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\% Abstract

ABSTRACT

The AS/AGU rat originated as a recessive mutation (agu) in a closed colony of
Albino Swiss (AS) rats. The mutation is in the gene coding for the gamma isoform of
protein kinase C. It is characterized by movement impairments and progressive
dysfunction of the nigrostriatal dopaminergic (DA) and raphe striatal serotonergic (5-
HT) systems. The movement impairments including rigidity of the hind limbs, a
staggering gait, a tendency to fall over every few steps, a slight whole body tremor
and difficulty in initiating movements. The dysfunction in both systems is
characterised by a failure to release DA or 5-HT within the striatum and cell loss
within the substantia nigra pars compacta (dopaminergic cells) and the dorsal raphe
nuclei (5-HT+ve cells).

In this study, three experiments were carried out to examine the possible pathological
responses of midbrain cell groups to the agu mutation in the gene coding for protein
kinase C-gamma (PKC-y).

Experiment 1 was carried out to examine levels of two groups of molecules in the
midbrain cell groups using quantitative immunofluorescence microscopy of cell
bodies or their surrounding neuropil (a) those molecules giving information about the
capacity of midbrain aminergic cell bodies to synthesis transmitters; tyrosine
hydroxylase (TH) in the dopaminergic neurons and serotonin (5-HT) in the
serotonergic neurons (b) those which have been found to occur in human
neurodegenerative conditions such as Parkinson’s disease: ubiquitin, parkin and o-
synuclein (Lewy body proteins). Immunofluorescence levels of tyrosine hydroxylase
(in dopaminergic cells of the SNC) and serotonin (in SHT+ve cells of the dorsal raphe
nuclei) were both significantly increased in AS/AGU (mutant) compared to the AS
(control) rats aged 6 months and older. TH and 5-HT immunofluorescence levels were
both significantly decreased in the striatum in the AS/AGU (mutant) compared to the
AS (control) rat aged 12 months. Ubiquitin immunofluorescence show a gradual
increase with age in AS and AS/AGU rats and the increase was much greater in the
mutant in every region except the oculomotor and pontine nuclei. Parkin
immunofluorescence show increases in the mutant within the SNC and the dorsal
raphe nucleus and this increase was significant at older ages. Alpha-synuclein does
not occur in the cell bodies of the substantia nigra or VT A but outside in the neuropil.
Alpha-synuclein immunofluorescence levels progressively increased with age in both
strains in the SN and VTA and were higher in the mutant. The levels of those
molecules (ubiquitin, parkin and alpha-synuclein) do not differ in the striatum of
mutants compared to controls.

Experiment 2 examined SNC cell bodies to look for possible strain differences in cell
size or ultrastructure or any sign of cell death using light and transmission electron
microscopy. The diameter (maximum and minimum) of the SNC cells and nuclei
were measured in toluidine blue paraffin wax and immunoperoxidase DAB staining
for TH sections. Cell diameter was reduced in the AS/AGU mutant compared to the
AS control. No obvious ultrastructural differences were seen in nigrostriatal neurons
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of both strains. The volume fractions of mitochondria and rough endoplasmic
reticulum were significantly higher in the mutant. No Lewy bodies were present.

Experiment 3 examined TH+ve nigrostriatal dopaminergic terminals in the dorsal
caudate-putamen to determine whether there are (a) differences in the percentages and
numbers of TH+ve terminals and (b) differences in synaptic vesicles numbers. In 12-
month AS/AGU mutant, there are reduction in TH+ve terminals (40%) together with
a reduction in vesicle numbers (40%) in such terminals where in 3-month AS/AGU
mutant, the reduction in TH+ve terminals was more (50%) and a reduction in vesicles
numbers by three quarters. TH-ve terminals are also reduced in numbers in 12 months
aged AS/AGU mutant rats. In 12-month AS/AGU rats, there were significantly
reduced numbers of synaptic terminals in the striatum compared to AS controls. This
applied to both dopaminergic terminals (which make up 15% of the total) and to non-
dopaminergic terminals. In 3-month AS/AGU rats, there is a reduction in terminal
numbers, but this is restricted to the dopaminergic terminals only: non-dopaminergic
ones are unaffected.
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1.1 Overview

This study was designed to take advantage of a unique mutation in a population of
Albino Swiss (AS) rats. The mutant AS/AGU rat has a stop codon in the gene for
expression of protein kinase C-gamma (Craig et al., 2001) which lead to disordered
movement, a major loss in dopamine and serotonin release in the striatum and, with
time, a loss of midbrain aminergic neurons (Campbell ef al., 1997, 1998; Al-Fayez et
al., 2005).
Many aspect of human conditions such as Parkinson’s disease (PD) can not be
properly assessed until after the death of patient, and many Laboratory models of PD
have therefore been introduced to mimic the disorder. However, since the
neurological events leading up to symptomatic PD are unknown, these models rely on
hypotheses which remain unproven. By contrast, the AS/AGU rat is a naturally-
occurring model (Payne et al., 2000) which is under examination.
This study is designed to explore three aspects of the AS/AGU rat which have not
been examined before:
I. Do midbrain neurons show changes in molecules which are elevated in human
PD?
II. What are the morphological changes in the midbrain aminergic neurons in the
mutant. Can these changes point to a particular pathology?
ITI. What changes occur in the synaptic terminals of these cells within the caudate-

putamen?
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1.2 The Basal ganglia

The term basal ganglia has no precise definition but, in general, the basal ganglia are a
group of subcortical nuclei located bilaterally in the inferior cerebrum, diencephalon,
and midbrain. They appear in a fifth week of development in the floor of the
telencephalic vesicle (FitzGerald and FitzGerald, 1994; Carlson, 2004). The basal
ganglia play a prominent role in the planning, initiation and execution of movement
(Albin et al., 1989).

The term basal ganglia is currently used to describe the large nuclear masses in the
deep forebrain and midbrain that (a) share a similar motor function and (b) which are
connected to the cerebral cortex and thalamus by various loops. These include the
caudate, putamen, globus pallidus, subthalamic nucleus, and substantia nigra. It is
convenient to describe these components initially before discussing their functional

circuitry.

1.2.1 Compartmental organization of the basal ganglia

Two levels of compartmental organization have been deduced by using techniques
such as retrograde tracing, histochemistry, immunohistochemistry, and
histopharmacology.

Striatal patch-matrix systems have been demonstrated by specific neurochemical
markers. The patch compartment is defined by areas of dense p-opiate receptor
binding (Herkenham and Pert, 1981), and by low expression of acetylcholinesterase
(Butcher and Hodge, 1976). Graybiel and Ragsdale (1978) was used the term

striosome to describe these areas of low cholinesterase activity. Five-nucleotidase was
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also found to be an excellent marker for striosome in the rat (Schoen and Graybiel,
1992).

The striatal matrix compartment can be detected by positive staining for the calcium
binding protein calbindin, and by the somatostatin immunoreactive positive fibers
(Gerfen and Baimbridge, 1985). Patch-matrix organization is mainly found in the
caudate-putamen, extending into the dorsolateral and ventromedial areas.

In the rat, the compartmental organization of cortico-striatal afferent was related to
their lamina of origin rather than to their cortical areas of origin (Gerfen, 1989).

The striatal medium spiny neurons can be arranged into separate populations to form
patch and matrix compartments that have their connections related to the laminae
(Gerfen, 1989) and regional (Donoghue and Herkenham, 1986) organization of the
cortex, and they can be also categorized by their projections to the globus pallidus,
entopeduncular nucleus (EPN) and substantia nigra, with two type of neurons: the
striatopallidal neurons within the globus pallidus, and the striatonigral neurons
extending to EPN and substantia nigra (Parent et al., 1984).

Striatopallidal projections to many cholinergic and substance P-expressing areas of
the ventral pallidum arise mainly from patch areas, whereas matrix neurons tend to
project mainly to the GABAergic enkephalin areas of the dorsal pallidum (globus
pallidus) (Gerfen, 1992).

In the rat both types of neurons project to the substantia nigra, patch neurons project
to the dopaminergic cells in the SNC, and cell islands in SNR, whereas matrix
neurons project to areas containing GABAergic neurons in the SNR (Gerfen, 1984;

1985).
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1.2.2 Striatum

The striatum or neostriatum is the largest component of the basal ganglia and the
major receiving area (Parent, 1990). It receives a glutamatergic projections from the
whole cerebral cortex (McGeorge and Faull, 1989), from the intralaminar nuclei of
the thalamus (Berendse and Groenewegen, 1990), and from dopaminergic neuron
from substantia nigra pars compacta (SNC). It receives smaller projections from the
globus pallidus (GP), the subthalamic nucleus (STN), the serotonergic dorsal raphe
nucleus and the pendunculopontine tegmental nucleus (PPN) (Parent, 1990).

The striatum sends projections to the globus pallidus (GP) and substantia nigra pars
reticulata (SNR) (Parent and Hazrati, 1995).

The striatum generally refers to both the putamen and caudate nucleus that are
separated by the internal capsule in primates but united in rodents.

In man, the caudate nucleus is a large C-shaped mass of gray matter that form the
floor of the lateral ventricle, lies lateral to the thalamus, and lies medial to the internal
capsule. It is divided into a head that is large, rounded and forms the lateral wall of the
anterior horn of the lateral ventricle, and a body and tail that terminates in the
amygdaloid nucleus.

The putamen is a large, dark mass of gray matter and both putamen and globus
pallidus called the lentiform nucleus.

The striatum is composed of a large number of medium spiny projection neurons,
which use y-amino-butyric acid (GABA) as a neurotransmitter (Kita and Kitai, 1988;
Parent and Hazrati, 1995a) and a small number of large and medium sized

interneurons (Wilson and Groves, 1980).
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1.2.3 Globus pallidus

The globus pallidus represents the principal efferent side of the basal ganglia.

The globus pallidus (GP) can be subdivided into internal (medial) and external
(lateral) segments, separated by an internal lamina of myelinated fibers. The GP also
contains a ventral subcommissural portion termed the ventral pallidum (GPv)
(Heimer et al., 1982).

In rodents, the entopeduncular nucleus (EPN) represents the internal segment of
globus pallidus (Morgan, 1927). The GP receives afferent projections from the
striatum and subthalamic nucleus and it sends efferent projections to the thalamus,
subthalamic nucleus, SN and pedunculopontine nucleus (Parent and Hazrati,
1995b). The principal neurons of GP are large cells with long, thick and generally
smooth dendrites (Fox et al., 1974; DiFiglia et al., 1982) and they use v-

aminobutyric acid (GABA) as a neurotransmitter (Oertel and Mugnaini, 1984).

1.2.4 Substantia nigra

The substantia nigra (SN) is a layer of grey matter containing numerous, deeply
pigmented, multipolar nerve cells and extending throughout the whole length of the
midbrain, (i.e from the rostral end of the pons to the subthalamic region) and it is
considered part of the basal ganglia due to its close ties with the striatum. In sections
of the midbrain in human, it is easily recognized by the black pigment from which its
name derives. It is semilunar on transverse section; its concave surface being directed
toward the tegmentum and its convex surface direct toward the crus cerebri; it is

thicker medially than laterally.
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Classically, the SN has been divided into (a) a dorsal pars compacta (SNC) composed
of numerous medium-sized dopaminergic neurons (A9), containing large amounts of
melanin pigament-with a few non-dopaminergic neurons; and (b) a ventral pars
reticulata (SNR) composed of fewer neurons, some of which are also dopaminergic
and contain small amount of melanin pigament (Fallon and Loughlin, 1995), though
the majority are GABAergic neurons (Oertel and Mugnaini, 1984; Parent, 1990).

A lateral extension of the SNC is called the pars lateralis (SNL). It is insignificant in
man (Huber and Crosby, 1933) and has a variety of neurons, some of which are
dopaminergic (Fallon and Loughlin, 1995).

The SN has extensive connections with the cortex, spinal cord, hypothalamus, and
basal ganglia (Table 1.1). Medial to the substantia nigra is the ventral tegmental area
(VTA) composed of dopaminergic neurons (A10) and non- dopaminergic neurons

(Fallon and Loughlin, 1985;1995): their terminations are shown in Table 1.1.
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INPUT

OUTPUT

SNC

o Striatum (GABAergic) (human,
primate, rat)

® Globus pallidus (GABAergic)
(human, primate, rat)

o SNR (GABAergic) (rat)

o Cerebral cortex (glutamatergic)
(human, primate, rat)

o Subthalamic nucleus (glutamatergic)
(human, primate, rat)

e Pedunculopontine nucleus
(glutamatergic and Cholinergic) (human,
primate, rat)

® Dorsal raphe (serotonergic) (human,
primate, rat)

o Striatum (A9 dopaminergic) (mainly)
(human, primate, rat)

o Subthalamic nucleus (A9) (sparse)
((human, primate, rat)

o Globus pallidus (A9) (sparse)
(human, primate, rat)

o Amygdala (dopaminergic) (a few)
(human, primate, rat)

o Cerebral cortex (dopaminergic)
(a few) (rat)

o Striatum (GABAergic) (a few) (rat)

SNR

o Striatum (GABAergic) (human,
primate, rat)

o Globus pallidus (GABAergic) (rat)

e Accumbens nucleus (GABAergic)
(rat)

e Ventral pallidum (GABAergic) (rat)

o Subthalamic nucleus (glutamatergic)
(rat)

o Cerebral cortex (glutamatergic) (rat)

e Amygdala (rat)

o Striatum (A9 dopaminergic) (a few)
(rat)

® VA-VL thalamus (GABAergic)
(human, primate, rat)

o Superior colliculus (GABAergic)
(human, primate, rat)

e Pedunculopontine nucleus
(GABAergic) (human, primate, rat)

SNL

e Amygdala (rat)

o Striatum (A9 dopaminergic) (a few)

(rat)
e Amygdala (dopaminergic) (rat)

o Inferior colliculus (non-dopaminergic
(rat)

VTA

e Accumbens nucleus (GABAergic)
(rat)

e Locus coeruleus (noradrenergic) (rat)

® Dorsal raphe (serotonergic) ((human,
primate, rat)

o Ventral striatum (A10 dopaminergic)
((human, primate, rat)

o Amygdala (A10) (human, primate,
rat)

o Cerebral cortex (A10) (rat)

® Visual cortex (non-dopaminergic)

(rat)

e Pedunculopontine nucleus (non-
dopaminergic) (rat)

Table 1.1 : Inputs and outputs connections of the substantia nigra
(SN) and the ventral tegmental area (VTA). (from Fallon and Loughlin,

1985;1995; Flaherty and Graybiel, 1994; Blandini et al., 2000).
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1.2.5 The subthalamic nucleus

The subthalamic nucleus (STN) is a small, densely populated and highly vascularized
structure located dorsomedial to the junction between the crus cerebri and the internal
capsule, ventral to the thalamus. The STN receives projections from both the frontal
cortex and GPe and sends projections back to GPe and GPi.

The STN consists of a multitude of medium-sized and densely packed neurons with
long, sparsely spiny dendrites radiating from the cell body (Chang et al., 1983; Kita
et al., 1983). The subthalamic nucleus is the only glutamatergic nucleus of the basal
ganglia circuit (Smith and Parent, 1988) and most of their neurons are projection

neurons (Van der Kooy and Hattori, 1980a).

1.3 Basal ganglia circuitry (See figure 1.1)

Early studies using autoradiography suggested that cortical afferents arising from the
somatomotor cortex preferentially innervate the putamen (Kunzle, 1977), while
association cortex afferents innervate the caudate nucleus (Goldman and Nauta,
1977). Different areas of cerebral cortex reach the striatum by excitatory
glutamatergic projection (Young et al., 1981). The subthalamic nucleus is the only
other structure in the basal ganglia receiving direct afferents from the premotor and
motor cortices (Afsharpour, 1985; Stanton ef al., 1988). The basal ganglia are not
isolated structures but form part of neural circuits organized in parallel called cortico-
striato-thalamo-cortical loops. Five such loops have been described (Alexander and

Crutcher., 1990).
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Cerebral Cortex

GLU

GLU

GLU

. Caudate/Putamen _

M/PE

Direct
Pathway

Indirect
Pathway

GABA/SP

GLU GPi/SNR

Brainstem
& Spinal cord

Figure 1.1 Basal ganglia circuitry in normal people, showing the direct
and indirect pathways of basal ganglia. Excitatory projections are shown in green;
inhibitory projections are shown blue; dopaminergic nigrostriatal projections are shown
red. (CM/PF: centromedian/farafasicular nucleus of thalamus; D1: dopamine receptor
1; D2: dopamine receptor 2; DA: dopamine; Enk: enkephalin; GABA: gamma-
aminobutyric acid; GLU: glutamate; Gpe: external segment of globus pallidus; Gpi:
internal segment of globus pallidus; SNC: substantia nigra pars compacta; SNR:
substantia nigra pars reticulata; STN: subthalamic nucleus; SP: substance P; VL:
ventrolateral thalamus) (Partially adapted from Alexander and Crutcher, 1990;
Blandini et al., 2000).
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1.3.1 Motor circuit or loop

The motor circuit is the loop most related to general movement. In the motor circuit
information is somatotopically organized into distinct zones representing the leg, face
and arm (Kunzle, 1975; Crutcher and DeLong, 1984; Alexander and DeLong,
1985). The premotor cortex, the supplementary motor area and the somatosensory
cortex all send excitatory information to the putamen (Kunzle, 1977; Selemon and
Goldman-Rakic, 1985), which projects topographically to specific areas of the
internal and external segment of globus pallidus and the substantia nigra pars
reticulata (Johnson and Rosvold, 1971; Parent et al., 1984). Topographic
projections reach thalamic nuclei including nucleus ventralis lateralis pars oralis,
lateral nucleus ventralis anterior pars parvocellularis, lateral nucleus ventralis anterior
pars magnocellularis and the centromedian nucleus (DeVito and Anderson 1982;
Kinsky et al., 1985). The motor loop ends with thalamo-cortical projections to the
premotor and the supplementary motor cortical area (Wiesendanger and
Wiesendanger, 1985; Matelli ez al., 1989). There are two main pathways through the
basal ganglia.

a) The direct pathway is an inhibitory efferent pathway which projects from

the striatum to the output nuclei (the internal segment of globus pallidus and
the substantia nigra pars reticulata). The direct pathway contains GABA,
substance P (Albin et al., 1989), and dynorphin (Vincent et al., 1982) and
expressed D; dopamine receptors.

b) The indirect pathway projects from the striatum to the external segment of

the globus pallidus; this in turn projects to the subthalamic nucleus through

purely GABAergic neurons (Albin et al., 1989; Hamani et al., 2004) and



Chapter 1 12 General Introduction

from the subthalamic nucleus to the output nuclei through an excitatory

glutamatergic projection (Nakanishi ez al., 1987; Smith and Parent, 1988).
The direct and indirect pathways have opposite effects on the output nuclei (Their
connections to the thalamus) via an inhibitory GABAergic pathway (Penney and

Young, 1981; Chevalier et al., 1985) (Figure 1.1).

1.4 Extrinsic monoaminergic system

Monoaminergic pathways which originate in the midbrain project rostrally and make
contact with key components of basal ganglia loops or circuits. Even though they are
not part of the loop, they may exert a considerable effect on its activity and

disturbances in their input underlie common motor disorders.

1.4.1 Dopamine

Dopamine (DA) is a member of the catecholamine family and was found in the brain
in 1959. It has many functions around the body but has an especially important role as
a neurotransmitter in the brain.

The existence of dopaminergic innervation within the brain was suggested by
biochemical studies (Thierry et al., 1973 a,b) and confirmed by anatomical work
utilizing glyoxylic acid-induced histofluorescence (Lindvall and Bjorklund, 1974
a,b), histofluorescence in combination with tract-tracing (Tork and Turner, 1981),
autoradiography (Descarries et al., 1987), immunohistochemistry against the

synthesizing enzyme tyrosine hydroxylase (TH) (Berger et al., 1985) and
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immunohistochemistry with antibodies against dopamine (DA); the problem of
distinguishing between DA and NA in these studies is acknowledged (Papadopoulos
et al., 1989).

The amino acid tyrosine is the starting point for dopamine synthesis. It is converted
into dihydroxyphenyalanine (dopa) by the rate-limiting enzyme tyrosine hydroxylase,
after which dopa can be converted to dopamine by the enzyme dopa decarboxylase.
Dopamine synthesis is modulated by the end product inhibition of tyrosine
hydroxylase (TH) through negative feedback; in addition, depolarization of
dopaminergic cells results in TH activation, thus maintaing the balance between DA
synthesis and release (Joh et al., 1978) (Figure 1.2).

Dopamine can be taken back up into presynaptic terminals via the dopamine
transporter (Hitri et al 1994), or catabolized by monoamine oxidase (MAO) to 3,4,-
dihydroxyphenylacetic ~acid or to 3-methoxytyramine by Catechol-O-
methyltransferase (COMT).

Dopamine receptors can be divided into five subtypes (D1 to D5) all of which belong
to the G-protein coupled type (for review, see Wolfarth and Ossowska, (1995).

The vast majority of all the brain dopamine (some 80%) is found in the corpus
striatum (Coyle and Snyder, 1981).

The midbrain dopaminergic neurons form three groups of cells A8, A9, and A10 and
three major dopaminergic pathways arise from them. This classification groups the
cells according to the transmitter (class “A” cells contain dopamine or norepinephrine
while class “B” contain serotonin) while numbers (e.g. 8,9,10) represent regions: thus,

A9 is a group of cells containing dopamine in the SNC (Dahlstrom and Fuxe, 1964).
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L-tyrosine

Pteridine
+

0, + Fe =

Tyrosine Hydroxylase (TH)

L-DOPA

Feedback inhibition by

Dopa decarboxylase (DDC) the end product

Dopamine

Dopamine-$-hydroxylase (DBH)

L-norepinephrine™

Phenylethanolamine N-
methyltransferase (PNMT)

L-epinephrine

Figure 1.2 Biosynthetic pathway of catecholamine synthesis. The
enzymes needed for this pathway are shown in yellow rectangles. The
feedback regulation by the end product on TH is shown in red. (TH
requires cofactors pteridine or tetrahydrobiopterin (BH4) and molecular
oxygen and Fe'?) partially adapted from Kumer and Vrana (1996).
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The A9 cell group in the SNC, the A8 cell group in the retrorubral region, and the
A10 cell group in the medial region of the ventral tegmental area are the main sources
of dopamine for the ventral striatum, cerebral cortex and limbic system although these
regions also receive some connections from the medial SNC (Fallon and Loughlin,
1995).

The most important dopaminergic pathways are the nigrostriatal, mesolimbic, and
mesocortical pathways. These all originate from the dopaminergic cells (A9, A8, and
A10) so, neurons of the A9 and A8 groups supply the nigrostriatal system whereas
A10 supplies the mesolimbic and mesocortical systems (Prensa and Parent, 2001)

(see Table 1.2).

Cell groups Regions Pathways Targets
A8 Retrorubral field (RRF) | Mesostriatal Caudate-putamen (human,
Mesolimbic primate, rat)
Amygdala (human, primate, rat)
A9 SNC ventral tier Nigrostriatal Caudal putamen (striosome)
(lateral) (human)
A9 SNC ventral tier Nigrostriatal Dorsal  caudate  nucleus
(medial) (human)
A9 SNC dorsal tier Nigrostriatal Rostral putamen (human)
Caudate nucleus (matrix)
(human)
A9 SNR Nigrostriatal Caudate-putamen (human,
primate, rat)
A9 SNL Nigrostriatal Caudate-putamen (rat)
Mesolimbic Amygdala (rat)
A10 VTA Mesolimbic Ventral striatum (human,
primate, rat)
Mesocortical
Amygdala (human, primate, rat)
Prefrontal/Anterior cingulate
cortices (rat)

Table 1.2: Dopaminergic cell groups in the midbrain and their

targets. (from Dahlstrom and Fuxe, 1964; Fallon and Loughlin, 1985;1995;
Gibb and Lees, 1994; Prensa and Parent, 2001).




Chapter 1 16 General Introduction

1.4.2 Dopamine interactions

Dopamine interacts with many other neurotransmitters in the basal ganglia circuitry.
In particular, the interaction of dopamine with glutamate has an important excitatory
effect on the neostriatum (Shimizu et al., 1990; Garcia-Munoz et al., 1991) from the
converging of glutamatergic and dopaminergic afferents onto the same striatal GABA
neuron (Bouyer et al., 1984). Changes in dopamine and other transmitters during cell
stress may be due to a global response, or may signal a true interaction. Thus,
ischemia and hypoxia have been found to produce an increase in the concentration of
dopamine, glutamate and aspartate in the neostriatum of rat (Globus et al., 1988;
Damsma et al., 1990; Akiyama et al., 1991), while dopamine depletion and
glutamatergic receptor blockade have both been shown to attenuate neuronal death
following hypoxic and ischemic injury (Weinberger et al., 1985; Gill et al., 1987;
Clemens and Phebus, 1988). Conversely, increasing dopamine concentration may
lead to the release of glutamate and aspartate as a toxic cascade (Barbeito et al.,
1989; Carlsson and Carlsson, 1990), while the inhibitory amino acid GABA and
taurine are thought to exert a protective role during a hypoxic and ischemic insult
(Sternau et al., 1989).

There are also important interactions between acetylcholine and dopamine. The
striatum has very high expression of acetylcholine receptors and enzymes needed for
the synthesis or metabolism of acetylcholine such as Choline acetyltransferase and
acetylcholinesterase within pedunculopontine afferents and cholinergic interneurons
in the striatum. In normal conditions there is a balance between the inhibition of
acetylcholine release by dopamine receptor D2 and excitation of it by dopamine

receptor D1 (Jabbari and Pazdan, 2005).
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A further important interaction is between DA and 5-HT. There are projections from
the serotonergic dorsal raphe nucleus to dopaminergic (DA) cell bodies and dendrites
in the substantia nigra, ventral tegmental area and striatum (Van der Kooy and
Hattori, 1980b; Steinbusch e al., 1981; Herve et al., 1987; Nedergaard et al.,
1988; Corvaja et al., 1993). Moreover, dopamine from the SN and VTA may
increase 5-HT release in the DRN (Ferre and Arigas, 1993). Other studies show that
dopamine release is facilitated by serotonin (Benloucif and Galloway, 1991) and the
regulation of serotonin in the DRN is mediated by dopamine D2 receptor (Ferre et

al., 1994).

1.4.3 Serotonin

The midbrain raphe nuclei came to attention in the time of Cajal who described the
cells in that area as large multipolar neurons with uncertain projections. 5-HT was
considered as a CNS neurotransmitter when it found in significant but varying
quantities in different regions of brain. 5-HT cell bodies and their axon terminals have
been visualized by different methods including autoradiography using light
microscopy (Conrad et al., 1974; Bobillier et al., 1976; 1979; Azmitia and Segal,
1978; Moore et al., 1978), electron microscopy (Aghajanian and Bloom, 1967;
Descarries et al, 1990), histochemistry = (Ungerstedt, 1971) or
immunohistochemistry with antibodies against 5-HT (Steinbusch ez al., 1978; Lidov
et al., 1980; Lidov and Molliver, 1982a,b).

The 5-HT cell bodies in the brain are located in the raphe nuclei groups in the brain
stem (Morgan et al., 1987; Jacobs and Azmitia, 1992; Chojnacka-Wojcik, 1995).

The areas are classified into nine regions (B1-B9) (Dahlstrom and Fuxe, 1964;
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Steinbusch, 1981; Tork, 1990). Serotonin receptors are currently classified into 7
types (SHT1-5HT7) (Boess and Martin, 1994; Wesolowska, 2002). Some of these
project to the striatum e.g. dorsal raphe nucleus (see Table 1.3) (Steinbusch ez al.,

1981; Vertes, 1991).

Midbrain raphe nuclei Cell groups Targets
e Striatum
Dorsal raphe nucleus B6 and B7 e Amygdala

e Locus coeruleus

e Hippocampus
Median raphe nucleus BS and B8 e Anterior hypothalamus
e Mammillary bodies

Table 1.3: Serotonergic cell groups in the midbrain raphe nuclei and

their targets. (from Dahlstrom and Fuxe, 1964; Azmitia and Segal, 1978; Imai
et al., 1986; Jacobs and Azmitia, 1992; McQuade and Sharp, 1997).

1.5 Neuropathology of neurodegenerative diseases

Neurodegenerative diseases are characterized by the slowly progressive loss of
neurological function without obvious causes such as infection, neoplasms, localized
vascular disease or toxicity (Maimone et al., 2001; Bossy-Wetzel et al., 2004).
Neurodegenerative diseases usually affect older age groups, although the young may
be affected. Many neurodegenerative diseases are sporadic and a few are inherited.
The specific clinical characteristics of any particular neurodegenerative disease can
stem from the anatomical location of the affected region and the pathological changes
occurring. Two major classes of neurodegenerative disorder based on biochemical
and structural abnormalities in certain molecules such as tau or a-synuclein and are

known as tauopathies and synucleinopathies. Tau is a microtubule-associated

protein which plays an important role in microtubule assembly and stabilization

(Weingarten et al., 1975; Cleveland et al., 1977) and it has six different isoforms
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(Buee et al., 2000; Shahani and Brandt, 2002). Deposition of hyperphosphorylated
tau is a characteristic feature of neurofibrillary tangles found in Alzheimer’s disease
(Alonso et al., 2001; Geschwind, 2003; Klucken ez al., 2003).

Filamentous tau pathology is also characteristic of other disorders such as Pick’s
disease, Progressive Supranuclear palsy, Corticobasal degeneration, familial front
temporal dementia and Parkinsonism linked to chromosome 17 (FTDP-17)
(Spilliantini and Goedert, 1998). Synucleinopathies are a group of disorders
characterised by a-synuclein lesions including Parkinson’s disease, Alzheimer’s
disease, dementia with Lewy bodies, MSA, Down syndrome, Hallervorden-Spatz

disease and Prion disease (Trojanowski and Lee, 1999).

1.5.1 Abnormal protein aggregation and neurodegenerative diseases

Normal cellular functions may lead to the production of significant levels of abnormal
(e.g. misfolded) proteins (Sherman and Goldberg, 2001; Goldberg, 2003;
McNaught and Olanow, 2006). Furthermore, within neurons, auto-oxidation of
neurotransmitters such as dopamine can produce free radicals that can damage
proteins (McNaught and Olanow, 2006). Abnormal protein aggregations interfere
with intracellular processes and are frequently associated with neurodegenerative
diseases such as Alzheimer’s and Parkinson’s diseases (Agorogiannis et al., 2004;
McNaught and Olanow, 2006). A wide variety proteins implicated in the pathology
of neurodegenerative diseases and aggregated in inclusions are shown in table 1.4.
The aggregations known as Lewy bodies contain may proteins, including a-synuclein

(Zhou et al., 2004) (See table 1.4).
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Protein Function Disease genes Protein deposits Disease
14-3-3 Chaperone-like function | Associate with a—Syn | o—Synuclein inclusion | a - Synucleinopathies
10)
AB (2) Unknown APP, Presenilinl.2 Extracellular plaques AD
®
Associate with AS
and LB (10)
Ataxinl Unknown CAG repeat Inclusion Spinocerebellar ataxia
expansion (8) typel
Androgen Allow body respond to CAG repeat Inclusion Spinal and bulbar
receptor androgens expansion (8) muscular atrophy
Atrophin 1 Unknown CAG repeat Inclusion Dentatorubral
expansion (8) pallidoluysian
Bcl2-antagonist Regulate cell death Associate with o— o—Synuclein inclusion | a-Synucleinopathies
of cell death Syn (10)
(BAD)
Calmodulin Calcium binding protein | Associate with o—Syn | o—Synuclein inclusion | @ -Synucleinopathies
(CaM) (10)
Calcium/Calmod | Modulated the cellular Associate with LB LB PD
ulin-dependent response to calcium (10)
protein kinase
Clusterin/apolipo | Cell-aggregating factor Associate with LB LB AD
-protein J (6) (10)
Copper/ zinc- Scavenging free-radicals | Associate with LB LB PD
SOD (10)
Cytochrome Respiratory chains Associate with 0—Syn | o—Synuclein inclusion | a -Synucleinopathies
oxidase enzyme (10)
Cdk5 4) Phosphorylation a Associate with LB LB AD
molecular component of | (10)
LB
DJ-1 (3) Involved in oxidative PARK?7 LB FPD (autosomal
stress response recessive)
Plasma Terminating dopamine Associate with 0—Syn | a—Synuclein inclusion | a -Synucleinopathies
membrane by reuptake it into (10)
dopamine presynaptic neurons
transporter
(DAT)
Extracellular Involve in many cellular | Associate with a—Syn | o—Synuclein inclusion | a-Synucleinopathies

signal-regulated
protein kinases

function

(10

(ERKSs)
Non-selenium Antioxidant enzyme Associate with LB LB PD
glutathione (10)
peroxidase
Heme oxygenise Cellular stress protein Associate with LB LB PD
10
Heat shock Chaperone-like function | Both (¢—Syn +LB) LB+ o—Syn inclusion a -Synucleinopathies
proteins (10)
Huntingtin Unknown CAG repeat Huntington inclusion Huntington disease
expansion (8)
LRRK2 Unknown PARKS LB FPD (autosomal
dominant)
Lysosomes Markers of lysosomes Associate with LB LB PD
associate proteins (10)
Microtubule- a-SN binding proteins Associate with o— o—Synuclein inclusion | a-Synucleinopathies
associated Syn (10)
protein 1
(MAP1A, B)
Microtubule- Stabilize microtubule Associate with LB LB PD
associated assembly (10)
protein 2(MAP2)
Mitogen- Stress response, Both (6—Syn +LB) LB+ o—Syn inclusion a -Synucleinopathies
activated protein | Receptor signalling (10)
kinases (MARKSs) | activity
Myotonin kinase Unknown CAG repeat Inclusion Myotonic Dystrophy
expansion (8)
Neurofilaments Cytoskeleton of neuron Associate with LB LB PD
10
P62 Ubiquitin-binding Both (0—Syn +LB) LB+ o—Syn inclusion a -Synucleinopathies
protein (10)
PD
Parkin Enzyme E3 ligase in UPS | PARK2 LB+ a—Syn inclusion FPD (autosomal

No LB

recessive)
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Protein kinase C Receptor signalling Associate with a— o—Synuclein inclusion | a -Synucleinopathies
isoforms activity Syn (10)
Prion protein Unknown Mutation in PrP (8) Prion plaque Prion disease
(PrP)
Phospholipase D2 | Enzyme involve in Associate with a— o—Synuclein inclusion | a-Synucleinopathies
phosphatidic acid Syn (10)
Proteasome Proteasome possess the Associate with LB LB PD
subunits proteolytic site and (10)
stabilized the
proteasome complex
Rab5A Neuronal endocytosis Associate with 0—Syn | a—Synuclein inclusion | a -Synucleinopathies
10)
Septin Involve in cytokinesis Associate with LB LB PD
and exocytosis (10)
Superoxide Enzyme calayzes the Mutation in SOD1 Bunina bodies Familial amyotrophic
dismutase conversion of toxic 3) lateral sclerosis
1(SOD1) superoxide radicals to
hydrogen peroxide and
Synphilin-1 (9) a-SN binding proteins Both(a—Syn +LB) LB+ a—Syn inclusion a -Synucleinopathies
10)
TAT-binding Proteosome activator Associate with o— o—Synuclein inclusion | o -Synucleinopathies
proteinl (5) Syn (10)
Tau Microtubule-associated Tau gene mutation Cytoplasmic tangles AD+Tauopathies
protein that stabilize Associate with a—Syn
neuronal microtubules (10)
Torsin A (7) Chaperone-like function | Associate with LB LB PD
(10)
Tyrosine Catalyse the first step in | Associate with e—Syn | a—Synuclein inclusion | @ -Synucleinopathies
hydroxylase biosynthesis of (10)
catecholamine
Tubulin (1) Accelerate AS Both (0—Syn +LB) LB+ o—Syn inclusion a -Synucleinopathies
aggregation (10)
Ubiquitin De-ubiquitinating PARKS LB FPD (autosomal
carboxyl- Enzyme dominant)
terminal
hydrolase LI
(UCH-L1)

Table 1.4: Proteins that aggregates in inclusions in neurodegenerative

diseases, in Lewy bodies in Parkinson disease and proteins that associated with
a-synuclein (AD: Alzheimer’s disease; a-Syn: alpha-synuclein; FPD; familial
Parkinson ‘disease; LB: Lewy body; PD: Parkinson’s disease; UPS: Ubiquitin-
proteasome system). (1) Abdul Alim ez al. (2002); (2) Arai et al. (1992); (3)
Bonifati ef al. (2003); (4) Brion ez al. (1995); (5) Ghee et al. (2000); (6) Sasaki et
al. (2002); (7) Shashidharan et al. (2000); (8) Taylor et al. (2002); (9)
Wakabayashi et al. (2000); (10) Zhou et al. (2004).
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1.6 Movement disorders and their neuropathology

In this introduction I am chiefly concerned with neurodegenerative conditions of
aminergic neurons and the basal ganglia which lead to movement disorders. These

include:

1.6.1 Multiple System Atrophy

The term multiple system atrophy (MSA) was introduced by Graham and
Oppenheimer (1969) to describe a neurodegenerative disorder occurring sporadically
and characterized by Parkinsonism, cerebellar dysfunction, and autonomic
insufficiency (Wenning et al., 1995; Kaufmann, 1998).

Neuronal loss and gliosis affect the substantia nigra, putamen, locus coeruleus,
pontine nuclei, cerebellar Purkinje cells, inferior olive, intermediolateral columns of
spinal cord and the dorsal motor nucleus of the vagus. There is evidence of loss of
dopaminergic neurons in SNC (confirmed by the loss of pigment, but without Lewy
bodies) as well as loss of dopamine and it’s synthetic enzyme TH; in addition, there is
loss of noradrenergic neurons in the locus ceruleus and adrenergic neurons in the
rostral ventrolateral medulla (Burn and Jaros, 2001; Rehman, 2001). The
characteristic neuropathology of MSA is the presence of many cytoplasmic inclusions
in glia (glial cytoplasmic inclusion) and, later, in neurons in the absence of Lewy
bodies (Lantos and Papp, 1994). Immunocytochemistry shows that glial cytoplasmic
inclusions are ubiquitin, tau and alpha-synuclein positive (Gai et al., 1998; Lantos,
1998; Terni et al., 2007).

Data from PD brain banks showed that up to 10% of patients diagnosed with PD turn

out to have MSA (Colosimo et al., 1995; Kaufmann., 1998).
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1.6.2 Progressive Supranuclear Palsy

Progressive Supranucelear palsy (PSP) is commonly known as Steele-Richardson
syndrome and was described by Steele et al (1964).

Postural instability, gaze palsy, Parkinsonism and subcortical dementia clinically
characterize PSP. The degeneration is principally in the brain stem, midbrain and
basal ganglia. The main lesions are in the substantia nigra, globus pallidus,
subthalamic nucleus and pons (Litvan, 1996). The major neurons affected are the
dopaminergic nigrostriatal neurons in the SNC (particularly the ventromedial portion)
and decreases in dopamine and homovanillic acid levels in the striatum; the
mesolimbic and mesocortical systems are not affected. There is loss of the
postsynaptic dopamine D2 receptors in basal ganglia, GABAergic neurons in the
striatum and the cholinergic neurons in brainstem and other areas of the brain
(Ruberg et al., 1985; Lowe et al., 1997; Rehman, 2000). Pathological ultrastructural
changes centre around neurofibrillary degeneration, particularly the deposition of
hyperphosphorylated tau protein as neurofibrillary tangles (Schmidt ez al., 1996). The
treatment of PSP with L-dopa has little effect due to loss of the postsynaptic

dopamine D2 receptors in basal ganglia (Collins ef al., 1995; Lowe et al., 1997).

1.6.3 Corticobasal degeneration

Corticobasal degeneration (CBD) is a rare and slowly progressive neurological
disease, first described by Rebeiz (1968). CBD is characterized clinically by an
asymmetrical akinetic-rigid syndrome associated with cognitive problems (apraxia
and aphasia), extrapyramidal motor dysfunction (rigidity and dystonia) and moderate

dementia late in the course of the disease (Rinne et al., 1994). The neuropathological
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changes in CBD include gliosis, nerve cell loss and atrophy of the posterior frontal or
parietal lobes of the cerebral cortex with the presence of swollen, achromatic tau
positive Pick-like cells (Dickson et al., 2000) and loss of pigmented nigral neurons in
the lateral portion of the SN; Lewy bodies are absent (Rebeiz et al., 1968; Gibb et al.,

1989; Riley et al., 1990; Lowe et al., 1997).

1.6.4 Huntington’s disease

Huntington’s disease (HD) is a hyperkinetic, autosomal dominant inherited disorder
characterized by progressive chorea, rigidity, dystonia, dementia, cognitive deficits
and psychological disturbance. Huntington’s disease takes its name from the
American physician George Huntington who described it in 1872. The age of onset is
normally 30 to 45, but the extreme range is 2-80 years. The mutation which is
responsible for HD is an expanded polyglutamine repeat (CAG) within exon 1 of the
gene in chromosome 4 that codes for the Huntingtin protein (Hedreen and Folstein,
1995; Reddy et al., 1999; Myers, 2004).

Neuropathological changes in HD include degeneration of the caudate and putamen
(Vonsattel et al., 1985) and selective loss of GABA-and enkephalin-positive medium
spiny neurons that project from the striatum to the external segment of the globus
pallidus (Perry et al., 1973; Sapp et al., 1995; Mitchell et al., 1999) (Figure 1.3).
Some studies also report a loss in both nigrostriatal and in nonpigmented cells in the
substantia nigra (Oyanagi et al., 1989; Bohnen et al., 2000). Dopamine levels have
been found to be normal or increased, whereas homovanillic acid was found to be low

(Bird and Iversen, 1974; Spokes, 1980; Kish et al., 1987).
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Figure 1.3: Basal ganglia circuitry in Huntington’s disease, showing the
direct and indirect pathways of the basal ganglia. Excitatory projections are shown in
green; inhibitory projections are shown in blue; dopaminergic nigrostriatal projections
are in shown red. Differences in the thickness of arrows indicates the relative degree of
activation. (CM/PF: centromedian/farafasicular nucleus of thalamus; D1: dopamine
receptor 1; D2: dopamine receptor 2; DA: dopamine; Enk: enkephalin; GABA: gamma-
aminobutyric acid; GLU: glutamate; Gpe: external segment of globus pallidus; Gpi:
internal segment of globus pallidus; SNC: substantia nigra pars compacta; SNR:
substantia nigra pars reticulata; STN: subthalamic nucleus; SP: substance P; VL:
ventrolateral thalamus) (Partially adapted from DeLong, 1990).
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A major ultrastructural pathological change is the aggregation of inclusions in neurons
of the striatum and cortex (Roizin et al., 1974; DiFiglia et al., 1997). These
inclusions contain aggregations of Huntingtin protein and ubiquitin (Davies et al.,
1997; DiFiglia et al., 1997). The mechanisms of neuronal degeneration resulting from
the mutation in Huntingtin protein are poorly understand and many hypotheses have
been advanced including glutamatergic excitotoxicity (Young et al., 1988; Beal et al.,
1991; Ferrante, 1993), mitochondrial dysfunction (Horton et al., 1995; Gu et al.,
1996; Koroshetz et al., 1997), endoplasmic reticulum stress (Nishitoh et al., 2002)
apoptosis (Saudou et al., 1998; Ona et al., 1999) and dysfunction of the ubiquitin-

proteasome system (Seo et al., 2004, 2007).

1.6.5 Parkinson’s disease

Parkinson’s’ disease (PD) is a progressive neurodegenerative movement disorder, first
described by James Parkinson in 1817; it is the second most common
neurodegenerative disease affecting 1-2% of people over 65 years of age (de Rijk ef
al., 1997). There are two major classes of PD (i) the late onset sporadic form which
occurs over the age of 55 and (ii) the early onset familial form (Gwinn-Hardy, 2002).
The majority of cases of PD (90%) are sporadic (McNaught et al., 2006; Olanow
and McNaught, 2006).

PD is characterized clinically by tremor that occurs at rest but decreases with
voluntary movement (“resting tremor”), rigidity (increased limb resistance to passive
movement), bradykinesia (slowness of movement), gait dysfunction, postural
instability (Dauer and Przedborski, 2003), depression and dementia.

The clinical symptoms appear after massive reduction of striatal dopamine levels

(80%) (Bernheimer et al., 1973; Hornykiewicz, 1998) associated with severe loss of
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dopaminergic neurons in the substantia nigra pars compacta (A9 dopaminergic
neurons) (Hirsch et al., 1988; German et al., 1989; Pakkenberg et al., 1991). The
ventrolateral tier of the SNC which projects to the putamen is more affected (Gibb
and Lees, 1991). The dopaminergic neurons (A10) in the VTA (that project to
cortical and limbic areas) show less severe cell loss (Jellinger, 2005). Levels of
dopamine are decreased in the substantia nigra, and ventral tegmental area and there
is decreased TH activity in the SN and in the striatum (Fahn et al., 1971; Rinne ef al.,
1974; McGeer and McGeer, 1976; Ploska et al., 1982; Javoy-Agid et al., 1990).
The level of dopamine metabolites (such as DOPAC and HVA) are also decreased in
SN and the striatum (Sian et al., 1999).

Loss of nigrostriatal dopaminergic neurons promotes an activation of the indirect
pathway through the basal ganglia circuit (Filion ef al., 1988). The initial part of this
pathway is inhibitory with GABA/Enkephalin striatal neurons that project to the
external segment of the globus pallidus. Inhibition of GABAergic neurons of GPe will
release the subthalamic nucleus from it’s inhibition (= disinhibition) by GPe.
Increased activity in the subthalamic nucleus will, in turn, cause excitation of the
basal ganglia output nuclei (internal segment of globus pallidus and the substantia
nigra pars reticulata) via the excitatory glutamatergic pathway that connects both of
them. Reduced activity of GABA/substance P neurons of the direct pathway will also
result in disinhibition of the output nuclei projections leading to inhibition of
thalamocortical neurons via the GABAergic projection which reduces activity of the
glutamatergic neurons projecting to the motor areas of the cerebral cortex. This will
result in many of the hypokinetic symptoms of Parkinson’s disease (Filion et al.,
1988) (Figure 1.4). Many observations support this mechanism, such as reduced

substance P in the output nuclei of the basal ganglia in Parkinson’s disease patients
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Figure 1.4: Basal ganglia circuitry in Parkinson’s disease, showing the
direct and indirect pathways of the basal ganglia. Excitatory projections are shown in
green; inhibitory projections are shown in blue; dopaminergic nigrostriatal projections
are shown in red. Differences in the thickness of arrows indicates the relative degree of
activation. (CM/PF: centromedian/farafasicular nucleus of thalamus; D1: dopamine
receptor 1; D2: dopamine receptor 2; DA: dopamine; Enk: enkephalin; GABA: gamma-
aminobutyric acid; GLU: glutamate; Gpe: external segment of globus pallidus; Gpi:
internal segment of globus pallidus; SNC: substantia nigra pars compacta; SNR:
substantia nigra pars reticulata; STN: subthalamic nucleus; SP: substance P; VL:
ventrolateral thalamus) (Partially adapted from DeLong, 1990; Blandini e al., 2000).




Chapter 1 29 General Introduction

(Agid et al., 1987; Waters et al., 1988) and unchanged enkephalin levels in the
external segment of the globus pallidus (Agid er al., 1987). Moreover, ablation
surgery performed on the subthalamic nucleus reduces the symptoms of Parkinson’s
disease suggesting that excessive subthalamic nucleus activity is a key feature of the
disorder (Bergman et al., 1990; Aziz et al., 1991; Limousin et al., 1995). Chesselet
and Delfts (1996) suggest that the model may need correcting following evidence that
activity in the external segment of globus pallidus is increased after nigrostriatal
dopamine depletion by MPTP, probably due to the increased neuronal discharge rate
of excitatory glutamatergic projections from the subthalamic nucleus (Pan and
Walters, 1988; Tremblay and Filion, 1989). A similar finding was noted in 6-

hydroxydopamine-lesioned animals (Porter et al., 1994).

1.6.5.1 Etiology of Parkinson’s disease

The etiology of PD is not fully understood, but many cases may involve an interaction
between genetic and environmental factors (Duvoisin, 1999; Mizuno et al., 1999; Le
Couteur et al., 2002; Sherer et al., 2002; Schapira, 2006). Epidemiological studies
suggest that exposure to environmental agents, such as pesticides, may increase the
risk of PD (Gorell ef al., 1998; Menegon et al., 1998). In addition to the involvement
of environmental factors in PD, genetic factors are also involved, since about 5-10 %
cases are believed to have a familial Parkinsonism (Olanow and Tatton, 1999;
McNaught et al., 2006). Familial cases of PD have been associated with mutations in
proteins such as a-synuclein on chromosome 4 (Polymeropoulos et al.,1997) and
parkin on chromosome 6 (Kitada et al., 1998). Mutation also in UCH-L1 (Leroy et
al., 1998), PINK1 (Valente et al., 2004), DJ-1 (Bonifati et al., 2003; Abou-Sleiman
et al., 2004) and LRRK2 (Funayama et al., 2002). For reviews see, Cookson,

(2005); Jain et al., (2005); Schapira, (2006). Many different genes involved in PD
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may relate to protein mis-folding (McNaught ez al., 2002; Ryu et al., 2002). For
reviews, see Soto, (2003); Agorogiannis et al., (2004); McNaught and Olanow,

(2006). This topic will be discussed later.

Many factors lead to neurodegeneration in PD (Olanow and Tatton, 1999). These
include:
1) Oxidative stress, where damaging levels of hydrogen peroxide and then
reactive oxygen species are increased as a result of:

a- Increased dopamine turnover,

Indirect | b- A deficiency in glutathione,

c- A build up of reactive iron which can lead to formation of hydroxyl
radicals.

2) Mitochondrial dysfunction.

3) Excitotoxicity, which results from increased glutamate formation.

4) Apoptosis.
Alongside these factors, protein aggregation or mis-folding is implicated in the cell
death mechanisms in PD and other degenerative conditions (Moore et al., 2005;

McNaught ez al., 2006).

1.6.5.2 Neuropathology of Parkinson’s disease

There are no changes in the gross morphology of the brains of PD patients. However,
gross slices or histological sections reveal loss of neuromelanin pigmention in the
substantia nigra (DA) and locus ceruleus (NE). Other regions such as the striatum and
the globus pallidus appear normal.

On histopatholgical examination there is loss of the dopaminergic neurons of the

substantia nigra pars compacta. In typical PD (as well as other diseases where
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parkinsonism is a component) the neuronal loss is usually most marked in the
ventrolateral tier of neurons which mainly project to the striatum (putamen)
(Bernheimur ef al., 1973). The substantia nigra contains about 550,000
dopaminergic neurons (and approximately 450,000 dopaminergic one are in pars
compacta) and are reduced by at least two thirds in PD patients and nondopaminergic
neurons are 260,000 and reduced by about a quarter in PD patients (Pakkenberg et
al., 1991; Lang and Lozano, 1998a). The neuronal loss in the substantia nigra is
accompanied by astrocytosis and microglial activation (Teismann e al., 2003).

Other systems are affected in PD, and there is loss of (a) noradrenergic neurons and
depletion of noradrenaline concentration in the locus ceruleus (Mann et al., 1983;
Cash et al., 1987; Jellinger, 2005), (b) cholinergic neurons in the nucleus basalis of
Meynert, pedunculopontine nucleus, Edinger-Westphal nucleus and the dorsal motor
nucleus of the vagus (Nakano and Hirano, 1983; Zweig et al., 1989; Gai et al.,
1992) together with depletion of the cholinergic enzymes (such as Choline
Acetyltransferase) in the putamen, globus pallidus and the SNC (Nishino ez al.,
1988), (c) serotonergic neurons of the dorsal raphe nucleus (Jellinger, 2005) and a
reduction in serotonin concentration in areas such as the striatum, substantia nigra,
and hippocampus (Rinne et al., 1974; Scatton et al., 1983; Agid et al., 1987;
Mizuno, 2005). There is also a reduction in tryptophan hydroxylase activity in
Parkinson’s disease patients (Sawada et al., 1985), as well as depleted 5-HT and its
metabolites in the cerebrospinal fluid (CSF) (Tohgi et al., 1993).

Other histopatholgical characteristics are the presence of neuronal intracytoplasmic
inclusions called Lewy bodies, Lewy neurites (ubiquitin-positive degenerating
neuronal processes), pale bodies which are considered as precursors of Lewy bodies

(Dale et al., 1992) and a variable amount of extracellular neuromelanin and gliosis
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(McGeer et al., 1988; Fearnley and Lee, 1991; Cornford et al., 1995; Forno,

1996).

1.6.5.3 Lewy body

The Lewy body is a neuronal intracytoplasmic inclusion body and it is widely
considered as the histopatholgical hallmark of PD (Pollanen et al., 1993; Cornford et
al., 1995; Forno, 1996; Galvin et al., 1997; Shults, 2006). Lewy bodies were first
described in the neurons of the substantia inominata and the dorsal vagal nucleus in
PD by Friederich Lewy in 1912 and bear his name (Gibb and Poewe, 1986).

Lewy bodies can be seen in the surviving dopaminergic neurons of the substantia
nigra pars compacta in all most every case of PD (Jellinger, 1987; Hughes et al.,
1993; Pollanen et al., 1993; Cornford et al., 1995; Forno, 1996), dead and they are
also seen in other groups of neurons including dopaminergic mesolimbic neurons, the
cholinergic neurons of the nucleus basalis of Meynert, the noradrenergic neurons of
the locus coeruleus, the serotonergic neurons of the raphe nuclei, the motor vagal
nuclei, pedunculopontine nucleus, the Edinger-Westphal nucleus, the
intermediolateral cell column of the spinal cord, the hypothalamus and autonomic
ganglia (Jellinger, 1991). Neurons with Lewy bodies which do not stain for TH may
be either non-dopaminergic cells or dopaminergic cells that may be defective or non
functional (Iravani et al., 2006).

Morphologically, Lewy bodies can be divided into two types which are found in
different locations in the brain:

1) classical brainstem LB is a spherical intraneuronal eosinphilic inclusion that

has a diameter of 8-30 um with a central dense core and a pale peripheral halo

(Lowe et al., 1997; Jellinger, 2005).



Chapter 1 33 General Introduction

2) Cortical Lewy bodies are a round intraneuronal eosinphilic inclusions without

a halo but they have also angular and reniform shapes (Gibb et al., 1987;

Lowe et al., 1997; Jellinger, 2005) and were first described by Okazaki

(1961).
Most affected neurons have a single LB, though multiples do occur LB (Dickson,
2005). Ultrastructurally, both classical and cortical Lewy bodies are composed of
radially arranged intermediate filaments (7-20 nm) associated with granular electron
dense material (Rajput and Rozdilsky, 1976; Pirozzolo et al., 1982; Crystal et al.,
1990; Xuereb et al., 1990; Forno, 1996; McKeith et al., 1999; Jellinger et al.,
2001) (Figure 1.5). Both classical and cortical Lewy bodies are immunopositive for
ubiquitin, a-synuclein (Lennox et al.,1989; Love and Nicoll, 1992; Irizarry et al.,
1998; Spillantini et al., 1997;1998a) (Figure 1.5) and neurofilaments (Goldman et
al., 1983; Hill et al., 1991; Schmidt ef al., 1991) in addition to other components (see
table 1.4). Lewy neurites are ubiquitin-positive degenerating neuronal processes first
described in the hippocampus (Dickson et al., 1991) and also found in other brain
regions such as amygdala, cingulate gyrus and temporal cortex (Dickson, 2005). Pale
bodies are rounded granular pale eosinophilic areas seen in neurons of the substantia
nigra and the locus coeruleus (Lowe ef al., 1997). Lewy bodies are widely accepted
pathological hallmark of both sporadic and familial PD, as well as dementia with
Lewy bodies (Gibb et al., 1987; Gomez-Tortosa et al., 2000). Lewy bodies can be
also seen in a number of other disorders, such as Alzheimer’s disease, Down
syndrome and Hallervorden-Spatz disease (Arawaka et al., 1998; Lippa et al., 1999;
Wakabayashi et al., 1999; Yokota et al., 2007).The mechanism by which Lewy

bodies are formed and their relationship to neurodegenerative disease or age process
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Figure 1.5: Lewy bodies are a characteristic feature of Parkinson’s

disease. Lewy bodies are small spherical inclusions that (a) can be stained with
haematoxylin/eosin, and (b) contain the protein a-synuclein, which in this specimen was
detected with a specific antibody. (¢) Lewy bodies consist of radiating filaments that can
be seen in this electron micrograph. (Panels a and b © Macmillan Magazines Ltd; panel
¢ is adapted with permission from (Forno, 1996) American Association of
Neuropathologists). The set of three photos is from Beal, (2001).
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remained unknown. One possibility is that Lewy bodies reflect damage since proteins
such as a-synuclein or ubiquitin will accumulate and aggregate if the ability of cells
to degradate these proteins are exceeded or proteasomal function impaired (Sherman
and Goldberg, 2001); those aggregated proteins will subsequently provide a
nucleation center for the formation of inclusion bodies such as Lewy bodies (Chung
et al., 2001a) and the accumulation of these inclusion bodies might induce further
neuronal dysfunction and/or cell death leading to neurodegeneration (Alves-
Rodrigues et al., 1998; Bence et al., 2001; Chung et al., 2001a). Anther possibility
is that Lewy bodies are a protective device as they form and function in a way similar
to an aggresome (McNaught et al., 2002; Olanow et al., 2004). Aggresomes are
cytoplasmic inclusion bodies that form at the centrosome (a perinuclear structure
linked to the microtubular system) as a cytoprotective response to high levels of
misfolded proteins (Johnston et al., 1998; Kopito, 2000). There is evidence that
Lewy bodies in PD resemble aggresomes (cytoprotective) since they stain positively
for specific markers of aggresome such as y-tubulin and pericentrin as well as UPS
components (McNaught et al., 2002). In PD, the aggresome might be an
intermediate stage in the formation of Lewy bodies which form if there is continued
failure to clear abnormal proteins (McNaught ez al., 2002; Olanow et al., 2004).
Mutations in parkin (ubiquitin-ligase) cause dysfunction in UPS components required
for protein ubiquitination leading to accumulation of poorly degraded cytotoxic
proteins as well as impaired transport of ubiquitinated proteins to the aggresome; this
may explain the lack of Lewy bodies in autosomal recessive juvenile parkinsonism
and the lack of a cytoprotective response may further explain the early age of onset,
and the rapidity and severity of neurodegeneration in such patients (McNaught and

Olanow, 2003). Inclusion bodies are not always found in neurodegenerative
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conditions. For example, they do not occur in most laboratory models of Parkinson’s

disease such as those produced through 6-OH-dopamine or MPTP toxicity (Forno et

al., 1993; Dauer and Przedborski, 2003), although they are present in rotenone-

induced degeneration in rat (Betarbet er al., 2000). Moreover, some human

Parkinsonian conditions occur without Lewy body formation. As mentioned above,

this is especially true of patients with mutations in parkin (E3 ligase of UPS) and

suggests that the E3 ligase may be critical for Lewy body formation.

1.6.5.4 Treatments of Parkinson’s disease

(A) Drugs treatments used in PD include:

1.

1l

1il.

Levo-dopa has been commonest drug in the treatment of Parkinson’s disease
since 1967 (Cotzias et al., 1967). Levodopa or L-dopa (3,4
dihydroxyphenyalanine) is the precursor of the neurotransmitter dopamine
and can easily cross the blood-brain barrier where it is converted into
dopamine by aromatic L-amino acid decarboxylase. Unfortunately, efficacy
reduces with prolonged treatment and motor complications such as
dyskinesias and fluctuations (Lang and Lozano, 1998b).

Bromocriptine, Pramipexole and Apomorphine are dopamine agonists which

directly bind to and activate dopamine receptors in the brain and therefore
have the same effect as dopamine, for review, see Lang and Lozano,
(1998b); Kuniyoshi and Jankovic, (2005).

Monoamine oxidase-B (MAO-B) inhibitors such as Selegiline, prevent the

metabolism of dopamine, and so will increase the availability of dopamine in
the brain, for review, see Lang and Lozano, (1998b); Bertoni and Elmer,

(2005).
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iv.  Catechol-O-methyl transferase (COMT) inhibitors such as Entacapone,

prevent the peripheral metabolism of dopamine thus allowing additional L-

DOPA to gain access to the brain, for review, see Wahba et al., (2005).

v.  Anticholinergic drugs such as Benztropine and Trihexyphenidyl have been

found effective in the treatment of Parkinson’s disease and may reduce the

tremor and rigidity due to the imbalance in cholinergic and dopaminergic

systems interaction, for review, see Jabbari and Pazdan, (2005).

(B) Surgical treatment has also been used to alleviate Parkinson’s disease and four

procedures have been used :

a.

lesions of the basal ganglia such as pallidotomy which leads to
improved parkinsonism symptoms and suppresses L-dopa induced
dyskinesias (Laitinen et al., 1992; Dogali et al., 1995),

thalamotomy to relieve tremor and L-dopa induced dyskinesias
(Ohye et al., 1982; Narabayashi et al., 1984).

Subthalamotomy to relieve contra-lateral tremor, rigidity, and

bradykinesia (Alvarez et al., 2001; Patel et al., 2003; Su et al., 2003)
and

Deep Brain _Stimulation (DBS)- a surgical technique used to

improve motor symptoms and L-dopa induced dyskinesias by placing
a small electrode tip in target areas such as subthalamic nucleus,
thalamus and globus pallidus to block abnormal nerve signals that
cause motor symptoms in PD. The electrode is connected to a battery-
operated neurostimulator placed in near the clavicle (for review see

Kumar, 2002).
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1.7 Lewy body proteins

Lewy bodies contain a wide variety of proteins, but those that have received most
attention (and which have been linked to human disorders such as PD) include

ubiquitin, parkin and a-synuclein. I shall review each.

1.7.1 Ubiquitin and the ubiquitin—proteasome system

1.7.1.1 Ubiquitin:

Ubiquitin (Ub) is a small protein (8.5 KDa) made up of 76 amino acids; due to its
ubiquitous nature, it was named ubiquitin. It is expressed in human by three genes
(Mayer et al., 1991). It was originally extracted from bovine thymus in the early 1970
S where it was thought to have properties relating to the differentiation of T and B
lymphocytes (Goldstein ez al., 1975) but it has now been found in all eukaryotic cells.
It has a central role in the degradation of cytosolic, nuclear and endoplasmic reticulum
proteins (Hochstrasser, 1996), so it acts as a covalent tag to mark damaged or short-
lived proteins for degradation by the ubiquitin—proteasome system. Studies indicate
that It is implicated in cell functions such as the mediation of stress responses,
regulation of differential gene expression, repair of damaged DNA (Goldstein et al.,

1975) and control of the cell cycle.

1.7.1.2 The degradation of proteins by the ubiquitin—proteasome
system:

The ubiquitin—proteasome system (UPS) is an ubiquitous, multienzymatic proteolytic
pathway that removes misfolded, ubiquitinated proteins (Ciechanover et al., 2000;

Betarbet ef al., 2005; Olanow and McNaught, 2006). The UPS plays an important
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role in rapid degradation of 30 % or more of newly made proteins within the cell
(Schubert et al., 2000) and it also plays a crucial role in a number of cellular events
such as signal transduction, cell cycling, metabolism and the immune response
(Pagano, 1997; Ben-Neriah, 2002; Mukhopadhyay and Riezman, 2007).

Ubiquitin is first activated by the ubiquitin—activating enzyme (E1) in its C- terminal
glycine residue to the thiol group of a cysteine residue on the activating enzyme (E1)
via an ester bond. After that it is transferred to a cysteine thiol group on a ubiquitin
carrier protein or ubiquitin—conjugating enzyme (E2) and, finally, it is ligated to a
protein substrate by a ubiquitin—protein ligase (E3). At this step, two options exist;
either ubiquitin is transferred to a protein substrate via the ubiquitin - protein ligase or
the ubiquitin — protein ligase accepts both protein substrate and ubiquitin—conjugating
enzyme for direct transfer of ubiquitin from the ubiquitin-conjugating enzyme to the
protein substrate (Hershko and Ciechanover, 1998).

The degradation of proteins is enhanced when more than one ubiquitin binds
covalently to the target protein to form polyubiquitin chains (Cook et al., 1994). The
proteins attached by polyubiquitin chains are usually degraded by ubiquitin / ATP —
dependent proteinase known as 26S proteasome. The 26S proteasome is a large
multiprotein complex (2.5 MDa) (Voges et al., 1999), which is mainly cytosolic but
can also be found in nuclei (Palmer et al., 1996). Ultrastructurally, the 26S
proteasome is composed of a central catalytic 20S core complex, comprising 28
subunits in a cylindrical arrangement and containing the protease active sites, with
19S regulator complexes at each end (Coux et al., 1996). The 19S particle contains at
least 17 subunits, including ATPases, de-ubiquitinating enzyme and polyubiquitin-

binding subunits (Pickart, 1997). The ubiquitin molecule can be removed from the
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ubiquitin-protein by de-ubiquitinating enzymes (Wilkinson, 1997; Betarbet et al.,

2005; Olanow and McNaught, 2006) (Figure 1.6).

1.71.3 The role of the ubiquitin—proteasome system in
neurodegenerative disorders:

Many neurodegenerative disorders are characterized by the presence of intraneural
cytoplasmic inclusions containing ubiquitinated filamentous protein aggregates.

These inclusions are found in the cytoplasm (e.g. endosomes, lysosomes) in
Alzheimer’s disease and Prion encephalophathies (Mayer et al., 1996) and in nuclei
in Huntington’s disease and spinocerebellar ataxias (Davies et al., 1997).
Aggregations of ubiquitin protein were first detected in the neurofibrillary tangle
(NFT) of Alzheimer’s disease (Mori et al., 1987) and have since been shown to be
a feature of Lewy bodies (LB) in Parkinson’s disease and dementia with Lewy bodies
(DLB), as well as inclusions in Pick’s disease and amyotrophic lateral sclerosis (Lowe
et al., 1988) and polyglutamine expansion diseases such as Huntington’s disease
(DiFiglia et al., 1997).

The ubiquitinated filamentous protein aggregates within these inclusions result from
a dysfunction or overload of the ubiquitin—proteasome system, structural changes in
the protein substrates (Alves-Rodrigues et al., 1998), mutations that impair the
normal ubiquitin pathway e.g. in ubiquitin-ligase enzymes (parkin), or de-
ubiquitinating enzymes (UCHL1) or protein substrates of UPS (a-synuclein) or in
transcripts for ubiquitin itself (Layfield et al., 2001), mitochondrial dysfunction and
oxidative stress (Reinheckel et al., 2000; Shamoto-Nagai et al., 2003).

For example, mutant genes encoding for proteins of the ubiquitin—proteasome system

were found to be responsible for inherited forms of familial Parkinson’s disease (PD)
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Figure 1.6: Degradation of abnormal proteins by the ubiquitin-

proteasome system. Proteins are ubiquitinated by a series of enzymatic
reactions: E1 enzymes activate ubiquitin monomers, E2 enzymes
conjugate ubiquitin to proteins or to E3, which are in turn a series of
ubiquitin ligases and attach chains of ubiquitin to specific protein
substrate. Labelling of proteins with multiple ubiquitin molecules are
recognized by proteasome and degraded in an ATP manner. In the final
step, ubiquitin monomers are 