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ABSTRACT

The motor deficits seen in Parkinson’s disease (PD) are the result of a loss of
catecholaminergic neurons from the substantia nigra (SN) and the associated loss of
striatal dopamine. Clinical signs become evident once striatal dopamine levels decline
by at least 70-80% and nigral cell numbers by 40%, and worsen with increased
duration of the disease. Typically, onset is at around 60 years with increased
prevalence with advancing age. Aging is the only unequivocal risk factor for PD, and
it has been hypothesized that PD is an accelerated form of this process. In the present
study age-related changes in the nigrostriatal system were examined in the non-
human primate. Stereological counts showed no change in the total number of
dopaminergic nigral neurons with aging when neurons were identified by a
combination of dopaminergic markers. However, a decline was noted in number of
tyrosine hydroxylase-immunoreactive neurons that was paralleled by an increase in
neuromelanin pigmentation with advancing age. Striatal dopamine levels were also
significantly lower in old monkeys as compared to young animals (-25% in the
putamen and —20% in the caudate), suggesting that nigral neurons undergo a shift in
phenotype during aging that may contribute to functional decreases in the striatum.

1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) is a toxin that selectively
targets dopaminergic neurons, resulting in a similar pattern of nigrostriatal damage and
behavioral motor changes to those seen in PD. In non-human primates an inverse
relationship exists between age and the amount of MPTP needed to generate the same
degree of motor deficits. Here the direct effects of a single dose of MPTP on animals of
different ages were examined. An age-related sensitivity to MPTP was seen, with
significantly greater dopaminergic cell loss in the SN of old (50%) vs. young (25%)
animals and more marked striatal dopamine depletion in old as compared to young
monkeys (30% and 70% depletion in young and old animals respectively). The
presence of neuromelanin also conferred increased vulnerability to MPTP-induced
neurodegeneration, a feature seen in the neurodegenerative processes in PD.

One of the classic pathological hallmarks of PD, the Lewy body, is a cytoplasmic
inclusion, a major constituent of which is the protein a-synuclein. The relationship
between a-synuclein and neurodegeneration was examined by administering a single
dose of MPTP. In control monkeys, a-synuclein immunostaining was only present in

fibers of the SN. One week after MPTP when only a small degree of nigral cell loss



was seen, a-synuclein mRNA levels were increased. a-Synuclein protein levels in the
SN were also slightly increased by western blotting, but immunoreactivity was still
only present in the neuropil. One month after MPTP, a 40% loss of nigral neurons was
noted along with a shift in the distribution of a-synuclein to the cell bodies of the
remaining dopaminergic neurons. Therefore in this model, increased a-synuclein levels
were not consistently associated with neurotoxicity, but rather were seen in surviving
neurons.

Long-term use of levodopa therapy in PD is associated with abnormal involuntary
movements, levodopa-induced dyskinesias (LIDs), which can also be induced in the
non-human primate. Presynaptic damage to striatal dopaminergic terminals reduces
the DA storage capacity, making buffering of elevated levels of DA present during
levodopa therapy difficult. Here, the extent of nigrostriatal damage effected the time
of onset of LID. After priming by a first cycle of levodopa, a second cycle of
levodopa treatment resulted in quicker onset of LIDs in severely lesioned monkeys as
compared to more moderately lesioned ones, suggesting that the severity of
nigrostriatal injury enhances the sensitivity of animals to subsequent levodopa
exposures. Further support for a role for presynaptic damage in LID came from
findings in methamphetamine-treated animals subsequently treated with levodopa in
which significantly more severe LIDs were noted as compared to unlesioned
levodopa-treated animals.

The roles of aging and neuromelanin in increased vulnerability of pigmented
populations of neurons and the pathological role of a-synuclein in PD may be all
clarified by the use of MPTP in the non-human primate. This model is also important
in relation to studies examining the therapeutic treatment with levodopa in patients

with PD.
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1 INTRODUCTION
1.1 PARKINSON’S DISEASE
1.1.1 Clinical Symptoms

Parkinson’s disease (PD) was first described in 1817 by James Parkinson
(Parkinson, 1817). It is a progressive movement disorder of the basal ganglia, a
network of brain nuclei that integrate input from the motor areas of the cerebral
cortex and the thalamus. Symptoms usually begin in the upper extremities and are
normally asymmetrical at onset. PD is characterized by a resting tremor that
disappears upon movement, and a postural tremor, which occurs during postural
maintenance. Other cardinal features include freezing, bradykinesia and postural
instability. Bradykinesia can be observed as difficulty in walking and an absence of
facial expression. Patients also experience difficulties both in initiating walking
(freezing) and maintaining a normal gait and walk with small shuffling steps. The
severity of symptoms depend on 2 principal factors: (i) the duration of the disease and

(i1) the speed of decline, which may vary considerably between patients.

1.1.2 Nigrostriatal Pathology and Basal Ganglia Circuitry

Even though the causative events are still unclear, the pathological changes that
occur are more defined. During PD there is a loss of dopaminergic neurons from the
substantia nigra pars compacta (SNc), with the ventral tier being affected more than
the dorsal tier (German et al., 1989; Fearnley and Lees, 1991). Neuronal loss is also
seen within other midbrain dopaminergic cell groups, A8 and A10, although possibly
to a lesser degree (Graybiel et al., 1990; German et al., 1992). Interestingly, a strong
correlation has been described between the degree of neuromelanin (NM)
pigmentation and the level of cell damage (Hirsch et al., 1988). The disease process

also affects other cell groups, with neurodegeneration also occurring in the pigmented



noradrenergic neurons in the locus ceruleus and the cholinergic nucleus basalis of
Meynert (Forno, 1996).

Besides cell loss, one of the major pathological findings is the Lewy body, a
cytoplasmic inclusion found in neurons in the substantia nigra (SN), the locus
ceruleus and other subcortical structures. These structures are composed of a dense
core with a peripheral filamentous halo. Many proteins have been identified in Lewy
bodies, including neurofilament proteins, tubulin, ubiquitin and more recently, a
protein known as alpha-synuclein (Forno, 1996; Spillatini et al., 1998).

Postmortem analysis of PD tissues shows a profound depletion of dopamine (DA)
in the striatum and the SN. Indeed clinical symptoms of PD become noticeable when
DA levels in the striatum are decreased by approximately 80% (Bernheimer et al.,
1973). Within the striatum, the putamen is more severely affected than the caudate
(Kish et al., 1988). The decline in DA levels impacts the activity of the medium

spiny neurons of the striatum, which utilize y-aminobutyric acid (GABA) as a
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Figure 1: Circuitry of the basal ganglia nuclei. Dopaminergic input from the
substantia nigra pars compacta to the striatum is denoted by dotted lines. Excitatory
glutaminergic pathways are indicated by solid lines and inhibitory GABAergic
pathways by dashed lines. Adapted from Bezard et al., 2001.
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neurotransmitter. There are two distinct output pathways from the striatum, the direct
and indirect pathways. The direct pathway activates the D1 dopamine receptor,
signaling intracellularly through increased adenylyl cyclase activity, whilst the
indirect pathway activates the D2 receptor, which inhibits adenylyl cyclase activity.
The output of the striatum is therefore thought to be the result of the balance between
these two pathways. The loss of nigral neurons that occurs in PD alters this
homeostasis and results in an increased inhibition of the output nuclei, namely the
internal section of the globus pallidus (GPi) and the substantia nigra pars reticulata
(SNr). The subsequent reduction in signal from the motor thalamus to the motor
cortex results in hypokinesia.

The current model by Bezard and colleagues for the connections between the

various basal ganglia regions is shown in figure 1 (Bezard et al., 2001).

1.2 AGING

So far the only unequivocal risk factor for PD is advancing age. The typical age
of onset of clinical symptoms is approximately 60 years and prevalence increases
with advancing age. It has been hypothesized that PD is a form of accelerated aging,
although it is not clear whether this would be sufficient to cause PD (Gibb and Lees,
1987; Fearnley and Lees, 1991). The process of normal aging in the nigrostriatal
pathway has been considered a gradual process of deterioration, with an incremental
loss of approximately 5-10% of dopaminergic neurons from the SNc for every decade
of life passed (McGeer et al., 1977; Fearnley and Lees, 1991) but recent studies have
cast doubts on this theory. In experimental animal models, the results appear to be
dependent on (i) the species examined (Date et al., 1990; Pakkenberg et al., 1995), (ii)
the criteria used to identify dopaminergic neurons (Gibb and Lees, 1987; Herrero et

al., 1993b; Emborg et al., 1998; Muthane et al., 1998), and (iii) the method used for
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quantification (Ricaurte et al., 1987b; McNeill and Koek, 1990; Greenwood et al.,
1991; Tatton et al., 1991).

In the SNc of the mouse, neither a decline in DA content or nigral cell numbers
appears to be a function of normal aging (Ricaurte et al., 1987b; McNeill and Koek,
1990, Zhao et al., 2003). In contrast, non-human primates show a significant loss of
striatal DA, with the putamen being affected more than the caudate nucleus
(Adolfsson et al., 1979; Kish et al., 1992). With a basal ganglia structure more akin
to that present in monkeys, humans would be expected to have age-related effects
similar to non-human primates rather than those reported in the rodent.

Dopaminergic neurons have typically been identified in tissue sections either by
DA histofluorescence, the presence of cytoplasmic NM pigment or tyrosine
hydroxylase immunoreactivity (TH) (see for example, Sladek and Sladek, 1978;
Herrero et al., 1993b; Emborg et al., 1998). The cell bodies within the SN of the non-
human primate, like those in the human, contain NM granules. As NM is produced
within neurons as a by-product of dopamine autoxidation, it is not surprising that both
the absolute concentration of NM and the number of NM-containing neurons have
been reported to increase in midbrain regions with age in both humans and the non-
human primate (Gibb and Lees, 1991; Herrero et al., 1993a; Rose et al., 1993;
Pakkenberg et al., 1995; Zecca et al., 2002). On the other hand, the use of a different
phenotypic marker for dopaminergic neurons, TH immunoreactivity, has been
reported to decrease in the same species over time (Herrero et al., 1993b; Emborg et
al., 1998). Therefore the use of either of these markers in isolation may not provide
an accurate reflection of the total number of dopaminergic nigral neurons present

within the tissue, since individual markers may either increase or decrease with age.
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1.3 a-SYNUCLEIN
1.3.1 Normal Physiological Role

a-Synuclein is a small 140 amino acid protein that is one of three members of the
synuclein family, the others being - and y-synuclein. It is highly expressed in neural
tissue and has a wide distribution throughout the rat brain, with the highest
concentrations present in the neocortex, the cerebellum, the striatum and the
hippocampus (Iwai et al., 1995).

While its physiological role is still unknown, some possible roles for a-synuclein in
presynaptic processes have been suggested by several pieces of evidence. a-Synuclein
was first implicated in synaptic plasticity by a study in the zebra finch. In this report
the highest levels of a-synuclein mRNA and protein were present in the presynaptic
vesicles of one of the key regions involved in song learning during the sing acquisition
phase. In subsequent phases of song learning, such as model crystallization, these
levels were greatly reduced (George et al., 1995). There have also been reports
suggesting that o-synuclein is capable of binding to the phospholipids present in the
membranes of synaptic vesicles via its N-terminal (Davidson et al., 1998; Jo et al.,
2004) and interacting with the dopamine transporter (Sidhu et al., 2004). Also,
transgenic mice lacking a-synuclein have enhanced dopamine release in the striatum
following paired pulse depression (Abeliovich et al., 2000). Additionally, a-synuclein
may act as a constitutive inhibitor of phospholipase D2, an enzyme involved in
cytoskeletal reorganization and endocytosis (Colley et al., 1997; Jenco et al., 1998) and

also serve as a substrate for G-protein-coupled receptor kinases (Pronin et al., 2000).
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1.3.2 a-Synuclein and Parkinson’s Disease

The first link between a-synuclein and neurodegenerative diseases came following
a report by Ueda and colleagues that described a protein, called the non-amyloid
component precursor, in plaques from Alzheimer’s disease patients (Ueda et al., 1993).
This protein was later found to be identical to o-synuclein. o-Synuclein was
implicated in PD in 1997 when a missense mutation in the gene for o-synuclein
(G209A) was shown to segregate with the parkinsonian phenotype in a large kindred of
Italian descent, known as the Contursi kindred, and three Greek families
(Polymeropoulos et al., 1997). A second mutation in the same gene was described later
in another family in which the alanine at position 30 was replaced by proline (A30P
mutation) (Kruger et al., 1998), and a third, E46K, in a Spanish family (Zarranz et al.,
2004). Overexpression of a-synuclein in the absence of any mutation also appears to
be sufficient to cause PD. Recently a study by Singleton and colleagues showed that
triplication of the gene was causative in another kindred of familial parkinsonism
(Singleton et al., 2003). Other studies have also reported mutations in different genes
and currently 11 different mutations have been associated with PD (PARK1-PARKI11)

(for review, see Eriksen et al., 2005).

1.3.3 a-Synuclein-associated Pathology

o-Synuclein has been implicated in sporadic PD, where no mutations or over
expression are present. Shortly after the report by Polymeropoulos and colleagues,
another group reported the presence of full-length a-synuclein in Lewy bodies from PD
patients (Spillantini et al., 1998). Subsequently, its presence was identified in virtually
all Lewy bodies in sporadic PD (Baba et al., 1998). Indeed, the pattern of a-synuclein
immunostaining in different regions of the brainstem and brain has recently been

proposed as a way of staging PD pathology (Braak et al., 2003). However, this staging
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is not fully clear, since it does not account for changes seen in cases of Alzheimer’s
disease with concurrent PD pathology or the alterations present in diffuse Lewy body
disease. Also, the presence of abnormal a-synuclein pathology is not selective for PD,
indeed it has been described in various neurodegenerative diseases, leading to the use
of the term “synucleinopathies” (Galvin et al., 2001).

a-Synuclein monomer is a natively unfolded protein. Mutations and nitrative and
oxidative damage have been shown to change its biophysical properties, increase its
tendency to aggregate and promote the formation of toxic fibrils in vitro (Hashimoto et
al., 1999; Vila et al., 2000). Such findings also have relevance in vivo, with the
demonstration of extensive nitration of the a-synuclein in Lewy bodies in cases of
sporadic PD (Duda et al., 2000; Giasson et al., 2000).

The relationship between a-synuclein, Lewy body formation and nigrostriatal
degeneration is still far from understood. Indeed there is still considerable debate as to
whether such inclusions are toxic or are the remnants of a failed survival strategy.
Many groups have over expressed a-synuclein using different methods to clarify the
effects of increased levels of a-synuclein expression on the dopaminergic neurons of
the SNc. Somewhat conflicting data have been produced. Masliah and colleagues over
expressed wild type oa-synuclein using a pan-neuronal promoter (platelet-derived
growth factor-B, PDGF). a-Synuclein-immunoreactive inclusions were present in
many areas of the brain, a loss of dopaminergic terminals in the striatum and
accompanying behavioral motor deficits were also noted. However, this model did not
result in any accompanying loss of dopaminergic neurons in the SNc¢ (Masliah et al.,
2000). A different approach to over express a-synuclein was taken by Kirik and
colleagues. In this study a-synuclein over expression was achieved by viral

transfection of a-synuclein into nigral neurons of rats. This method resulted in motor
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deficits, inclusion body formation and also in the selective neurodegeneration of the
nigral dopaminergic neurons (Kirik et al., 2002).

In contrast however, another group selectively over expressed o-synuclein in mice
using the TH promoter, which resulted in highly selective over expression within
catecholaminergic neurons. In these mice striatal DA levels were unaltered, nigral cell
loss did not occur and inclusion bodies were not formed (Matsuoka et al., 2001).

Up-regulation of a-synuclein has been reported in various models in response to
toxicant exposure. An increase in o-synuclein protein has been reported in 6-OHDA-
lesioned rats, MPTP- and paraquat- exposed mice (Kholodilov et al., 1999; Vila et al.,
2000; Manning-Bog et al., 2002). The significance of this toxicant-induced increase is
still not entirely clear since, in 6-OHDA-treated rats, o-synuclein-immunoreactive
aggregates were not present in neurons displaying apoptotic nuclear morphology and
over expression of a-synuclein was associated with decreased neurodegeneration

following paraquat exposure (Kholodilov et al., 1999; Manning-Bog et al., 2002).

1.4 MODELS OF NIGROSTRIATAL DENERVATION

1.4.1 MPTP

During the early 1980s, the inadvertent administration of the neurotoxin 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) to heroin addicts in California resulted in
an acute form of parkinsonism that was indistinguishable from the late stage of
idiopathic PD. It was also responsive to levodopa therapy (Davis et al., 1979; Langston
et al., 1983). Following this discovery theories of the possible causes of idiopathic PD
were modified to include toxic exposure. For example Irwin and Langston proposed
that a toxic insult imposed over an age-related decline in cell numbers could lead to

idiopathic PD (Irwin et al., 1993). The lesion produced in the addicts reproduced both
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the biochemical loss of DA in the striatum and the focal loss of dopaminergic neurons
in the SNc (Vingerhoets et al., 1994; Langston et al., 1999; Snow et al., 2000).

These pathological effects have also been reproduced in many animal species. The
process by which these deficits are produced is illustrated in figure 2. The enzyme

monoamine oxidase B (MAO-B) converts MPTP to the toxic metabolite 1-methyl-4-

MAO B
Astrocyte
BBB
—
plasma
T DpAT membrane
v
Dopaminergic MPP*
Neuron VMAT
synaptic mitochondrion
vesicle o
Sequestration Inhibition of
complex 1

Figure 2: Mechanism of MPTP Toxicity. MPTP crosses the blood brain barrier
(BBB) and is converted to its toxic metabolite, MPP+, in astrocytes by MAO-B. It
is taken up by dopaminergic neurons via the dopamine transporter (DAT) and then
either sequestered into synaptic vesicles or enters the mitochondria where it inhibits

complex of the electron transport chain and depletes cellular stores of ATP.

phenylpyridinium  (MPP+) via an  intermediate, 1-methyl-4-phenyl-2,3-
dihydropyridinium (MPDP+) (Yang et al., 1988; Przedborski and Vila, 2003), a
process thought to take place in astrocytes (Di Monte et al., 1991; 1996). Once MPP+

reaches the extracellular space, it is selectively taken up by dopaminergic cells due its
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high affinity for the dopamine transporter (DAT) (Javitch et al., 1985; Bezard et al.,
1999). Once inside dopaminergic neurons, MPP+ has at least two possible fates.
Firstly, it may also be sequestered into vesicles via the vesicular monoamine transporter
(VMAT) (Del Zompo et al., 1983). By competing for DA as a substrate for VMAT,
MPTP administration may result in increased cytosolic DA levels that would increase
the risk of oxidative damage from free radicals produced by DA catabolism. Secondly,
the toxin inhibits ATP production by blocking complex I of the electron transport chain
in the mitochondria. The consequences of complex I inhibition include a decrease in
ATP levels within the neuron and the generation of toxic ROS (Scotcher et al., 1990;
Chan et al., 1991). ATP loss has numerous downstream consequences, including
increased calcium influx, nitric oxide synthase activation and the activation of
glutamatergic NMDA channels, all of which can lead to toxic events and cell death (D1
Monte et al., 1996). The nigrostriatal pathway shows a differential sensitivity to MPTP,
where the cell bodies in the midbrain demonstrate degenerative features earlier than the
nerve terminal region in the forebrain. Thus, single, graded doses of MPTP have been
shown to induce dopaminergic depletion and cell loss in the primate SNc, while the
nerve terminal region remained unaffected (Yee et al., 2001).

Administration of the same dose of MPTP to different strains of mice results in
widely differing degrees of nigral deficits. C57BL/6 mice are among the most
sensitive, with other strains such as NMRI and CD-1 mice being relatively resistant to
the neurotoxicant (Sundstrom et al., 1987; Muthane et al., 1994). There have been
several hypotheses as to the mechanism for this. One theory proposes that MAO-B
activity differs between the different strains (Zimmer and Geneser, 1987), while
another suggests that strain susceptibility is a function of intrinsic properties of the

glia cells that are unrelated to MAO-B (Smeyne et al., 2001).
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Intriguingly, the MPTP model may also have an age-related component. An
increased loss of both TH-immunoreactive neurons in the SN and DA in the striatum
was noted in aged mice in response to the same dose of MPTP (Date et al., 1990).
Also, greater numbers of degenerating neurons were seen in aged versus young mice
(Ricaurte et al., 1987b). However, the underlying mechanism for this phenomenon in
the mouse appears to be due to an increase in MAO-B with age, resulting in increased
levels of MPP+ and hence greater levels of the toxic metabolite in aged mice (Saura
et al., 1994a; 1994b). Age-related changes in this enzyme do not occur in the squirrel
monkey (Irwin et al., 1997). Even so, an inverse correlation has been reported
between age and the amount of MPTP needed to develop parkinsonian symptoms in
the non-human primate, and also between age and the severity of parkinsonian
phenotype (Rose et al., 1993; Ovadia et al., 1995). MPTP also appears to selectively
target the NM-pigmented nigral neurons in the non-human primate that are most
susceptible to the neurodegenerative processes that occur in PD (Pakkenberg et al.,
1991; Herrero et al., 1993b). The role of NM in neuronal cell death is still unclear,
with evidence for both a protective role and a deleterious one. Although the exact
mechanism of NM formation is unknown, it is widely thought to be generated as a
by-product of dopamine auto-oxidation. Cytosolic DA can be either metabolized by
MAO to dihydroxyphenylacetic acid (DOPAC), or be sequestered into synaptic
vesicles by VMAT. If the levels of DA in the cytosol are in excess of these
pathways, it may be oxidized to form DA-quinones and semi-quinones, which are
capable of causing oxidative damage (Sulzer and Zecca, 2000). DA-quinones may
react with cysteine residues in proteins and form DA-Cys-protein adducts (Jameson et
al., 2004). It has been suggested that these protein adducts are then either
phagocytosed into autophagic vesicles to generate the characteristic membrane bound

NM granule, or that DA-quinones are formed directly within the lysosomal vesicle
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and then seed the formation of the NM granules. The catabolism of DA also
generates reactive oxygen species (ROS), such as hydrogen peroxide, which are
highly damaging to cells. The presence of such compounds will result in increased
levels of oxidative stress and damage within the cell, for example lipid peroxidation
and the nitration of proteins. Therefore, the formation of NM may play a protective
role by removing potentially harmful products from DA metabolism from the cytosol,
such as DA-quinones, and by decreasing the production of ROS by reduction of
DOPAC formation. Indeed, toxic compounds such as MPP+ and paraquat have been
shown to bind to NM granules in vivo, and therefore be removed from the cytosol
and prevent the deleterious effects (D’ Amato et al., 1986; Lindquist et al., 1988). On
the other hand, the formation of NM results in the production of oxygen radicals and
NM may also act as a depot for toxins which could be released back into the cytosol

and so prolong the exposure of pigmented neurons to toxic agents.

1.4.2 Methamphetamine

Selective striatal denervation can also be achieved by the administration of other
neurotoxicants. Methamphetamine is an amphetamine derivative that is also used to
induce neurodegeneration. This neurotoxin specifically affects dopaminergic and
serotonergic neurons and its administration results in a decrease in dopamine and
serotonin levels in the striatum, the nucleus accumbens and the cortex (Davidson et
al.,, 2001; Kita et al., 2003). In contrast to MPTP, methamphetamine is widely
thought to spare the neuronal cell body whilst severely affecting the terminal fields,
although there are a few reports suggesting that the cell bodies may be also be
affected (Sonsalla et al., 1996; Deng et al., 2001). This model of neurotoxicity
appears to be reversible since recovery has been reported in non-human primates

treated with methamphetamine (Melega et al., 1997; Harvey et al., 2000).
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Methamphetamine treatment results in an efflux of dopamine from terminals by
reversal of the dopamine transporter (Cook et al., 1975). Indeed, administration of
dopamine reuptake blockers is neuroprotective in this model, as is prior depletion of
dopamine with alpha-methyl-para-tyrosine (Schmidt et al., 1985). Pre-treatment with
reserpine, an agent that increases dopamine release, exacerbates methamphetamine
toxicity (Fumagalli et al., 1998; Westphale and Stadlin, 2000). Methamphetamine
neurotoxicity is thought to be mediated by the formation of toxic by-products of DA
metabolism, e.g. DA-quinones, 6-hydroxydopamine and reactive oxygen species,
such as hydrogen peroxide, superoxide and the hydroxyl radical (Yamamoto and Zhu,

1998; Imam et al., 2000; Gluck et al., 2001; Larsen et al. 2002).

1.5 LEVODOPA THERAPY AND DYSKINESIAS
1.5.1 Parkinson’s Disease

The most effective pharmacological treatment for patients with PD is the
administration of L-Dopa. It was introduced to the clinic in the 1960s and drastically
improved the treatment of PD (Cotzias et al., 1967). L-Dopa is the precursor to DA
and, unlike DA, can cross the blood brain barrier upon which it is converted to DA by
the enzyme aromatic L-amino acid decarboxylase. L-Dopa is given to patients in a
formulation known as levodopa. This therapy is effective for approximately 5-10
years, but eventually reaches a point where complications start to appear in 30-80% of
patients (Nutt, 1990; Poewe, 1993). The two major complications of L-Dopa therapy
are “on-off” effects and dyskinesias. The “on-off” effect is seen when the beneficial
effect of the current levodopa dose wears off before next dose is due, switching the
patient from the “on” state when they are able to move, to the “off” state when the
patient is parkinsonian. The “on-off” effect may also be associated with the onset of

abnormal movements at peak plasma levels of the drug. The other major side effect is

21



known as levodopa-induced dyskinesia (LID). Some PD patients find these abnormal
involuntary movements even more debilitating than PD itself. They typically manifest
as chorea (brief, quick, random movements) and dystonia (sustained muscle
contractions which may cause twisting of the affected limb). When such dyskinesias
appear in PD patients they are generally a combination of both of the above abnormal
movements, and are collectively termed choreoathetoid movements.

The extent of nigrostriatal damage is thought to play a role in the severity and speed
of onset of dyskinetic side effects following levodopa therapy (Obeso et al., 2000).
Indeed LIDs typically appears on the most affected body side in PD and are also more
severe on the affected side (Mones et al., 1971). A prospective evaluation of patients to
determine the time of onset of motor complications revealed that 26% of patients
exhibited dyskinesias 18 months after initiation of levodopa therapy (Parkinson Study
Group, 1996). The patients in that study received levodopa when their parkinsonism
was still relatively mild but required some form of symptomatic treatment. In another
study of patients with more severe parkinsonism at the start of levodopa treatment,
LIDs were observed in 80% of patients (Duviosin, 1974). These studies suggest that
the severity of denervation prior to the onset of levodopa treatment is a significant risk
factor for the development of dyskinesia. Other risk factors for LIDs include the age at
onset of PD and the speed of its progression, initial levodopa dosage and the length of

therapy (Schrag and Quinn, 2000).

1.5.2 The Storage Hypothesis

The fact that LIDs appear faster in patients with greater disease severity upon initial
levodopa administration has led to the formulation of the “storage hypothesis”. This
theory proposes that presynaptic dopaminergic damage in the parkinsonian state

reduces the capacity of the striatal terminals to take up and store DA. This lack of
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storage would make it difficult for dopaminergic neurons to buffer the elevated and
oscillating levels of DA that are present after levodopa therapy. Levodopa has a
relatively short half-life and consequently post-synaptic dopaminergic receptors are
stimulated in a pulsatile manner that could disturb the normal firing patterns in this
region. It may also result in plastic changes in neurons downstream from the striatum.
The extent of terminal damage would therefore be highly likely to play a role in the
onset and severity of this side effect, since greater damage would result in greater
deficits in the storage and buffering capacity of the terminals and increased fluctuations
in levodopa storage (Mouridian et al., 1987; Chase et al., 1987; Papa et al., 1994; Chase

et al., 1989).

1.5.3 Animal models

The parkinsonian behavior induced by MPTP in the non-human primate is
reversible with levodopa treatment. Administration of levodopa to these animals is
also associated with the onset of dyskinetic movements similar to those seen after
long-term levodopa treatment in humans (Boyce et al., 1990; Pearce et al., 1995).
The repertoire of behavior shown by these monkeys is comparable to that seen in
patients, suggesting parallels in the biochemical and cytochemical changes, and
therefore may prove to be an effective model for elucidating these changes.
Interestingly, methamphetamine administration also induces acute abnormal
movements in a variety of species, including the non-human primate (Randrup and
Munkvad, 1967; Eibergen and Carlson, 1976; Harvey et al., 2000a). As already
discussed, methamphetamine destroys dopaminergic terminals.  Therefore the
behavioral effects of methamphetamine are consistent with the importance of the

dopaminergic buffering capacity of the striatum in the onset of abnormal movements.
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1.5.4 Behavioral Scales

Primate behavioral scales are typically based on clinical scales used to assess
patients (Gomez-Mancilla and Bedard, 1991). In the present series of studies,
parkinsonism was assessed using the Parkinson’s Primate Rating Scale (PPRS), the
details of which are shown in Table 1. This scale is based on the Unified Parkinson’s
Disease Rating Scale (UPDRS), a scale commonly used to assess the degree of
parkinsonism present in PD patients. Animals are rated on a scale of 0-4 (0 being
normal, 4 being severely affected) for 6 separate features. This scale is cumulative,
with a maximum of 24. Control animals typically score 0-3 in this scale. Therefore a
score of over 4 is considered parkinsonian in the squirrel monkey (Langston et al.,
2000).

Dyskinetic movements can be assessed using different rating scales. The Global
Primate Dyskinesia Rating Scale (GPDRS), as shown in Table 2, is modeled on a
clinical scale used for patients (AIMS, 1998). In this scale the severity of dyskinesias
are rated in each of the limbs and the trunk on a scale of 0-4, and a global judgment of
the severity is also rated. The presence or absence of dystonia is also assessed. A
cumulative score is calculated and a score of 7 or higher is regarded as being

indicative of dyskinetic behavior (Di Monte et al., 2000).

In contrast, the hyperkinetic abnormal movements scale (HAM Scale) was
developed in the squirrel monkey based on behavioral observations of movements in
unlesioned, MPTP-lesioned and levodopa-treated unlesioned and levodopa-treated
lesioned animals. This scale categorizes animals from O (normal) to 4 (severe), as

shown in Table 3 (Tan et al., 2002).
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Table 1: Primate Rating Scale for Parkinsonism in Squirrel Monkeys

Spatial Hypokinesia (movement around cage)

0 Normal, uses entire cage space
1 Uses a least 75% of cage space, but may be slow
2 Uses more than 50% of cage space, definitely slowed
3 Uses less than 50% of cage space, definitely slowed
4 Stays in a confined area of the cage, little or no movement
Body Bradykinesia
0 Normal body movements, actively uses the cage or bars
1 Slow or deliberate body movements, may be normal for age
) Moderately slow, intermittent limb dragging, still moves extremities
without provocation
3 Marked slowness, requires provocation to move arms or legs
4 Frozen, little or no body movements regardless of provocation
Manual Dexterity (right arm/left arm)
0 Normal
1 Mildly slow and/or some loss of maneuverability of food items; could be
normal for age
2 Moderate slowness, noticeable effort needed to grab or maneuver food
3 Marked slowness, with multiple attempts needed to grab food, may use
both hands, may drop food
Severe slowness, with inability to grab or maneuver food; may need to
4
be hand-fed
Balance
0 Normal
1 Slight tendency to hold on to cage, may be normal for age; no falls
2 Uses both hands intermittently for support
3 Uses both hands for support at all times; frequent falls
4 Continually hanging on for support; falls with no attempt to move
Freezing: observation over a 4-minute clinical evaluation
0 No freezing observed
1 Occasional mild freezing episodes, < 5 second duration
) Frequent mild freezing episodes (< 5 sec duration) or rare severe
episodes (> 5 sec duration)
3 Frequent severe freezing episodes, > 5 sec duration
4 Frozen most of the time
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Table 2: Global Primate Dyskinesia Rating Scale

Score Range

Global judgment

Right upper limb dyskinesias
Left upper limb dyskinesias
Right lower limb dyskinesias

Left lower limb dyskinesias
Trunk dyskinesias
Upper limb dystonia

Lower limb dystonia
Trunk dystonia

0-4
0-4
0-4
0-4
0-4
0-4
0-1

0-1
0-1

Table 3: Hyperkinetic Abnormal Movements Scale

Score

No abnormal movements

Abnormal movements that are not sustained

Abnormal movements that are sustained1

Abnormal movements that impair the ability to

remain in one spot

Abnormal movements that are incapacitating

0, Normal
1, Subtle

2, Mild

3, Moderate

4, Severe

1 .
Defined as three or more abnormal movements in a row.



2 AIMS OF THE STUDY

Based on the role of aging as a risk factor for PD, the likely involvement of a-synuclein
in the pathogenesis of PD, and the importance of studying the mechanisms of L-Dopa-
induced dyskinesias, my studies were undertaken to address the following questions

pertinent to human parkinsonism in a non-human primate model:

e Do changes occur within the nigrostriatal pathway as a consequence of the

normal progression of aging which lead to the presence of a more

vulnerable population of nigral neurons?

e Do age-related changes within the dopaminergic neurons of the substantia

nigra lead to an enhanced sensitivity to MPTP in aged non-human primates?

e Does the expression and distribution of a-synuclein protein change in the

substantia nigra following neurotoxicant exposure?

e Is there a correlation between striatal denervation, nigral cell numbers and

the onset of L-Dopa-induced dyskinetic behavior in parkinsonism?
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3 MATERIALS AND METHODS
3.1 EXPERIMENTAL ANIMALS

In all Papers squirrel monkeys (Genus Saimiri) were obtained from Osage Research
Primates (Osage Beach, MO, USA). Those in the Paper I were of known ages and
ranged from 6 to 21 years. In Papers Il to IV the primates used were feral adults,
judged to be middle-aged to old based on size, weight, sexual maturity and dentition.
The animals were housed individually in standard stainless steel cages with a daily diet
of monkey chow and fresh fruit and free access to water. They were maintained
according to the standards established by the National Institutes of Health and the
Office for the Prevention of Research Risks. Research protocols were approved by The
Parkinson’s Institute Animal Care and Use Committee. Both male and female squirrel
monkeys were included in Paper I because previous work has shown no sex-related
differences in nigral cell number and striatal dopamine levels in non-human primates
(Pakkenberg et al., 1995; Wenk et al., 1989). In all other studies, male animals were
used throughout.  After treatment animals were euthanised using ketamine

hydrochloride followed by sodium pentobarbital solution with sodium phenytoin.

3.2 DRUG ADMINISTRATION

MPTP and methamphetamine were purchased from Sigma (St Louis, MO) and
levodopa/carbidopa from Dupont Pharmaceuticals (Wilmington, DA) in the form of
Sinemet CR (CR25-100).

In studies examining the effects of a single dose of MPTP on cell loss and
alterations in o-synuclein expression, animals received a single subcutaneous
injection of 1.5 mg/kg or 1.75 mg/kg MPTP (Papers I, II respectively). Control
animals received saline. Monkeys were sacrificed either one week (Paper II) or one

month after treatment (Paper I and II).
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In Paper III, animals were divided into four treatment groups, and lesioned with
either 1 dose of MPTP (2 mg/kg s.c.) or with multiple doses until a stable
parkinsonian syndrome was observed (total dose 6 to 8.75 mg/kg). One month
following MPTP treatment, levodopa (15 mg/kg) or water was administered twice a
day by oral gavage for 2 cycles of 5 days, separated by 2 days. The animals were
sacrificed 3 days following the last dose of levodopa.

In Paper IV, monkeys received 4 injections of methamphetamine (1.5 to 2 mg/kg,
s.c.) or saline at 2-hourly intervals over the course of 8 hours. Three weeks after
methamphetamine treatment, animals were treated with either levodopa or water for 2

weeks as in Paper III.

3.3 TISSUE PREPARATION

The brains were rapidly removed from the skull and hemisected. In Papers I-IV
one hemisphere of the brain was dissected on ice for neurochemistry and stereological
cell counts. Two-mm thick sections were prepared through the extent of the striatum.
Caudate and putamen samples for dopamine analysis were taken at the level of the
anterior commissure and immediately immersed in Iml ice cold 0.4 M perchloric
acid. In Paper II the midbrain from the other hemisphere was dissected into 2 mm
slices and the SN removed, frozen on dry ice and stored at —80°C until preparation for
quantitative RT-PCR and western blot analysis.

For stereological analysis and immunohistochemistry, a block containing the entire
substantia nigra was prepared and immersion fixed at 4°C in 4% paraformaldehyde in
0.1 M phosphate buffered saline (PBS), pH 7.4 for 3 days and then in 10% formalin,
pH 7.4 for 10 days. Following cryoprotection in 10% and 30% sucrose in 0.1 M PBS,
40 pum thick horizontal sections were prepared on a cryostat (Leica, CM3050,

Nussloch, Germany) throughout the entire length of the SN from a random start
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position with every 12" section processed for either TH immunohistochemistry (Papers

I-IV) or a-synuclein immunostaining (Paper II).

3.4 IMMUNOCYTOCHEMISTRY

Free floating tissue sections were immunostained for TH or a-synuclein.
Following blocking with 5% normal serum in diluent (10 mM PBS pH 7.4 containing,
1% bovine serum albumin and 0.3% triton X-100) and 1% polyvinylpyrrolidone for 40
minutes at room temperature, sections were incubated in either rabbit anti-TH (1:600;
Pel-Freez Biologicals, Rogers, AR) or mouse anti-human a-synuclein (1:400;
Neomarkers Labvision, Fremont, CA) in diluent overnight at 4°C. Controls sections
were incubated in the appropriate non-immune IgG instead of the primary antibody
(Dako, Carpenteria, CA) and were devoid of staining. An avidin-biotin
immunoperoxidase method was used as a detection system (Vector Labs, Burlingame,
CA) according to the manufacturer instructions with 0.03% 3,3’-diaminobenzidine and
0.003% hydrogen peroxide as a chromagen. Endogenous peroxidase was suppressed
by immersing the sections in 0.3% hydrogen peroxide (Sigma, St. Louis, MO)
following incubation in the biotinylated secondary antibody. Sections were

counterstained with 0.5% Cresyl violet (Sigma).

3.5 STEREOLOGICAL ANALYSIS OF CELL NUMBERS

Stereological analysis (Gundersen et al., 1988) was performed using an Olympus BH2
microscope with a motorized X-Y stage linked to a computer-assisted stereological
system (Castgrid, Olympus, Albertslund, Denmark (Papers 1 and III);

Stereolnvestigator, MicroBrightfield, Williston, VT (Papers II and 1V)).
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F1: Sectioning fraction F2: Section sampling fraction,

i.e. n, every n" section i.e. stepx-stepy
area of frame

Number (o121 = Q - F1 - F2 - F3

F3: Depth fraction Where Q" is the number of sampled

. . . neurons within an individual animal
1.e. average section thickness

height of disector

Figure 4: Description of the optical fractionator method for stereological
assessment of cell numbers. The total number of cells in a given population is
estimated by multiplying the number of cells sampled (Q") across a series of
sections extending throughout a defined location with F1, F2, and F3 (where h

is height of the disector).

On each section through the length of the region, the substantia nigra was
delineated at low magnification (4x). All components of the SN were included, as
shown in Paper I. The ventral tegmental area (A10) and the retrorubral field (A8)
were excluded. From a random start position, a counting frame was superimposed on
the image and each section systematically sampled using a 100x oil immersion lens
with a high numerical aperture (1.4) according to the rules of the optical fractionator

(figure 4).
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The nucleolus was used as the sampling unit for each neuron as only one is present
per neuron in the SN and is only sharply in focus in one optical plane. Neurons close to
the surface of the section (< 2 wm) were not sampled, as nucleoli in this upper layer
may get lost by “popping out” during sectioning of the tissue (Walters et al., 1999).
The height of the disector frame used was 8 um. Only nucleoli within the frame or
touching the top or right hand sides were counted. Between 200-300 cells across the
region per animal were counted in this manner. The method provides a direct, unbiased
estimate of total numbers that is independent of neuronal size, shape and any tissue
shrinkage (for general applications in quantitative neuroscience, see Evans et al., 2004).
The co-efficient of error (CE) was calculated according to Gundersen and Jensen

(Gundersen and Jensen, 1987).

3.6 HPLC ANALYSIS

In all studies samples were sonicated, centrifuged at 14,000 rpm and the
supernatant assayed for dopamine and its metabolites dihydroxyphenylacetic acid
(DOPAC) and homovanillic acid (HVA) by high performance liquid chromatography
(HPLC) with electrochemical detection (Kilpatrick et al., 1986). Protein content was

assessed in the pellet fraction using the method of Lowry (Lowry, 1951).

3.7 QUANTITATIVE RT-PCR

For assessment of changes in a-synuclein mRNA levels following MPTP treatment
(Paper II), mRNA was extracted from nigral homogenates (RNeasy lipid tissue mini
kit, Qiagen, Valencia, CA) and cDNAs prepared by reverse transcription (Superscript
111, Invitrogen, Carlsbad, CA). Q-RT-PCR was performed using the ABI Prism 7000
sequence detection system with primers and probes designed for the TagMan-PCR

technique (Applied Biosystems, Foster City, CA). The cycle number at which the PCR
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reaction reached a critical threshold (Cr) during the log phase of the amplification
reaction was used to determine the relative levels of transcript expression. A
housekeeping gene that is unaffected by MPTP treatment, 18s ribosomal RNA, was
amplified in parallel to a-synuclein. Alterations in oa-synuclein were normalized

against changes in this gene and then compared to the saline-treated group (Lachance

and Chaudhuri, 2004).

3.8 WESTERN BLOTTING

In Paper II, the SN was dissected from 2-mm midbrain slices and sonicated in lysis
buffer containing 1% Triton X-100 and protease inhibitors. Following centrifugation,
the supernatant was decanted and stored on ice. The pellet fraction was resonicated,
recentrifuged and the supernatant decanted and pooled with the previous supernatant
fraction.  Protein concentrations were assessed in the supernatant using the
bichinchoninic acid assay (Pierce, Rockford, IL). The pooled supernatant fraction was
separated by SDS gel electrophoresis and transferred to nitrocellulose membrane. The
membranes were blocked in 5% milk in 10 mM Tris pH 7.4 containing 0.05% Tween
20, prior to incubation overnight at 4°C in mouse anti-a-synuclein (BD Transduction
Labs, San Diego, CA), rabbit anti-TH (Pel Freez Biologicals) or mouse anti-f-actin
(Chemicon, Temecula, CA), the latter to ensure equal loading. Appropriate HRP-
conjugated secondary antibodies were applied and the membranes were incubated with
a chemiluminescence substrate (Pierce) and exposed to X-OMAT blue film (Kodak,
Rochester, NY). Specificity was ascertained by incubation with the appropriate IgG in
lieu of primary antibodies. Optical densities of the bands were determined using

ImageQuant (Molecular Dynamics, Sunnyvale, CA) and were within the linear range of

the film.
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3.9 DOPAMINE TRANSPORTER BINDING

Coronal cryostat-cut sections, 20 um thick, were prepared throughout the extent of
the striatum. Sections were thaw-mounted on poly-L-lysine coated slides and stored at
—80°C with dessicant. DAT autoradiography was performed using ['*I|RTI-121 (3f-4-
['*Iliodophenyl)tropane-2f-carboxylic acid isopropyl ester; 2200 Ci/mmol (NEN,
Boston, MA). Sections were incubated twice for 15 min each time in buffer (50mM
Tris-HCI, pH 7.4, 120mM NaCl and 5 mM KCl) prior to incubation in the same buffer
containing 0.025% bovine serum albumin, 1 uM fluoxetine and 50 pM ['*T|RTI-121
for 2 hours. After four 15-min washes in cold preincubation buffer, sections were
dipped in ice-cold deionized water, air-dried and placed against Hyperfilm [B-max
(Amersham Biosciences, Piscataway, NJ) for 16 hours.  Co-incubation with
nomifensine (100 pM) was used to determine non-specific binding. DAT binding was
assessed at three levels within the caudate and putamen, as defined by the squirrel
monkey atlas of Emmers and Akert (1963). The rostrocaudal levels chosen were A15.0
(includes the caudate, putamen and nucleus accumbens), A13.5 (the level of the
anterior commissure and includes the caudate, putamen and globus pallidus) and A12.5
(a posterior level of the caudate, putamen and globus pallidus). Optical densities were
quantified using ImageQuant (Molecular Dynamics, Sunnyvale, CA) and were
converted to fmol/mg tissue using '*I radioactive standards that were exposed

simultaneously with the tissue sections.

3.10 DYSKINESIA RATING SCALES AND BEHAVIORAL ASSESSMENTS
Parkinsonism was assessed the degree of parkinsonism exhibited by the animals
using the PPDRS in Papers II and III, Table 1 (Langston et al., 2000). Dyskinetic

behavior was evaluated using a modified AIMS rating scale in Paper III, Table 2
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(Langston et al., 2000). Abnormal movements were measured in Paper IV using the

HAMS scale, Table 3 (Tan et al., 2002).

3.11 STATISTICAL ANALYSES

Statistical analyses of stereological cell counts were performed using ANOVA
(Statview) with a statistical significance of P<0.05. Since multiple comparisons were
done in the same animals, Bonferroni’s correction procedure was used to compensate
for type I errors (Krath, 1998). Post-hoc analysis of stereological cell counts used a
Student-Newman-Keuls test (Papers [-IV). Analysis of DA and its metabolites was
performed using ANOVA followed by a post-hoc Fisher’s protected LSD (Papers I-
V).

Behavioral data was evaluated using two-way ANOVA where appropriate to
assess interactions with Fisher’s protected LSD post-hoc testing (Paper III and IV),
based on previously published considerations for nonparametric statistical testing

(Conover, 1999; Togasaki et al., 2005).
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4 RESULTS AND DISCUSSION
4.1 STEREOLOGICAL ASSESSMENT OF TISSUES

Prior to stereological analysis, the sections were examined to ensure that any loss
of immunoreactivity was an accurate reflection of changes in the tissue and not a
result of poor penetration of the reagents. To this end, the penetration of the antibody
into the tissue sections was determined by verifying that immunopositive neurons
were present at all depths of the section used for sampling. The point at which the
nucleolus of a TH-immunoreactive cell was sharply in focus was plotted for all cells
in the z direction of sections from young and old animals in Paper I. Since uniform
staining was observed throughout the depth of the tissue, a disector height of between
2um and 8 um was used for all stereological assessments.

Examination of the sections revealed the presence of three subpopulations of
nigral dopaminergic neurons based on TH immunoreactivity and NM pigmentation.
As shown in Paper I, neurons were categorized as being either TH only (no NM
granules), TH/NM (containing both detectable TH immunoreactivity and NM
granules) or NM only (NM granules were visible, but no TH immunoreactivity).
Neuromelanin was seen as large, dense granules that were not fluorescent under UV
light to eliminate confusion with lipofuscin (Terr, 1986). A combination of all three

categories was used to estimate the total number of nigral dopaminergic neurons.

4.2 AGE-RELATED DEFICITS IN THE NIGROSTRIATAL PATHWAY

An age-related decline in the number of nigral dopaminergic neurons has been
suggested to contribute to the pathogenesis of PD (Calne and Langston, 1983; Gibb
and Lees, 1991). In Paper I the total number of nigral neurons was assessed to
determine the extent of dopaminergic nigral cell loss as a function of age in the

squirrel monkey. No change in the total number of dopaminergic neurons in the SN

36



was seen with advancing age. Approximately 60,000 neurons were present
unilaterally in the SN of both young and old animals. This finding is in keeping with
a previous study were the total number of neurons in the SN of the Rhesus monkey
were compared in young versus aged animals (Pakkenberg et al., 1995). Closer
analysis of the different dopaminergic subpopulations revealed that, even though the
total number remained unaltered, phenotypic changes were apparent. Firstly, there
was a significant increase in the number of NM-containing neurons. NM-only
neurons were extremely rare in young animals (<1% of all dopaminergic neurons),
but comprised nearly 30% of the total number of dopaminergic nigral neurons in
middle-aged monkeys and reached 40% in old age. An increase in NM pigmentation
with advancing age has been reported previously in both the Rhesus monkey and the
human brain (Pakkenberg et al., 1995; Herrero et al., 1993a). In contrast to this
increase in pigmentation, there was a decrease in the number of neurons that
contained detectable levels of TH immunoreactivity. In young animals 35% of nigral
dopaminergic cells were categorized as TH only. This decreased to 14% by middle
age and further to only 6% in the oldest age group. A decline in nigral TH levels has
been reported by two other groups of researchers (Emborg et al., 1998; Gerhardt et
al., 2002). However, in both of these studies a single marker (TH) was used to
identify dopaminergic neurons, making it difficult to conclude whether the decrease
in TH-immunoreactivity was truly a reflection of neuronal loss, as suggested, or a
reflection of a decrease in the marker with increasing age. In the present study, a
combination of markers (TH and NM) was employed to identify dopaminergic
neurons, allowing a more accurate estimation of the total number of nigral
dopaminergic neurons. The lack of such an approach may explain why the literature
to date has yielded conflicting results, with some studies showing no change in the

number of dopaminergic nigral neurons and others showing a significant decline
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(Fearnley and Lees, 1991; Muthane et al., 1998; Kubis et al., 2000; Cabello et al.,
2002).

The decline in TH levels in the SN was paralleled by a decrease in striatal DA
levels, with a 25% loss of DA in the putamen and a 20% decline in the caudate of old
monkeys as compared to young animals. Taken together, these data suggest that the
loss of nigral TH has functional consequences in the terminal fields in the striatum.
This decline in striatal dopamine has also been reported in humans (Adolfsson et al.,
1979; Wenk et al., 1989; Kish et al., 1992; Volkow et al., 1996). A recent study by
Gerhardt and colleagues also demonstrated functional deficits in the striatum of non-
human primates as a consequence of age. In this study there was an age-dependent
decrease in the somatodendritic release of dopamine (Gerhardt et al., 2002). The
functional capacity of NM only neurons has yet to be examined. It is possible,
however, that they may not be capable of synthesizing physiological levels of
dopamine, thus accounting for the loss of striatal dopamine. It would be of obvious
interest to assess the presence of other marker of dopamine function, such as L-amino
acid decarboxylase, DAT or VMAT, to evaluate functional changes within NM only
nigral neurons.

Taken together, these findings suggest that, even in the absence of a loss of
neurons, there are significant alterations in the nigrostriatal system as a function of
age in the primate brain. Therefore the functional changes could predispose to the

development of PD.

4.3 MPTP-INDUCED NEUROTOXICITY
4.3.1 Age-related Sensitivity to MPTP
The MPTP model in experimental animals has been shown to mimic many of the

changes shown in PD (Burns et al., 1983; Langston et al., 1984; Degryse and
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Colpaert, 1986). Age-related aspects of the MPTP model have been well studied in
the mouse (Jarvis and Wagner, 1985; Ricaurte et al., 1987a; Ricaurte et al., 1987b;
Date et al., 1990) and are attributable to alterations in the levels of the enzyme MAO-
B that increase with age (Jossan et al., 1989; Walsh and Wagner, 1989). This enzyme
is responsible for converting MPTP into its toxic metabolite, MPP", thus increases in
MAO-B levels results in greater conversion of MPTP to MPP+ in the brain in older
animals (Langston et al., 1987). Interestingly, MAO-B does not change with age in
either the human (Saura et al., 1997; Mahy et al., 2000) or the non-human primate
(Irwin et al., 1997). Yet age-related changes in MPTP sensitivity still appear to occur
in the primate, suggesting that factors other than MAO-B contribute to the degree of
MTP-induced damage.

Previous studies in monkeys have used behavior to examine these differences in
susceptibility to MPTP and have used multiple dosing regimes to achieve this (Rose
et al.,, 1993; Ovadia et al., 1995). Indeed, they have shown an inverse correlation
between age and the amount of MPTP needed to achieve a similar degree of motor
deficit.

In Paper I a single dose of MPTP was used to examine age-related neurotoxicity
in the squirrel monkey. In the striatal regions (caudate and putamen), significantly
greater dopamine loss was noted in old as compared to young animals, with a decline
of 30% in the putamen of young animals and a decrease of 70% in putamen in the old
age group. In the caudate nucleus, similar findings were seen with a DA depletion of
18% and 44% in young and old animals respectively. In keeping with these data, a
mild to moderate loss of the total number of nigral dopaminergic neurons (25%) was
seen in young animals with a more severe lesion (almost 50%) present in old

monkeys.
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Analysis of the different phenotypes of dopaminergic neurons showed that not all
subpopulations were equally affected. There was a high degree of selectivity towards
neuromelanin-containing neurons. Indeed, TH only neurons were completely spared
from the effects of a single dose of MPTP. Those containing both TH and NM were
depleted from control levels by approximately 50% in all age groups. The greatest
change was seen in NM only neurons. In this population, a 68% decline in number
was seen in old animals where they constituted a large proportion of the
dopaminergic nigral population. This data is consistent with a previous study by
Herrero and colleagues in which pigmented nigral neurons were shown to be more
vulnerable to MPTP-induced neurodegeneration than unpigmented cells in the same
region (Herrero et al., 1993b). Indeed, pigmented neurons have also been implicated
in PD in which a preferential loss of NM-containing neurons over non-pigmented
cells has been reported (Mann and Yates, 1983; Hirsch et al., 1989; Pakkenberg et al.,
1991; Kastner et al., 1992). Since NM is capable of binding MPP+, pigmented
neurons may be exposed to the effects of MPP+ over a greater period of time and NM
is acting as a trap for the toxin (d’Amato et al., 1986).

The concept of NM-pigmented cells being more vulnerable to neurodegenerative
processes in PD is supported by studies reporting that the extent of cell loss varies
between different midbrain regions and correlates with the extent of pigmentation
(Hirsch et al., 1989). For example, there is a greater loss of dopaminergic neurons in
the A9 midbrain cell group in PD than the neighboring A10 group, and A9 also
contains a greater amount of NM than A10. On the other hand, a strict relationship
between NM and vulnerability is less obvious when a comparison is made within the
SN. The heaviest degree of pigmentation within the SN is seen in the dorsal tier with

less NM accumulation in the ventral tier. However, the pattern of cell loss in PD is
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opposite, with greater deficits seen in the ventral tier rather than the dorsal tier
(German et al., 1989; Fearnley and Lees, 1991).

In summary, the relationship between NM accumulation and neurodegeneration
remains to be elucidated. Protection against degenerative processes could be due to
the development of specific mechanisms of resistance that are lacking in the less
pigmented dopaminergic neurons of the ventral tier. For example, it has been shown
that neurons containing the calcium binding protein calbindin-Dgx are less
vulnerable in PD and MPTP models than those in which the protein is absent (Lavoie
and Parent, 1991; German et al., 1992; Hirsch et al., 1992; Muthane et al., 1994),
suggesting that there are indeed other risk factors for the increased vulnerability of

nigral neurons besides NM.

4.3.2 The Time-Course of MPTP-induced Neurodegeneration

To assess the temporal effects of MPTP, the course of neurodegeneration was
followed at either one week or one month after MPTP (Paper II). Stereological
counts showed that at one week after the lesion only a moderate degree of
nigrostriatal damage was present, with a 12% decrease in the number of nigral
dopaminergic neurons. Striatal dopamine in the same animals was decreased by 40%
from control levels. By one month, there was a more profound loss of nigral
dopaminergic neurons with a loss of almost 40% that was paralleled by a 70%
depletion of dopamine in the striatum.

A previous study in the squirrel monkey assessed neuronal loss 3 months after
administration of a single dose of 1.75 mg/kg MPTP, the same dose used in Paper II
(Yee et al., 2001). The nigrostriatal deficits observed in these animals three months
after MPTP were comparable to those seen in Paper II at one month after MPTP

exposure. Therefore, neurodegeneration appears to be complete at one month after a

41



single dose of MPTP. The temporal relationship between MPTP administration and
neurodegeneration in the non-human primate differs from the time course of cell
death in the MPTP mouse model where cell death is complete one week following

MPTP lesioning (Sundstrom et al., 1988; Vila et al., 2000).

4.4 THE ROLE OF a-SYNUCLEIN IN NEURODEGENERATION

To assess the relationship between a-synuclein and MPTP-induced
neurodegeneration, changes in a-synuclein protein and mRNA were evaluated one
week and one month after exposure to a single dose of MPTP (Paper II). In control
monkeys, low levels of a-synuclein were present by western blotting, and
immunostaining showed punctate staining that was present in the neuropil and fibres
of the SN. A three-fold up-regulation of mRNA levels was apparent one week after
exposure and mRNA levels were still significantly elevated at one month after
lesioning. Western blot analysis showed slightly increased protein levels one week
after MPTP treatment. This increase in a-synuclein protein was restricted to the
neuropil of the SN, with no immunoreactivity observed in any cell bodies. One
month after MPTP, the increased protein levels were still present, however its
location within the cell was altered. In these samples a-synuclein protein was
redistributed from the terminals and fibers to the cell soma. At this time point,
MPTP-induced neurodegeneration has already been completed; therefore the increase
in a-synuclein was present in the surviving dopaminergic cell population.

A study by Kowall and colleagues also reported a relocation of a-synuclein
protein in the SN of the baboon following MPTP (Kowall et al., 2000). In this study,
a-synuclein was noted in the soma of pigmented neurons following MPTP exposure
instead of the terminals. Our study has extended these observations by correlating the

redistribution of o-synuclein with the time course of neurodegeneration and
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established that this redistribution does not directly correlate with the demise of nigral
neurons, but was instead a feature of neurons surviving the insult.

Increased a-synuclein levels have been reported in other models of
neurodegeneration in mice, namely the MPTP, 6-hydroxydopamine and paraquat
models (Vila et al., 2000; Kholodilov et al., 1999; Manning-Bog et al., 2002). Taken
together, these findings suggest that increases in a-synuclein may be a common
feature following injury. The significance of this up-regulation remains unclear.
However, based on our findings of increased a-synuclein at a time when degeneration
is completed, it is clear that there is not always a direct relationship between
increased a-synuclein and degeneration. In fact, it may even be that increased o-
synuclein when cells are recovering from toxic insult may be a mechanism for

plasticity and regeneration.

4.5 ROLE OF NIGROSTRIATAL DAMAGE ON THE ONSET AND
SEVERITY OF LID
To test the role of nigrostriatal damage in dyskinesia onset and severity, squirrel
monkeys were lesioned with either a moderate lesion (one dose of MPTP) or dosed
multiple times with MPTP until stable parkinsonism was apparent (severe lesion)
(Paper III). The animals were then treated with two 5-day cycles of levodopa.
Following a single dose of MPTP none of the animals exhibited behavior severe
enough to be described as parkinsonian, therefore the effect of levodopa on the PPRS
scores was negligible. Administration of multiple doses of MPTP resulted in severe
parkinsonism in the monkeys, as shown by PPRS scores ranging from approximately
8 to 12.5. Levodopa had a significant anti-parkinsonian effect, reducing the PPRS

score by 50-75%.
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Biochemical analysis of the two groups showed that a moderate lesion induced by
one injection of MPTP produced a loss of 60-70% DA, a 40-50% decrease in DAT
binding and approximately 45% loss of nigral dopaminergic neurons. In comparison,
stably parkinsonian animals had almost a complete depletion of striatal terminals (90-
95% DA loss, a 90% decrease of DAT binding) and almost 75% decrease in the
number of dopaminergic nigral neurons.

The onset of dyskinetic behavior was noted at similar time points in both groups
of animals after the first cycle of levodopa treatment, i.e. typically around the 4"
dose. At this point, the animals had received between 90 and 180 mg/kg levodopa.
Differences between the groups became apparent during the 2™ cycle. The severely
lesioned monkeys became dyskinetic following the 1% dose of levodopa and again
after each subsequent dose. It took until the 4™ dose of levodopa in the 2™ cycle for
the moderately lesioned animals to show any behavioral signs of LIDs. Also in this
group a large degree of variability of response was seen, with one animal showing
dyskinetic behavior after each levodopa dose and, at the other extreme, one animal
only showing such behavior after the 8" dose of the 2™ cycle of levodopa treatment.
It therefore appears that denervation does not necessarily affect the onset of LID but
rather plays a role in the appearance of dyskinetic behavior once priming has
occurred. Indeed, a recent report by Guigoni and colleagues also reported that the
extent of lesioning was also not a determining factor as to whether or not MPTP-
treated monkeys developed LIDs following levodopa administration (Guigoni et al.,
2005). In this study, comparable degrees of striatal lesioning and nigral cell loss were
present in both dyskinetic and non-dyskinetic MPTP-treated animals.

Although parkinsonism was not detected in the moderately lesioned animals,
dyskinetic behavior was apparent, suggesting that the threshold of damage needed for

the onset of LID is different to that necessary for the appearance of parkinsonian
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signs. In an earlier study, parkinsonian behavior was reported in monkeys with 75-
90% DA depletion. In this study, macaque monkeys with striatal DA deficits of over
90% developed LID within 2-12 days of levodopa treatment. Under the same
levodopa treatment paradigm, monkeys with 75% DA loss never developed LID,
supporting this conclusion (Schneider, 1989). This appears to be slightly at odds with
the present data, since LIDs were present in squirrel monkeys with similar striatal
damage. It may be that there are species differences in sensitivity to such

mechanisms.

4.6 EXACERBATION OF LID BY THE PRESENCE OF A PRIOR LESION

To determine if LIDs could be exacerbated by prior terminal deficits, animals
were lesioned with methamphetamine and subsequently treated with levodopa (Paper
IV). Methamphetamine is well known to damage striatal dopaminergic terminals, as
shown by decreased levels of both DA and DAT binding. In this study,
methamphetamine treatment resulted in a loss of approximately 60% of striatal DA
and 40% DAT binding, values comparable to previous studies in methamphetamine-
treated monkeys treated with similar doses of the toxin (Preston et al., 1985;
Woolverton et al., 1989; Villemagne et al., 1998; Harvey et al., 2000b).

Acute abnormal movements were observed on the day of methamphetamine
administration, which worsened after each injection. Such movements were transient
in nature, and were not seen two weeks later at the beginning of levodopa treatment.
Indeed, during the second part of the study, methamphetamine-treated animals
receiving water did not display any abnormal movements. In contrast, all
methamphetamine-lesioned monkeys subsequently treated with levodopa displayed
severe dyskinesias. These movements were more severe in the afternoon than the

morning, a feature also noted in patients receiving levodopa therapy. The presence of
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the underlying lesion exacerbated the severity of the LID, with significantly more
severe LID in the methamphetamine-lesioned group as compared to the saline-treated
monkeys.

Another recent study tested the storage hypothesis by assessing whether
increasing the dopamine concentration in the synaptic cleft by blocking dopamine re-
uptake using nomifensine, an inhibitor of the dopamine transporter, was sufficient to
induce dyskinetic behavior (Togasaki et al., 2005). In that study, as in the present
one, the local increase in dopamine levels was most likely sufficient to induce
abnormal movements.

Taken together, these data suggest that the induction of dyskinetic movements is
caused by a level of extracellular dopamine in the striatum that exceeds the storage
capacity of remaining dopamine terminals, and so provide support for the storage
hypothesis.

LIDs have been reported in normal monkeys in which there are no striatal deficits,
although the doses required are higher than those typically administered to patients
(Sassin et al., 1972; Pearce et al., 2001). It is possible that while injury to the
nigrostriatal system may not be a pre-requisite for the occurrence of LIDs in the non-
human primate, damage to this pathway could lower the threshold needed for their
appearance.

The storage hypothesis, however, is apparently at odds with several observations.
For example, apomorphine, a dopaminergic agonist, has also been used to treat PD
patients. As also seen with levodopa, patients with greater nigrostriatal degeneration
that received apomorphine treatment experience a smaller window of time when the
therapeutic drug (i.e. levodopa or apomorphine) produces a motor benefit than that
seen in patients with less severe degeneration (Rodriguez et al., 1994; Colosimo et al.,

1996). However, apomorphine acts at DA receptors on the post-synaptic membrane,
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instead of via the presynaptic terminal, and also is not stored in the striatum.
Therefore the shortening of the motor response with apomorphine in patients with
severe PD cannot be explained by the storage hypothesis. However, it is still possible
that the progressive decline in the storage and buffering capabilities of endogenous
DA with increased disease progression could contribute to apomorphine-induced

abnormal movements.
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5 CONCLUSIONS

48

Stereological counts showed no age-related change in the total number of
dopaminergic neurons in the SN of the squirrel monkey when neurons were
identified by a combination of phenotypic markers. However, a decline was
noted in the number of neurons expressing TH immunoreactivity paralleled
by an increase in NM pigmentation as the animals aged. DA levels in the
striatum were also significantly lower in old monkeys as compared to young
animals. These data suggest that nigral neurons undergo a shift in

phenotype during aging that may result in decreased function.

An age-related sensitivity to MPTP was seen, with significantly greater cell
death and DA depletion in older animals as compared to young animals.
The presence and accumulation of NM conferred vulnerability to MPTP-
induced neurodegeneration, thus reproducing the increased vulnerability of

NM pigmented neurons in PD.

A single toxic exposure of MPTP to non-human primates was sufficient to
induce a relatively long-lasting up-regulation (up to one month) of o-
synuclein in the SN. A direct relationship between toxic injury and changes
in a-synuclein expression was supported by the fact that the up-regulation
occurred within NM-containing dopaminergic nigral neurons, the same

population affected by MPTP toxicity

In saline-treated control monkeys and animals examined one week after
MPTP exposure, a-synuclein immunoreactivity was only found in nigral
neuronal fibers, not in cell bodies. One month after MPTP exposure, the
distribution of a-synuclein immunoreactivity was altered, with a-synuclein

immunostaining present within neuromelanin-pigmented nigral cell bodies.



Since neurodegeneration induced by a single MPTP exposure is complete
one month later, the accumulation of a-synuclein within dopaminergic
nigral cell bodies was a feature of surviving neurons that had endured toxic

stress.

Deficits of approximately 90% striatal terminal damage and 70% loss of
dopaminergic cells were necessary for parkinsonian signs to be observed in
MPTP-lesioned animals. A lower threshold of nigrostriatal deficits (70%
decline in striatal DA levels and 40% nigral dopaminergic cell loss) was

needed for levodopa-induced dyskinetic behavior to be apparent.

The extent of nigrostriatal damage affected the timing of the onset of
levodopa-induced dyskinetic behavior more than the severity of LIDs.
Following priming with a first cycle of levodopa, LIDs were apparent in
severely lesioned animals immediately upon treatment with a second
levodopa cycle while LIDs were not observed in moderately lesioned
monkeys until after administration of several doses of levodopa in the
second cycle. These findings suggest that the severity of the nigrostriatal
injury enhances the sensitivity of animals to subsequent levodopa

eXposures.

A further role for presynaptic damage and support for the storage
hypothesis in LIDs was provided by findings from levodopa-treated
methamphetamine-lesioned animals. Significantly more severe LIDs were
noted in methamphetamine-lesioned monkeys that subsequently received
levodopa treatment as compared to those seen in unlesioned levodopa-

treated monkeys.
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