1995). Therefore, this study
brings the first unequivocal demonstration of neuronal
loss by apoptosis and autophagic degeneration in the
pathological aged human brain.

The number of apoptotic neurons observed in this
study is high compared to quantitative estimates of cell
death during development (approximately 1%) (Raff et
al., 1993; Bellamy et al., 1995). The clearance rate of
apoptotic cells in development is believed to be very
rapid, hence the low number observed in situ. The
greater percentage in PD suggests that the rate of cell

death is higher and/or that the clearance time of dead
neurons is slow in pathological situation. However,
further analysis in more PD patients and in control
subjects is required for statistical evaluation of the rate
of PCD in this region. We did not observe morphological
features of necrosis except occasionally in glial cells. It
is possible that the neurodegenerative process in PD
entails necrotic death, as suggested in Alzheimer’s
disease (Lassmann et al., 1995) or in experimental
models of excitotoxicity (Van Lookeren Campagne et
al., 1995), and the post-mortem analysis may not reveal
the early wave of this type of death. However, the
disease duration of patients 3 was only three years and
the percentage of apoptotic and autophagic neurons was
high in the ventral part of the substantia nigra.

We cannot exclude that the neuronal death observed
in this study was a result of aging process. However, the
majority of apoptotic and autophagic neurons were
observed in the ventral part of the substantia nigra. In the
study of Fearnley and Lees (1991) on nigral neuronal
loss in PD and in normal aging, the ventral region of the
substantia nigra was found to be most affected in PD in
comparison to only mild cell loss during normal aging.
Although the number of patients examined was too small
to draw general conclusions, this distribution suggests
that the cell death observed in this study was mostly the
consequence of the pathological process rather than
normal aging.

As PD patients were treated with levodopa, nigral
dopaminergic neurons might theoretically have been
injured by long term administration of levodopa through
the production of free radicals (Graham et al.,
1978). Levodopa has been shown to be toxic to
catecholaminergic neurons cultured in vitro (Pardo et al.,
1993). However, the concentrations of levodopa used in
this study and others are far beyond the therapeutical
doses used generally in patients. In addition, several
lines of experimental and clinical evidences are not in
favor of the putative toxic role of levodopa in PD (Blin
etal., 1988).

Surprisingly, Lewy bodies were found in apparently
normal neurons and not in those with characteristic
features of apoptosis or autophagic degeneration. It
cannot be excluded that Lewy bodies are extruded from
cells undergoing the final step of degeneration.
Alternatively, despite their well-established relation with
the pathology, Lewy bodies might not be directly related
to the cell death process.

In PD, the surviving dopaminergic neurons are likely
to be in a persistent state of cellular suffering, as
suggested by the following observations: 1) decreased
expression of tyrosine hydroxylase mRNA (Javoy-Agid
et al., 1990) and protein (Kastner et al., 1993); 2)
presence of HLA-DR-activated glial cells, an index of a
continuous local inflammatory process (McGeer et al.,
1988); 3) accumulation over time of Lewy bodies
(Forno, 1986); 4) ongoing production of free radicals, as
shown by the decreased concentrations of reduced
glutathione (Perry et al., 1982) and the increased iron
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content (Dexter et al., 1989), which indicates the excess
production of oxygen species and free radicals; and 5)
decreased activity of complex I resulting in a reduced
metabolism of the mitochondrial respiratory chain
(Schapira et al., 1990). Whether these biochemical
changes in the Parkinsonian substantia nigra represent
early or late steps in the cascade of events leading to cell
death is not known. However, they strongly suggest that,
despite their normal ultrastructural morphology,
dopaminergic neurons in PD are affected by an ongoing
illness. Similarly the factors triggering apoptosis in PD
remain to be elucidated. TNF-a, which may induce
apoptosis through p55 receptors, was found in glial cells
in the substantia nigra of PD patients, whereas the
expression of TNF-a p55 receptor was detected in
dopaminergic neurons (Boka et al., 1994). Moreover, our
recent results showed the expression of bcl-2 in the
nigral dopaminergic neurons (submitted). This suggests
that active protection must be overcome for the apoptotic
process to occur. In this context, it is tempting to
speculate that apoptosis occurs as an ultimate phase of
dopaminergic neuronal degeneration and that the
susceptible neurons already possess an inherent PCD
machinery that may be activated by a stimulus such as
TNF-a and protected by an anti-apoptotic molecule like
Bcl-2.

In conclusion, we show that an apoptotic process
was present in the substantia nigra of patients with PD.
Whether apoptosis also occurs during normal senescence
remains to be determined. The identification of the
factors involved in this process may provide new
insights into the mechanisms that underlie cell death and
may lead to the discovery of therapeutical strategies
aimed at preventing the progression of the disease.
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