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Summary. Parkinson's disease is a disorder, in which neurons of various 
neuronal systems degenerate. Furthermore, in such degenerating neurons, the 
cytoskeleton seems to be affected. In this respect, Parkinson's disease resem- 
bles Alzheimer's disease. Since it has been shown, that elevated levels of 
intracellular calcium can disrupt the cytoskeleton and that the stimulation of 
glutamate (NMDA) receptors can cause high intracellular concentrations of 
calcium, it has been suggested, that the stimulation of glutamate receptors 
plays a role in the slow degeneration in Alzheimer's and Parkinson's disease. 
In case of the degeneration of the dopaminergic nigrostriatal system in 
Parkinson's disease, neurons that contain calcium binding protein appear to 
be less vulnerable than the neurons that lack it, suggesting that calcium 
binding protein might protect these neurons from degeneration by preventing 
that cytosolic calcium concentrations increase excessively. And, since there is 
in the nigrostriatal system a glutamatergic afferent pathway (the prefronto- 
nigral projection) and since dopaminergic nigrostriatal neurons contain post- 
synaptic NMDA receptors, glutamatergic excitation may play a role in the 
degeneration of the nigrostriatal system in Parkinson's disease. If so, it may be 
possible to protect the neurodegeneration of these dopaminergic neurons by 
NMDA receptor antagonists. 
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Introduction 

Chronic degeneration in various neurodegenerative diseases is under the 
influence of many different factors: reduced utilization of glucose, deficits in 
mitochondria and energy supply (Beal, 1992; Greene and Greenamyre, 1995a; 
1995b) and free radicals and oxidative stress (Youdim et al., 1994, German et 
al., 1996). In acute neurodegeneration, there is ample evidence, that overexci- 
tation of neurons by means of excitatory amino acids, such as glutamate and 
aspartate, as well as high intracellular calcium, can result in the death of 
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neurons (Choi, 1992). However, also slow (chronic) neurodegeneration is 
thought to be the result of stimulation of glutamate receptors by their endo- 
genous agonists. For example, if cells are challenged by a reduced glucose 
utilization or mitochondrial deficit, they will degenerate after stimulation of 
glutamate receptors or intracellular calcium concentration at levels, that are 
not toxic to healthy neurons (Greene and Greenamyre, 1995b). Thus, several 
factors can interact in order to cause slow neuronal death. Therefore, the 
common path leading to degeneration may be the stimulation of excitatory 
amino acid receptors (or excessive intracellular calcium) together with down- 
stream events. 

Alzheimer's disease 

Although the two most common neurodegenerative diseases, Alzheimer's 
and Parkinson's disease, differ substantially in clinical symptoms and patho- 
logic changes of the brain, these two diseases also have many features in 
common. Both diseases are primarily diseases of the cytoskeleton of a few 
aging cell types. Pathological changes in Alzheimer's disease mainly consist 
of neurofibrillary tangles and neuropil threads. Neurons, that contain these 
pathological structures will ultimately degenerate. The mechanism of this 
degeneration is still unknown, but it is likely that neurofibrillary tangles and/ 
or neurofibrillary threads play an important role (Braak et al., 1994a, 1996; 
Goedert, 1993; Iqbal et al., 1994). It appears, that neurons in which neurofi- 
brillary tangles are formed ultimately will degenerate. After the death of 
these neurons, neurofibrillary tangles remain in situ. Neurofibrillary tangles 
consist for its major part, if not exclusively, out of tau, a microtubulin- 
associated protein (Goedert, 1993). In the normal brain tau is phosphorylat- 
ed at six to eight sites. In Alzheimer's disease however, it is phosphorylated 
at more sites (there are 17 positions available). It has been hypothesized, that 
in Alzheimer's disease, there has been an abnormal phosphorylation of tau, 
implying deregulation of some phosphorylation-dephosphorylation mecha- 
nism (Goedert, 1993). In this highly phosphorylated state, tau cannot bind as 
efficiently to microtubules as before, causing destabilization of microtubules. 
Such a destabilization will result in impairment of vital cellular processes, 
such as rapid axonal transport and leading to degeneration of the affected 
nerve cells. 

The subpopulation of neurons, that is affected in Alzheimer's disease 
include neurons in the entorhinal cortex, the CA2 region of the hippocampus 
and the long corticocortical connections. These neurons are glutamatergic and 
also receive glutamatergic input (Huntley et al., 1994). After stimulation of 
glutamatergic NMDA receptors, there is an increase in intracellular Ca 2+ 
concentration (Mattson et al., 1992). This increase is probably due to the 
opening of NMDA coupled Ca 2+ channels by means of the stimulation of 
NMDA receptors. Furthermore, there is evidence that Ca 2+ can disrupt the 
cytoskeleton (Mattson et al., 1992). Finally, exposure of neurons to/3-amyloid, 
the protein that can be found in neurofibrillary tangles and neuropil threads, 
sensitises cells to glutamate toxicity (Mattson et al., 1992; Le et al., 1995). 
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These lines of evidence taken together, make it likely that excitatory amino 
acids play a role in the degeneration of neurons in Alzheimer's disease. 

Parkinson's disease 

The pathological hallmark of Parkinson's disease is the degeneration of 
dopaminergic neurons in the substantia nigra, pars compacta. However, this is 
not the only affected region. Other affected areas include: the hypothalamus 
(Gibb, 1988; Bethlem and den Hartog Jager, 1960), the entorhinal cortex, 
locus coeruleus, hippocampus, raphe nucleus (Gibb, 1988; Bethlem and den 
Hartog Jager, 1960), amygdala (Braak et al., 1994b) (Table 1). Many pathways 
of the autonomic nervous system appear to be involved (Gibb, 1988; Bethlem 
and den Hartog Jager, 1960). Transsynaptic degeneration or a combination of 
transsynaptic and parallel degeneration occur (Agid, 1991). However, it is not 
known, in which region the degeneration is initiated. 

At the cellular level, in regions with degeneration of neurons, Lewy bodies 
can be found. These pathological structures are located within the cell bodies 
of living neurons and consist of accumulations of cytoskeletal proteins (Gibb, 
1988; Goldman et al., 1983: Galloway et al., 1988). This is an indication, that 
also in Parkinson's disease, as in Alzheimer's disease, neuronal degeneration 
might be triggered by disorganization of the cytoskeleton. However, the 
composition between Lewy bodies in Parkinson's disease and paired helical 
filaments (the main components of neurofibrillary tangles) in Alzheimer's 
disease differs: Lewy bodies contain tubulin, various neurofilament proteins, 
microtubulin-associated proteins 1 and 2 (MAP-1 and MAP-2), but not tau 
(Galloway et al., 1988), while tau is the principal component of neurofibrillary 
tangles in Alzheimer's disease (see above). Furthermore, Lewy bodies only 

Table 1. Affected brain areas in Parkinson's disease* 

Region Area 

Cerebral cortex 
Diencephalon 

Brainstem 

Spinal cord 
Sympathetic ganglia 
Parasympathetic myenteric 
plexus 

Temporal, frontal, anterior cingulate and insular cortex 
Hypothalamus, especially lateral, posterior, 
tuberomammillary and paraventricular nuclei; thalamus; 
nucleus basalis of Meynert; amygdala 
Substantia nigra; ventral tegmental area; 
Edinger-Westphal nucleus; periaquaductal gray; locus 
coeruleus; superior central nucleus; dorsal vagal nucleus 
Intermediolateral column; Onufs nucleus 
Cervical; thoracic; lumbar; sacral 
Esophagus 

* Table adapted from Gibb, 1988. Data from Bethlem and Den Hartog Jager, 1960; 
Qualman, 1984; Hunter, 1985; Braak et al., 1994b. 
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can be found within living neurons, in Parkinson's disease, neurons with 
apoptotic changes, undergoing programmed cell death, have been shown in 
the substantia nigra. However, they do not contain Lewy bodies (Anglade et 
al., 1997). It was therefore hypothesized that Lewy bodies might represent a 
transient stage of vulnerable neurons (Anglade et al., 1997). 

Selective neuronal vulnerability in Parkinson's disease 

Since, in Parkinson's disease, the degeneration of the substantia nigra, pars 
compacta, gives rise to its main clinical symptoms, this neuronal system has 
been extensively studied. What attracts attention after inspection of human 
postmortem tissue of Parkinson patients, is the fact, that not all dopaminergic 
neurons degenerate at the same time, but that degenerating and healthy 
dopaminergic neurons reside side by side (Gibb and Lees, 1991). It appeared, 
that there are two different types of dopaminergic neurons in the substantia 
nigra, pars compacta, of which one population contains calcium binding 
protein and the other does not (Gerfen et al., 1987b). The cells that lack 
calcium binding protein preferentially degenerate in Parkinson's disease (Ya- 
mada et al., 1990; Hirsch et al., 1992; German et al., 1992). This indicates, that 
calcium binding protein protects against neurodegeneration, probably by 
binding part of the accumulating intracellular Ca 2+. However, these two 
populations of neurons differ in more respects than only their calcium binding 
protein content. They belong to a different circuitry, so that they have a 
different population of target neurons (Gerfen et al., 1987a). From these 
different types of target neurons, they might each receive different neuro- 
trophic compounds, that may influence their survival differently. Moreover, 
the diameter of their axons differs (Gerfen et al., 1987a), implying, that the 
amount of neurofilament protein content differs between these populations 
(Lasek et al., 1983). Finally it might be possible, that there is another kind of 
neurofilament protein present in the respective populations (Hof and Morri- 
son, 1995). Therefore, this difference in vulnerability also could be carried 
back to differences in the sort or the amount of neurofilament protein and/or 
retrogradely transported trophic factor. 

Glutamatergic stimulation of N M D A  receptors of dopaminergic neurons 
in the substantia nigra, pars compacta 

The substantia nigra receives glutamatergic afferents in vivo. Firstly, the 
prefrontal cortex projects to the substantia nigra, pars compacta and reticulata 
(Nitai and Kita, 1994; Kornhuber et al., 1984). Furthermore, there also is a 
glutamatergic pathway from the subthalamic nucleus to the substantia nigra, 
pars reticulata (Nauta and Cole, 1978; Hammond et al., 1978). But these fibers 
seem to avoid pigmented (dopaminergic) neurons (Nauta and Cole, 1978) and 
there is only direct evidence for synaptic contact between subthalamonigral 
nerve endings and nigrothalamic neurons (Bevan et al., 1994). Thus the 



NMDA receptors in Parkinson's disease 21 

subthalamonigral fibers do not seem to have much impact on dopaminergic 
compacta neurons, while the afferentation from the prefrontal cortex is not 
very dense, when compared to the corticostriatal afferentation (Nitai and 
Kita, 1994). 

Nevertheless, there is evidence for NMDA (Mercuri et al., 1992; Albin 
et al., 1992; Christoffersen and Meltzer, 1995) and AMPA (Albin et al., 1992; 
Christoffersen and Meltzer, 1995) receptors on dopaminergic pars compacta 
neurons, although at relatively low levels. In addition, NMDA receptor 
subunits NMDAR1, NMDAR2C and NMDAR2D have been shown to be 
present in the substantia nigra, pars compacta (Standaert et al., 1994). How- 
ever, the distribution of NMDA receptors subunits has not been compared 
between calcium binding protein positive and negative neurons of the pars 
compacta, so that we cannot decide at the moment whether this discrepancy in 
survival can be correlated with the presence or absence of (a specific subtype 
of) NMDA receptor. 

Thus it seems possible, that the degeneration in the substantia nigra, at 
least partly, depends on stimulation of glutamate receptors. In line with such 
a hypothesis is the fact, that, under some circumstances, NMDA receptor 
antagonists protect from damage, inflicted by the dopaminergic drug amphet- 
amine (Sonsalla et al., 1989), while this might also be the case for MPP +- 
induced damage (Turski et al., 1991), although this is controversial (Sonsalla 
et al., 1992). Moreover, in the striatum, apoptotic (programmed) cell death 
can be blocked by glutamate antagonists or can be inhibited by removal of 
glutamatergic cortical afferents (Mitchell et al., 1994). Also in the substantia 
nigra apoptotic cell death has been described (Anglade et al., 1997). 

Therefore, the use of glutamate receptor antagonists might be a possible 
way to prevent nigral dopaminergic cells in Parkinson's disease. Indeed, 
promising results have been obtained with NMDA receptor antagonists as 
neuroprotective agents (Kornhuber et al., 1994). 
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