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ABSTRACT

REGIONAL SUBSTANTIA NIGRA SELECTIVITY IN THE 
PATHOLOGY OF MOVEMENT DISORDERS

The micro-architecture of the substantia nigra was studied in 
controls and patients with parkinsonism. The pars compacta of 
the caudal nigra was subdivided into 7 regions and morphometry 
was performed on a single section.

In 3 6 control cases, there was a linear fallout of pigmented 
neurons with advancing age at a rate of 4.7% per decade.
Regionally, the lateral ventral tier was spared (2.1% loss per
decade) in comparison to the medial ventral tier (5.4%) and 
the dorsal tier (6.9%). Qualitatively, the most severely 
affected regions were the most pigmented.

In 2 0 cases of Parkinson's disease, there was an exponential 
loss of neurons with increasing symptom duration. Losses were 
greatest at the beginning of the disease and tailed off as it 
progressed. In the first decade there was a 45% loss, ten 
times greater than could be accounted for by normal ageing. 
Regionally, the pattern was opposite to ageing and cell loss 
was greatest in the lateral ventral tier (average loss 91%) 
followed by the medial ventral tier (71%) and least in the
dorsal tier (47-50%). This pattern was only seen in
Parkinson's disease. In 15 cases of striatonigral
degeneration, there was a similar predilection for the lateral
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ventral tier, but greater involvement of the dorsal tier 
(average loss 68-79%). In 14 cases of progressive
supranuclear palsy, involvement was greatest in the medial 
nigra and least in the lateral nigra.

In Parkinson's disease, the length of the presymptomatic phase 
from the onset of neuronal loss was approximately 5 years. 
At the onset of symptoms, average losses were 48% in the 
caudal nigra and a 68% in the lateral ventral tier.
The presymptomatic phase is represented by incidental Lewy 
body cases:- individuals who die without any sign of 
parkinsonism or dementia, but who are found to have Lewy 
bodies at autopsy. Substantial neuronal loss was found in 7 
incidental cases disproving the hypothesis that incidental 
Lewy bodies may be a feature of normal ageing. Furthermore, 
loss was confined to the lateral ventral tier (52% loss) in a 
pattern similar to Parkinson's disease.

This study confirmed selectivity of Parkinson's disease within 
the substantia nigra using regional morphometry. It provides 
evidence that ageing is not important in the pathogenesis of 
Parkinson's disease. It also supports the notion that 
incidental Lewy bodies are indicative of presymptomatic 
Parkinson's disease.
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1.1 Anatomy of the substantia nigra
13

The first independent descriptions of the substantia nigra 
were by Soemmerring (1778), Monro (1783) and Vicq d'Azyr 
(1786). This structure extends throughout the midbrain from 
the oral limits of the griseum pontis to the level of the 
subthalamic nucleus approaching the globus pallidus with which 
it is continuous through the fields of Sano. In the 
transverse plane, it lies between the tegmentum and the crus 
cerebri. It has two components: the pars compacta and the 
pars reticulata. The pars reticulata is sparsely populated by 
non-pigmented and a few pigmented neurons. The pars compacta 
is populated by polygonal or pyramidal shaped neurons with 
prominent nuclei, nucleoli and varying amounts of pigment.

1.1.1 Anatomy: Regional Anatomy

There have been two well known studies of nigral regional 
anatomy. Olszewski and Baxter (1954) divided the nigra into 
4 zones including the pars reticulata, while, Hassler (1937) 
divided it into over 50 groups. The recent study by the 
Braaks (1986) is an attempt to modify and simplify Hassler's 
seminal study.

N.B. In describing the parts of the nigra, oral and caudal 
are synonymous with anterior and posterior, respectively.



Hassler: Normal anatomy of the substantia nigra
14

Hassler made a comprehensive description of both the neuronal 
groups and nerve fibre fields of the substantia nigra. A 
translation of his work can be found in appendix A.

Material and Method.
The nigra was examined in 29 brains in a coronal plane 
perpendicular to the axis of Forel according to Spatz (1935), 
see figure 1.1, and differs from the more commonly used 
transverse plane by approximately 30 - 40°. Two adjacent 20/i 
sections were separately stained for neurons and nerve fibres 
and this procedure was repeated every 2.3mm through the nigra.

Neuronal groups and fibre fields.
Hassler found distinctive neuronal groups and nerve fibre 
fields within the nigra. Furthermore, there was congruity 
between the neuronal groups and the fibre fields. Therefore, 
a neuronal group could not only be identified by its location 
and configuration, but also by the fibre field it occupied. 
In some instances, especially the pars reticulata, the name of 
the neuronal group was the same as the fibre field.

Anterior and Posterior Substantia nigra.
Hassler defined an anterior and posterior division of the 
nigra based on the transverse axis, neuronal groups and nerve 
fibre fields. The transverse axis of the anterior nigra was 
straight while in the posterior nigra it was angled by 130°. 
At the junction of the anterior and posterior nigra, Hassler
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Figure 1.1. Hassler's coronal plane
b-b: coronal plane perpendicular to 
Forel's axis according to Spatz
Taken from Spatz (1935)
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thought that there was a dramatic change in the neuronal 
groups of the pars compacta and that there was no continuity 
between the groups of the anterior and posterior parts.

Nomenclature.
Hassler named his groups and fields using an anatomical 
acronym with each letter denoting a particular parameter:

1st letter pars compacta/reticulata
S- compacta 
r- reticulata

2nd............ anterior/posterior nigra
a- anterior 
p- posterior

3rd-5th........position in the coronal plane
m- medial v- ventral
i- intermediate e- intermediate
1- lateral d- dorsal

z- central

For example, Spdi denotes: pars compacta(S), posterior
nigra(p), dorsal group(d), intermediate part(i).

Description of neuronal groups.
A brief review of Hassler's neuronal groups relevant to this 
thesis will now be given. Much of his description of the 
nerve fibre fields has been omitted for the sake of brevity. 
A reappraisal of his work and the anatomy of the substantia 
nigra can be found in chapter 2 together with a diagrammatic 
representation of his groups and a simplified nomenclature.
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Pars reticulata.
The pars reticulata occupied a larger area anteriorly than 
posteriorly. There were insufficient neurons for recognition 
of individual groups, although neuronal density was greater 
laterally, and division was based on nerve fibre fields.

I. Anterior pars reticulata.
Anteriorly, the pars reticulata was divided into 3 regions: 

location group subscript
medial......rab.... (oral-o, caudal:medial-l,lateral-2)
central.rad (medial-b, lateral-f)
lateral.raf (oral-o, caudal (posterior) -p)

The anterior pars reticulata was formed by a complex network 
of fibres derived from the strionigral fibres (A fields) and 
the crus cerebri, which cris-crossed orally and merged 
caudally. It contained typical non-pigmented cells, which 
were found in greater numbers laterally in raf than medially 
in rab. Caudally, the intermediate field rad was notable for 
the presence of two neuronal groups, Saivz and Saivl, which 
Hassler suggested were satellites of the anterior pars 
compacta group Saiv.
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II• Posterior pars reticulata.
The posterior pars reticulata was divided by the strionigral 
tract (K) into:

location group
medial........... rl
lateral.......... rKu

rl contained few cells and rKu had a relatively dense 
congregation of plump non-pigmented neurons.
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Pars compacta.
Hassler suggested that the neuronal groups of the anterior and 
posterior nigra were completely different and without 
continuity although this thesis will challenge this concept.

I. Anterior oars compacta.
Hassler divided the anterior pars compacta into 3 regions 

location group
medial................. Sam
intermediate...........Sai
lateral................ Sal

The medial region Sam had 4 groups which were referred to as 
a, B, £  and 6 . Hassler thought that a, B and formed a 
continuous column of nerve cells with a above the Illrd nerve 
fascicles, B actually within them and below. The group S 
was situated medial to this column. He also described a
lateral extension of Sam B called ak. This arrangement was 
not verified by this thesis. The groups of Seim could not be 
classified as a single region and some of them were found to 
be outside the nigra in the ventral tegmental area. Support
ing evidence for this can be found from Hassler's own work. 
If the groups were of the same anatomical region then the 
cellular morphology would be expected to be similar. However, 
Sam S had small sized cells, B had elongated cells and a had 
berry like cells.
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The intermediate division Sai had 3 main groups: Saim
(medial), Saiz (central) and Sail (lateral). Posteriorly, the 
Sai groups changed from a broad to a clustered configuration. 
The more lateral groups occupied denser nerve fibre fields. 
Hassler also described 2 ventral satellites Saivz (central) 
and Saivl (lateral) located at the anteroposterior junction 
within the fields of the pars reticulata. His inclusion of 
these two groups as part of Sai was crucial for the division 
of the nigra into anterior and posterior parts. However, in 
this thesis these two groups were found to be an extension of 
the posterior nigral groups.

The lateral region Sal was a sparsely populated group that 
extended over a large area of the lateral nigra.

II. Posterior oars compacta.
Hassler described 5 regions in the posterior pars compacta:

location group
ventromedial...........Spv
ventrolateral..........Spe
dorsomedial............Spz
dor so-intermediate Spd
dorsolateral...........Sped

The dorsomedial region Spz was made up of distinct groups: 
Spzv (ventral or more appropriately medial) and Spzz (central
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or lateral) . Spzz was formed from the condensation of a 
lateral extension of Spzv and was present only in the anterior 
half of the posterior nigra.

The dorso-intermediate region Spd was formed by 3 groups: Spdv 
(ventral or more appropriately medial), Spdi (intermediate) 
and Spdd (dorsal or lateral) . Spdi was the most heavily 
populated group. Spdv was less densely arranged with a 
approximate diameter of 0.5mm. Posteriorly, Spdd merged with 
the dorsolateral region Sped and the ventrolateral region Spe. 
Like the anterior nigral region Sai, the more lateral groups 
occupied denser nerve fibre fields. Also, both Sai and Spd 
shared the same characteristic of migrating laterally on 
passing in a posterior direction through the nigra. Hassler 
commented that Spd was more heavily pigmented than the 
ventrolateral region Spe.

The dorsolateral region had one large group Sped, which was 
situated mainly in the posterior pole of the nigra. Its 
neurons were the largest in the nigra and the intracellular 
pigment only covered a part of the cell body.

The ventromedial region Spv was dumbbell shaped and had 3 
groups: Spvm (medial), Spvi (intermediate) and Spvl (lateral). 
Spvm was a large group densely populated by elongated neurons. 
It diminished in size posteriorly as the fibre content of 
field v increased. Spvi was smaller and less dense while Spvl 
was large and dense like Spvm. It also has a ventral
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extension into fibre field z. Posteriorly, Spvl separated 
from the rest of Spv and passed laterally merging with the 
medial part of Spev to form Spcg.

The ventrolateral region Spe had 3 groups: Spev (ventral or 
more appropriately medial) , Spez (central) and Sped (dorsal or 
lateral) . Spev was formed by a dense collection of cells 
while Spez was more loosely arranged. Sped was arranged 
loosely in its medial part and densely in its lateral part. 
Posteriorly, Sped gave off a dorsal extension Spedd, which 
merged with the dorso-intermediate group Spdd.

In addition to these groups, Hassler also described 
distinctive "island” groups: small collections of pigmented 
neurons within an area of sparse nerve fibres, but surrounded 
by dense collections of fibres. This appearance is similar to 
Onuf's nucleus, a subgroup of anterior horn cells in the 
second segment of the sacral cord (Onufrowicz,1900), which is 
involved in the control of urinary and anal sphincters. 
Whether these "island" groups are indicative of a specific 
function or projection like Onuf's nucleus has yet to be 
ascertained. Hassler classified the "island" groups as either 
eutopic (within the nigra) or heterotopic (outside the nigra). 
There was one eutopic group, eJ, located within the medial 
border of the strionigral tract K lateral to the ventrolateral 
group Sped. Hassler's heterotopic groups hJ and hJ,, are 
found in the capsule of the red nucleus and correspond to the 
retrorubral area.
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Olszewski and Baxter: Cvtoarchitecture of the human brainstem
Olszewski and Baxter*s succinct description of the substantia 
nigra is the most frequent classification cited by 
contemporary pathological studies.

Material and Method.
The nigra was examined in 15 brains at 3 levels in the 
transverse plane perpendicular to the axis of Meynert. Twenty 
micron sections were stained with a cresyl violet and semi
schematic diagrams drawn.

Classification.
The nigra was divided into 3 parallel groups: a (ventral
tier); B (dorsal tier); and £  (red nucleus capsule). a was 
composed of irregularly shaped congregations of neurons, which 
were constant in position. B lay dorsal to a and was composed 
of neurons, which the authors felt did not congregate. X was 
formed by those neurons lying parallel and within the ventral 
most fibres of the red nucleus capsule.

This classification is easy to appreciate, but in light of 
Hassler's work is an over-simplification. It takes no account 
of the medial to lateral groupings. This is important 
pathologically, because conditions such as Parkinson's disease 
have a mediolateral selectivity (Hassler, 1938). However, it 
does introduce the important concept of tiering.



1.1.2 Anatomy: Nigro-striato-nigral projections
24

There was great difficulty in establishing the existence of 
the nigro-striato-nigral projection for three reasons. 
Firstly, the reciprocal nature of the projection led to 
confusion and argument as to whether the pathway was ascending 
or descending when it was both. Secondly, the majority of 
putaminofugal fibres terminate in the globus pallidus 
obscuring the smaller putaminonigral projection. Thirdly, the 
axons of the nigrostriatal projection are of a small calibre 
and difficult to trace. Although the existence of both 
strionigral and nigrostriatal pathways has been firmly 
established, the organization of the projection is just 
beginning to be understood. There are at present three ways 
of organizing the projection based on:

a) topography,
b) nigral tiering,
c) nigral clustering.
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I. Discovery of the Niarostriatal/Strioniaral pathways

The first work was based on ablation studies. In the 1880's, 
Goltz began to perfect the removal of cerebral hemispheres in 
dogs with post-operative survival. One such dog was shown in 
September 1889 at the Physiological Congress in Basel. The 
left hemisphere had been removed together with the head of the 
caudate nucleus. The dog had a tendency to walk in a circle 
to the left, but would run in a straight line when called. 
Otherwise, there was no limb paralysis and the dog could 
manipulate objects with either forepaw.

Langley, a fellow of Trinity College, Cambridge became 
interested in Goltz's work and in the following year examined 
the brain of this dog and compared it to a kennel mate who had 
also been operated upon, but in whom the caudate had been 
preserved. The ipsilateral nigra was shrunken in the dog 
without a caudate, but normal in the other. Langley (1890) 
concluded that the corpus striatum was connected to the nigra. 
This was important, because the nigra had not been considered 
to be part of the extrapyramidal system. He made a cursory 
description of fibres coursing from the corpus striatum 
towards the nigra on Weigert staining, but did not include it 
in his summary.

Monakow (1895), clouded Langley's discovery by surmising that 
the nigra was predominantly connected to the sigmoid and third 
frontal gyri, a view shared by Sherrington (1890). His
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conclusion was based on the findings of a puppy, which had 
undergone a hemispherectomy.

However, Holmes (1901) reaffirmed Langley*s findings in 
another of Goltz*s dogs, which had been used by Edinger (1894) 
to describe the course of the ansa lenticularis. This dog 
had had bilateral hemispherectomies with removal of the 
caudate on one side only and again Holmes observed nigral 
atrophy on the same side corroborating Langley's observation. 
Furthermore, brainless dogs had the advantage of atrophic 
pyramidal tracts highlighting extrapyramidal pathways in the 
cerebral peduncle and Holmes was able to trace fibre bundles 
from the caudate (on the intact side) into the internal 
capsule. After some distance these divided into two with one 
part joining the inferior thalamic peduncle and the other 
coursing towards the nigra. Later, Edinger (1904) described 
a tract between the corpus striatum and the nigra and called 
it the tractus strio peduncularis. Both Holmes and Edinger 
together with Foix and Nicolesco (1922) and Poppi (1927) 
advocated a descending connection.

Ferraro (1927) conclusively proved that nigral atrophy was 
secondary to striatal destruction rather than removal of the 
frontal cortex in a series of selective ablations. He felt 
the nigral atrophy was secondary to retrograde degeneration 
and concluded the pathway was ascending, based on the finding 
of chromatolysis in the nigra, confirmed by Morrison (1929), 
Hassler (1939), Stotler (1942) and Rosegay (1944).
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Smith (1930), studying the ant eater found a bundle of fine 
fibres passing from the caudate to the nigra and a second 
collection of coarser fibres coming together in the globus 
pallidus of unknown origin directed towards the nigra.

In the human brain, Rundles and Papez (1937) described a 
patient with putaminal softening at autopsy resulting in 
demyelination of a tract passing from the putamen to the nigra 
separate from the striopallidal fibres. Papez (1938) then 
went on to describe in great detail the topography of the 
strionigral projection in the monkey.

The Ransons (1941) studying caudate ablations using the Marchi 
technique, could not trace degenerating fibres further than 
the globus pallidus and disputed a connection with the nigra. 
However, Riese (1924) and Morgan (1927) had previously been 
successful. Mettler (1943,1945) was later able to trace an 
ascending pathway. Verhaart (1950) concluded that although 
most striatal fibres ended in the globus pallidus a minority 
passed on to the nigra explaining past confusion. 
Furthermore, Voneida (1960) suggested that failure to trace 
the striofugal projection beyond the globus pallidus was due 
to the strionigral fibres degenerating and disappearing within 
days of the ablation well before the animal was sacrificed and 
examined. He used the Nauta technique with a short post
ablation survival time and was able to trace fibres from the 
caudate to the oral pars reticulata confirming a strionigral 
pathway.
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By this time there was general agreement regarding a strio
nigral projection, but the existence of a direct nigrostriatal 
connection was still hotly disputed (Carpenter and McMasters, 
1964; Cole et al,1964; Afifi and Kaelber,1965? Carpenter & 
Strominger, 1967; Faull & Carman,1968). However, the finding 
of dopamine depletion in the corpus striatum of Parkinson's 
disease (Ehringer and Hornykiewicz,1960) led to the final 
proof for a nigrostriatal pathway. Anden et al (1964) 
established that nigral neurons were dopaminergic and 
demonstrated a nigrostriatal projection using histofluor- 
escence; Poirier and Sourkes (1965) showed that lesions of 
the nigra resulted in striatal dopamine depletion.

Carpenter and Phillips (1972) in nigral ablation experiments 
used the Wiitanen silver impregnation technique to trace 
antegrade degeneration coursing to Forel's field H through the 
pars compacta and the region immediately dorsal to it. The 
pathway then broke into a larger lateral bundle which passed 
dorsal to and through the subthalamic nucleus onwards to the 
globus pallidus and corpus striatum and a medial bundle which 
passed to the thalamic ventrolateral and ventroanterior 
nuclei. The nigrostriatal pathway was confirmed by other 
antegrade studies (Hedreen, 1971; Moore et al,1971; Usunoff et 
al,1976), autoradiographic studies (Carpenter et al,1976; 
Beckstead et al,1979), and retrograde fluorescent and 
horseradish peroxidase studies (Nauta et al, 1974; Faull and 
Mehler,1978; Bentivoglio et al,1979).
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II. Organization of the strioniaral/niarostriatal projection

The existence of both strionigral and nigrostriatal project
ions is now firmly established. However, the organization of 
these projections has yet to be fully elucidated. Early 
studies concentrated on topographical correlation based on 
anatomical position. Correlation was often weak with a large 
amount of overlap. More recent research has found clear-cut 
tiering of the nigra into striatal striosomal and matrix 
projecting neurons and clustering of the nigra into caudate 
and putamen projecting neurons.



Topography of nigral projection.
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1. Strionigral projection.
a) Orocaudal plane of the substantia nigra.
The caudate projects to the oral pars reticulata and the 
putamen to the caudal. Tracing degenerating nerve fibres in 
monkeys, Voneida (1960) found that the head of the caudate 
projects to the oral third of the nigra and Szabo (1962,1967, 
1970) found that the caudate projects to the pars reticulata 
above the Illrd nerve rootlets in the coronal plane and the 
putamen projects to the pars reticulata below the Illrd nerve 
rootlets.
b) Transverse plane of the substantia nigra.
Correlations are less distinct and with little information 
regarding the putaminal projection, see table 1.1. Generally, 
there is a direct mediolateral relationship between the 
striatum and nigra with the medial striatum projecting to the 
medial nigra and the lateral striatum to the lateral nigra. 
It also appears that in the caudate projection, the head 
projects medially and the tail laterally. Papez (1938) traced 
strionigral fibres using Weigert-Pal staining? Bunney and 
Agahajanian (1976) used retrograde transport of horseradish 
peroxidase (HRP).

2• Nigrostriatal projection
a) Orocaudal plane of the substantia nigra.
In the cat and monkey, the oral nigra projects to the head of 
the caudate and the caudal nigra projects to the putamen and
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.Table l.l. Strionigral projection: topographical 

correlations (nigral transverse plane)
nigral termination striatal origin

medial caudate head2'4 
dorsal caudate1 
medial caudate3 
oral putamen2

central lateral putamen2
lateral caudate tail1'2 

lateral caudate1,3
1 Bunney and Agahajanian (1976), rat
2 Papez (1938), monkey
3 Szabo (1962,1967,1970), monkey
4 Voneida (1960), monkey

the caudate body. Carpenter and Peter (1972) traced antegrade 
degeneration following nigral lesions and found that the oral 
third projected to the caudate head, whereas, Szabo (1980a, 
1980b) using retrograde transport of HRP found that the oral 
two thirds projected to the caudate head. Bedard et al (1969) 
found that lesions of the caudal nigra led to dopamine 
depletion in the caudal putamen.
b) Transverse plane of the substantia nigra.
The caudate projection of the nigra has a mediolateral 
correlation (Szabo 1980a,1980b). The putaminal projection is 
arranged so that the medial nigra projects to the ventral 
putamen (Carpenter and Peter,1972? Szabo,1980a,1980b). The 
lateral nigra has been described by Szabo (1980a,1980b) to 
project to the dorsal putamen and by Carpenter and Peter 
(1972) to project to the lateral putamen who also found that 
the ventrolateral nigra projects to the dorsolateral putamen.
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Tiering of nigral projection.

Although under the light microscope the corpus striatum 
appears to be an amorphous structure it can be divided 
histochemically into striosomes (patches) and extrastriosomal 
matrix. There is evidence that the ventral nigral pars 
compacta projects to the striosomes and the dorsal pars 
compacta projects to the matrix. Histochemical differences 
between the ventral and dorsal pars compacta have been found, 
which reflect the striatal division and will be discussed in 
the second part of this section.

1. Striatal striosomes/matrix. nigral tiers and projections 
The striosomes are characterized by high concentrations of 
opiate receptors, substance P, enkephalin-like immuno- 
reactivity and dynorphin, and low concentrations of 
acetylcholinesterase activity (Pert et al,1976; Graybiel and 
Ragsdale,1978 and 1983? Graybiel et al,1981). The striatal 
matrix has high concentrations of acetylcholinesterase 
activity, somatostatin-like immunoreactivity, nicotinamide 
adenine dinucleotide phosphate diaphorase (NADPH-d) and avian 
pancreatic polypeptide (APP)-like immunoreactivity (Vincent 
et al,1983; Gerfen,1984). The striosomes account for 20% of 
striatal tissue.

Fallon and Moore (1978) divided the nigral pars compacta of 
the rat into dorsal and ventral tiers. They noted that the 
dendrites of the dorsal tier ran parallel to the mediolateral
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axis of the nigra whereas the ventral tier dendrites passed 
ventrally into the pars reticulata. The ventral tier of the 
rat was characterized by its location in the caudal lateral 
fields of the pars reticulata similar to the ventrolateral 
neuronal groups region in the human.

Gerfen et al (1987a) using antegrade axonal tracing after 
injections of PHA-L (Phaseolus vulgaris-leucoagglutinin) in 
the nigra found that the ventral tier projects to the striatal 
striosomes, which then projects back to the ventral tier cell 
bodies and proximal dendrites. The dorsal tier projects to 
the matrix, which then projects back to the pars reticulata 
and ventral tier distal dendrites. Further evidence to 
support the differential dorsal/ventral tier projection came 
from the fact that the nigro-striosomal connection develops 
before the nigro-matrix connection. Gerfen et al (1987b) by 
injecting 6-hydroxy-dopamine into the corpus striatum of 
newborn rats before the formation of the nigro-matrix 
connection were able to selectively destroy the nigro- 
striosomal projection. They found that the resultant 
destruction in the nigra was confined to the ventral tier. 
Gerfen (1984) concluded that "the patch and matrix 
compartments are segregated, parallel input-output systems". 
Gerfen et al (1987a) found the following topographical 
relationship between the nigra and corpus striatum. There was 
a direct mediolateral correlation between the ventral tier 
and the striatum so that the medial ventral tier projected to 
the medial striatum and the lateral ventral tier to the
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lateral striatum. The dorsal tier projected to the 
dorsolateral striatum and there was both a direct mediolateral 
and an inverted mediolateral relationship. This can be 
explained by clustering, which will be discussed later. The 
ventral tegmental area projected to the ventromedial striatum 
and the nucleus accumbens. The retrorubral area projected to 
the dorsal striatum.

Jimenz-Castellanos and Graybiel (1989) have also documented a 
weak topographical organization of the ventral tier projection 
in the monkey. They found that the lateral ventral tier 
project-ed to the dorsal putamen and the medial ventral tier 
to the dorsal caudate. It was suggested that the reason for 
this preferential projection to the dorsal striatum was that 
its striosomes might differ. This was supported by weaker 
staining for butyrylcholinesterase. However, the evidence for 
the ventral tier projecting predominantly to the dorsal 
striatum was weak.

2• Ventral/dorsal tier differences
The separation of the substantia nigra and corpus striatum 
into two units: ventral tier/striosomes and dorsal tier/
matrix, is supported by the distributions of calcium binding 
protein (CaBP- Baimbridge et al,1982) and acetylcholinesterase 
(AChE).

CaBP is found preferentially in the matrix in the striatum and 
also in the dorsal tier of the nigra (Gerfen et al,1985;
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Gerfen et al,1987b).

In the striatum, AChE staining is greatest in the matrix and 
least in the striosomes. AChE staining of the nigral neuropil 
in the cat and monkey has also been found to be uneven 
(Jimenz-Castellanos and Graybiel,1987a & b). Located in the 
pars reticulata are AChE poor regions, which contain tyrosine 
hydroxylase positive neurons probably corresponding to the 
ventral neuronal groups in the human. These AChE poor regions 
project to the striosomes and the remainder of the nigra, 
which is AChE rich projects to the matrix.

Furthermore, the striosomal projecting neurons of the cat, 
have a high concentration of sigma sites not seen in the rest 
of the nigra (Graybiel et al,1989). The sigma receptor binds 
the plus isomer of SK 10,047 (Largent et al,1984), D2 dopamine 
binding neuroleptics (Largent et al,1986) and steroids (Su et 
al,1988).



Clustering of the nigral projection.
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Parent et al (1983) injected different fluorescent retrograde 
tracers into the caudate and putamen of monkeys allowing them 
to compare directly the distribution of the nigral projection 
to the corpus striatum. Less than 5% of nigral neurons double 
labelled and only 5% of labelled cells were found in the 
contralateral nigra. They were able to demonstrate separate 
alternating clusters of putamen and caudate projecting neurons 
running in columns through the oral caudal extent of the 
nigra. The majority of the ventral tier appeared to project 
to the putamen. The alternating arrangement explained the 
poor topographical correlation between the nigra and striatum 
of previous studies. They found a greater density of caudate 
projecting clusters in the oral and dorsal nigra and a greater 
density of putamen clusters in caudal and ventral nigra.

Smith and Parent (1986) studied the monkey strionigral and 
nigrostriatal projections by injecting HRP conjugated to wheat 
germ agglutinin into the caudate on one side and into the 
putamen on the other. The caudatonigral fibres coursed 
through the dorsal third of the globus pallidus to form a 
complicated network in the oral two thirds of the pars 
reticulata (analogous to Hassler's fields rab, rad, raf in the 
human). They formed vertically orientated trabeculae with 
overlapping pars compacta neuronal clusters. The majority of 
putaminofugal fibres terminated in the ventromedial two thirds 
of the globus pallidus in a band-like fashion parallel to the
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medullary laminae. The putaminonigral fibres formed discrete 
fascicles coursing in the dorsolateral part of the pars 
reticulata along the orocaudal axis (analogous to Hassler's 
strionigral nerve fibre field K in the human). These 
fascicles peeled off at right angles coursing dorsomedially 
into the pars compacta clusters. Again, there was segregation 
of caudate and putamen projecting nigral neurons although the 
caudate clusters were not as discrete as the putamen clusters. 
Roughly, the caudate clusters occupied the orolateral two 
thirds of the nigra and the putamen clusters the caudomedial 
two thirds.

There was a reciprocal arrangement between the nigrostriatal 
and strionigral projections. Antegrade labelled strionigral 
fibres co-localized with retrograde labelled pars compacta 
clusters for both the caudate and putamen injections. Nigro
striatal fibres could only be traced for a few millimetres in 
the mediodorsal aspect of the nigra.
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1.1.3 Anatomy: Summary

Hassler (1937) identified over 50 different neuronal groups
within the substantia nigra and described a major division 
into anterior and posterior parts. However, Olszewski and 
Baxter (1954) described 3 major divisions anatomically 
perpendicular to Hassler's: pars reticulata, ventral pars
compacta (a region) and dorsal pars compacta (B region).

The oral pars reticulata is formed by a complex network of 
caudatonigral nerve fibres sparsely populated by neurons with 
greater numbers laterally. The caudal pars reticulata covers 
a smaller area and is split by a dense aggregation of 
putaminonigral nerve fibres (Hassler's K field).

The nigrostriatal and strionigral projections are reciprocally 
arranged. The strionigral projection terminates on both the 
pars reticulata and compacta neurons (matrix to reticulata and 
ventral compacta, striosomes to ventral compacta). The
caudatonigral projection terminates in the region of the oral 
pars reticulata with a mediolateral and anteroposterior 
correlation between caudate and nigra. The putaminonigral 
projection forms a bundle of compact fascicles, which pass 
through the ventrolateral nigra (K field of Hassler) to 
terminate in the region of the caudal nigra with an 
anteroposterior correlation.
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The nigrostriatal projection is arranged in a complex manner 
depending on the striatal target. The ventral pars compacta 
projects to the striatal striosomes, which project back to the 
ventral compacta. The dorsal compacta projects to the matrix, 
which projects back to: a) the pars reticulata and presumably 
onwards to the dorsal compacta and b) the distal dendrites of 
the ventral compacta. The dorsal compacta and matrix are both 
marked by the presence of abundant calcium binding protein and 
an acetylcholinesterase (AChE) rich neuropil. The ventral 
compacta and the striosomes on the other hand have little 
calcium binding protein and an AChE poor neuropil.

The nigrostriatal projection can also be divided into 
alternating clusters of caudate and putamen projecting 
neurons, which form columns in line with the long axis of the 
brainstem. Overall, there is a higher concentration of 
caudate projecting clusters in the oral and dorsal nigra and 
a higher concentration of putamen projecting clusters in the 
caudal and ventral nigra. Whether these clusters correspond 
to the Hassler's neuronal groups in the human has yet to be 
ascertained.

Finally, the nigrostriatal projection has a weak topographical 
relationship between the nigra and striatum with an 
anteroposterior, mediolateral and inverted dorsoventral 
correlation.



In conclusion, it is becoming increasingly clear that there is 
a functional division of the nigra based on its internal 
anatomy, which may be crucial to the understanding of its 
pathology.



1.2 Morphometry and the substantia nigra
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Past morphometric studies of the substantia nigra have either 
been quantitative or semi-quantitative. A quantitative study 
estimates the total number of neurons in the structure. A 
semi-quantitative study estimates the number of neurons in a 
limited area of the structure? this figure can then be used 
for the purpose of comparison between cases. The accuracy of 
a quantitative study is dependent on the frequency of 
sampling. However, there has been no study to determine the 
minimum frequency required to give a reliable estimate in the 
substantia nigra.

The nigra presents its own morphometric problems with 
variability of cell size and degree of intraneuronal 
pigmentation. Visually, increasing amounts of pigment makes 
the neuronal cell body more prominent and easier to count 
probably resulting in higher cell body counts. However, 
increasing pigmentation obscures the neuronal nucleus and 
nucleolus probably resulting in lower nuclear and nucleolar 
counts.

The aim of this thesis is to perform regional morphometry 
based on the neuronal groupings of the nigra. Regional 
morphometric studies in the past have relied on dividing the 
substantia nigra geometrically into halves, thirds or 
quarters, ignoring its internal anatomy.
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1.2.1. Morphometry: General considerations

In quantitative studies, neuronal populations can be evaluated 
either by an absolute method, were every neuron is counted, or 
by a sampling method (Kiernan and Berry,1975). Moatamed 
(1966) in his study of the inferior olivary nucleus found that 
counting every tenth section gave a result within ±3.5% of the 
absolute count. For the nigra, this would mean counting in 
excess of fifty 20 /x sections. The nigra is a more 
heterogeneous nucleus than the inferior olive and may require 
a greater frequency of sampling. Sampling methods so far have 
estimated the total count of the unilateral nigra to be 
124,000 - 203,000 (German et al,1989) and 80,000 - 460,000 
(McGeer et al,1977).

To calculate the total count in a quantitative study 
corrections need to be made for:

1) histological error
2) counting error
3) split cell error.

1. Histological error
Histological error arises from shrinkage or expansion of the 
tissue during fixation, processing and slide mounting (Miller 
et al,1980). Additional error arises from varying section 
thickness due to changes in the temperature of the block 
surface during the cutting of sections. Staining may be 
variable and the type of stain has been shown to influence the 
neuronal count (Konigsmark et al,1969).
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2• Counting error
The counting error is dependent on observer error and is 
estimated by performing the count twice and noting the 
difference.

Generally, the ideal section thickness is 20/x (Aherne and 
Dunnill,1982), because of diminished counting error and 
greater cellular density with better delineation of subnuclei 
(Haug,1979). However, thinner sections give better cellular 
definition and thicker sections are more difficult to count, 
because the focal plane needs to be continually changed to 
view the whole depth of the section.

a) Nucleolus and nucleus
The ideal counting unit is the nucleolus, because of its small 
size and uniformity (Aherne and Dunnill,1982). However, 
neuromelanin in nigral neurons, especially in thicker 
sections, obscures the nucleolus increasing the counting 
error. Neuromelanin presents an even greater problem when the 
nucleus is used as the counting unit. This is because the 
nucleus is far less distinct than the nucleolus when viewed 
under the microscope.

b) Cell body
Observer bias is greater when using the cell body as the 
counting unit. Problems arise when: 1) only a small part of 
the cell body is visible in the section or 2) when the cell 
body is difficult to distinguish from the neuropil.
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Recognition in these cases is dependent on the alertness of 
the observer.

In addition, difficulties arise in establishing criteria for 
counting areas of neuromelanin, which may or may not be within 
a cell body. Neuromelanin can occupy a large part of the cell 
body and depending on the plane of section may be the only 
visible part. In addition, small clumps of neuromelanin can 
be found in dendrites and free in the neuropil and can either 
be counted as a neuron or an attempt can be made to exclude it 
on the basis of a minimum area of pigment necessary to qualify 
for counting. German et al (1989) used a diameter of 10/x as 
a cut off. However, neuronal size and amount of intraneuronal 
neuromelanin varies according to age and nigral region (Gibb 
et al,1990? Hassler,1937? Mann and Yates,1974). A better 
method would be to make a qualitative assessment by comparing 
the area of neuromelanin in question with that in the 
surrounding neurons, taking into account neuronal size and the 
degree of cell body and dendritic pigmentation. Free pigment 
may be identified if it is surrounded by phagocytosing 
microglia.

Neuromelanin allows for easy recognition of cell bodies when 
present in sufficient quantity. However, in cases with lesser 
degrees of intraneuronal pigmentation, such as the young, 
recognition may be more difficult and unless the morphometrist 
is diligent the cell body count may be considerably reduced.
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3. Split cell error
Split cell error arises when the counting unit is divided in 
two by the plane of section. This population of split cells 
will effectively be counted twice, overestimating the true 
population. Split cell error is a function of the section 
thickness, the size and shape of the counting unit and 
optically lost caps (Abercrombie, 1946? Konigsmark,1970). The 
latter depends on the embedding medium, the optical system and 
proficiency of the observer.

For the nucleolus, split cell error may be corrected by the 
method of Abercrombie (1946), which requires the average 
nucleolar diameter. This varies with age (Mann et al,1984) 
and possibly with the nigral region. Therefore, the average 
diameter needs to be calculated for the individual case. 
Abercrombie1 s formula can not be used for cell body counts, 
because the cell body diameter exceeds the section thickness. 
Instead the correction described by Haug (1976) should be 
applied, but it is necessary to find the average neuronal 
diameter, which depends on the age and nigral region. With 
increasing age, there is neuronal shrinkage, but this is 
probably offset by easier recognition due to increasing 
pigmentation.
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1.2.2. Morphometry: Review of past studies

Reviewing 9 morphometric studies of the nigra there is no 
clear consensus regarding the method that should be used, 
tables 1.2 & 1.3. A semi-quantitative method of the caudal 
nigra was used in 6 out of 9 studies. In the quantitative 
studies of the whole nigra, the sampling frequency ranged from 
every 25th to every 50th section, well below the recommended 
frequency of every 10th (Moatamed,1966). On the whole, thin 
sections of 5 to 10/x were favoured. Many more cases were 
counted in the semi-quantitative studies.

In all the studies but one, the nigra was outlined and every 
neuron was counted. However, Rinne et al (1989) divided the 
nigra into quarters. In the most densely populated zone of 
each quarter they counted the number of neurons in an 1.37mm2 
area.

The cell body was used in 5/8 of the studies, the nucleolus in 
2/8 and the nucleus in 1/8, table 1.3. There has been no 
study comparing the different counting units. In only one 
study was there a differential count of pigmented and non- 
pigmented neurons (Pakkenberg and Brody,1965). However, it is 
difficult to identify non-pigmented neurons, because of their 
small size and similarity in appearance to astrocytes (Braak 
and Braak,1986). Also, it is possible that the plane of 
section passes through a neuron between its eccentrically 
placed nucleus and the main bulk of the cell body containing



Table 1.2. Protocols of past morphometric studies,

studv subst. no. of no. of cases section
niara sec. s thickness

McGeer whole7 <15 17 (13C,4PD) 25 m
Bogerts wholec 12-17 26 (9C,6S,5PD,6PEP) 20/i
German whole1 10-15 8 (3C,5PD) 50/x

Pakkenberg caudal1 1 20 (10C,10PD) 10 /i
Mann caudal1 5 97 (67C,30AD) 16/Li

Gibb caudal1 1 48 (24C,12PD,12PEP) 7/x
Oyanagi caudal1 3 12 (8C,4HD) 10/Li
Rinne caudal1 1 30 (18C,12PD) 5 n
Goto caudal1 1 27 (10C,13PD,4SND) 6/z

Studies: Bogerts et al (1983)
Gibb and Lees (1987)
McGeer et al (1977) 
Pakkenberg and Brody (1965)

German et al (1989) 
Mann et al (1984) 
Oyanagi et al (1989) 
Rinne et al (1989)

Subst.nigra superscript:- C, coronal plane
T, transverse plane 
?, not stated

Cases: C-control, PD-Parkinson's disease, 
SND-striatonigral degeneration,
PEP-post encephalitic parkinsonism, 
HD-Huntington1s disease, S-schizophrenia
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pigment so that on one section the appearances are of a non- 
pigmented nucleated neuron.

There is no agreement about which stain to use. The use of 
tyrosine hydroxylase immunostain is of debatable benefit, 
because neuromelanin is a good marker of catecholaminergic 
neurons in adult humans and dying cells may not stain (Hirsch 
et al,1988) . Also, immunostaining can be variable and is more 
complicated to perform so that for a large study conventional 
staining is perhaps more suitable. Nissl does not stain nerve 
fibres which are helpful in orientating the section within the 
nigra and for identifying regions. Therefore, it would have 
to be accompanied by a stain such as luxol fast blue either on 
the same section or an adjacent section. If it is used on the 
same section, the nerve fibres may obscure the neurons and 
reduce the neuronal count (Konigsmark et al,1969). 
Haematoxylin and eosin is a good compromise, because of its 
simplicity, moderate staining of nerve fibres and adequate 
staining of nucleoli.

The magnification at which the section is screened has also 
been variable ranging from 100 to 400x. However, when a 
magnification of less than 400x is used many neurons are 
missed and small grains of neuromelanin are not visible, 
reducing the number of pigmented neurons counted. Most 
studies have opted to ignore histological, counting and split 
cell errors.



— Table 1.3. Protocols of past morphometric studies, II _

studv countina
unit

cell
type

stain mag.
(x)

solit cell 
correction

McGeer - - Nissl - no
Bogerts cell body P? Nissl - yes+
German cell body P TH 250 yes*
Pakkenberg nucleus P/NP GCA 250 no
Mann nucleolus - AzureB 250 no
Gibb cell body P H&E 400 yes*
Oyanagi nucleolus P/NP KB 400 no
Rinne cell body - H&E - no
Goto cell body P TH 100 no

Studies: as in table 1.2.
Cell type: P, pigmented cells counted

NP, non-pigmented cells counted 
P/NP, both types counted separately 
-, no distinction or not stated

Stain: GCA, gallocyanin-chrome alum 
Nissl, cresyl violet 
H&E, haematoxylin and eosin 
TH, tyrosine hydroxylase 
KB, cresyl violet and luxol fast blue

Split cell correction: *Abercrombie1s (1946)
+Haug's (1976)
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— Table 1.4. Past regional morphometric studies .........
study division corresponding groups of Hassler (1937)

medial central lateral
Bogerts 1/2's 

Oyanagi 1/3's

Rinne

VTA
Spv
Spvm,Spvi 
med.Spvl

la- VTA 
lb- Spvm?

1/4* s

Goto 1/2's

VTA- ventral tegmental area

Spv,Spev 
Spz

1at.Spvl
Spev,Spez
Spz
II-Spev?

Spz,Spe, 
Spd,Sped
Sped
Spd,Sped

Ill-Sped?

Spez,Sped 
Spd,Sped

There have been 4 regional morphometric studies all based on 
dividing the nigra into equal parts, table 1.4. Bogerts et al 
(1983) used cases from the Vogt collection and divided the 
nigra into half by using a line passing from the medial pole 
of the red nucleus to the lateral border of the pontine 
nuclei. However, in the oral nigra the pontine nuclei are out 
of the coronal plane of section and it is not clear how this 
division was applied. Oyanagi et al (1989) divided the nigra 
into 3 equal parts by an unspecified method although from the 
accompanying illustration it is apparent that there was 
splitting of Hassler's (1937) groups Spv (ventromedial region) 
and Spe (ventrolateral region) . In the Rinne et al (1989) 
study it is difficult to be sure which groups were sampled, 
but from their diagram it appears that the group la was 
probably within the ventral tegmental area and not the medial
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nigra. Goto et al (1989) divided the nigra into half by a 
line passing from the cerebral aqueduct through the middle of 
the nigra, splitting Hassler's group Spe and probably Spzz.

Geometric divisions may be variable in the way they divide the 
nigra. Error occurs from dividing the nigra without any 
reference to landmarks within the nigra and no way of 
assessing the subsequent division of individual neuronal 
groups. As discussed above, many of the geometric divisions 
pass through or near neuronal groups so that small deviations 
in the marking of the nigra can alter the division 
considerably. Also, no account can be made for the influence 
of brainstem distortion during fixation or angulation of the 
midbrain block, which is a particular problem if the reference 
points for making the division are widely separated.

In a semi-quantitative study of the nigra, morphometry is 
limited to a small part of the nucleus and it is therefore 
imperative that care is taken to examine a single and 
reproducible level so that a reliable comparison may be made. 
However, past studies have relied on landmarks that extend 
over a considerable distance, see table 1.5, with no laterally 
placed landmarks to determine the angle of the section.



— Table 1.5. Substantia nigra levels in past
morphometric studies

study substantia nigra level
Pakkenberg mid substantia nigra
Mann Illrd nerve nucleus
Gibb Illrd nerve rootlet
Oyanagi i i

Rinne superior colliculus /
Goto i i



1.3 Ageing and the substantia nigra
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Hodge (1894) was the first in the English literature to 
propose the concept of age related neuronal attrition by 
studying the spinal ganglia of man. He found increasing 
neuronal loss and pigmentation and decreasing nuclear and 
nucleolar size with advancing age. In adolescence, no nerve 
cell was pigmented, but by the 10th decade 67% of neurons had 
large quantities of pigment. The nuclear volume had fallen by 
46% and the number of nerve cells with visible nucleoli had 
fallen from 53 to 5%. Schultz (1883) had also observed 
increasing pigmentation and associated degeneration in spinal 
ganglion cells with increasing age. Similar concepts have 
been applied to the substantia nigra in the last two decades 
linking the age related accumulation of neuromelanin with 
neuronal fallout and reduction of nucleolar volume and protein 
synthesis.



1.3.1 Ageing: Neuronal attrition
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There will be a discussion of the morphometric evidence for 
age related attrition in the substantia nigra followed by a 
review of the supporting biochemical evidence.

Morphometric evidence
There have been 3 morphometric studies of ageing and the nigra 
and all have found neuronal loss with increasing age. Two 
points arise from these studies. Firstly, that there may be 
a regional difference in the effects of ageing and secondly, 
that there is uncertainty whether the decline is linear or 
non-linear.

To compare these studies, their data has been re-evaluated to 
calculate the neuronal loss between the ages of 20 and 90:

The 10% difference between the studies of the caudal and whole 
nigra suggests a possible regional selectivity in neuronal 
loss due to ageing. However, it is difficult to compare 
studies due to differing methods. In particular, the McGeer 
study only examined 13 cases and of those only 4 were over the 
age of 60.

McGeer found a linear decline with age (p<0.001), but the 
number of cases was small. Hirai in a study of 32 cases did

study nigra loss
Hirai (1968)
McGeer et al (1977) 
Mann et al (1984)

caudal 38%
whole 48%
caudal 36%
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not address the question and presented his data in bar graph 
form with mean counts per decade. There appeared to be a 
linear decline until the ninth decade, but in the two cases 
over the age of 90 there was a dramatic fall suggestive of a 
non-linear decline. Mann in a large study of 67 cases between 
the ages of 11 and 97 found a non-linear decline with 
increasing losses with increasing age. The number of 
nucleolated neurons expressed as a percentage of the number in 
adolescence equalled 100 - 1.062 x e °-0395xA9e B However,
significance only reached a level of p<0.05. Furthermore, it 
has been suggested that a neuronal loss of 50% is the critical 
threshold for the onset of parkinsonism (Marsden,1990). This 
point is reached at the age of 98 using Mann's formula 
suggesting that individuals over the age of 100 would have 
Parkinson's disease for which there is no evidence.

Mann et al (1984) also found that the nucleolar volume 
declines with advancing age in a similar fashion to neuronal 
loss: the nucleolar volume expressed as a percentage of
adolescent volume equalled 100 - 0.065 x e°-065xA9e (p<o.001). 
Between the ages of 20 and 90, there was a 23% reduction 
accompanied by a diminution of cytoplasmic RNA (Mann et 
al,1977). They concluded that there was a reduction of 
protein synthesis with ageing, which correlated with the 
accumulation of neuromelanin.
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Biochemical evidence
Morphometry is the best method of assessing neuronal loss, but 
there has also been indirect evidence. Dopamine levels 
measured either directly or indirectly may be used as an index 
of nigral integrity. However, this is not only a function of 
the number of neurons, but also of the compensatory 
mechanisms. There may also be other factors operating when 
using indirect measurements such as possible uptake of fluoro- 
L-dopa by glia. Enzyme and receptor studies are difficult to 
interpret, because enzymes are usually present in excess of 
what is required and dopamine receptors are pre- as well as 
post-synaptic.

Carlsson and Winblad (1976) found a linear decline in striatal 
dopamine with increasing age. However, in a later and larger 
study (Carlsson et al,1984) they found a non-linear decline 
with little loss until the age of 60 followed by a dramatic 
fall (76 cases aged 22-99). Riederer and Wuketich (1976) 
found a linear fall of 12.8% per decade in caudate dopamine 
levels (27 cases aged 50-89).

Scherman et al (1989) assessed striatal dopamine levels by 
measuring the binding of a-dihydrotetrabenazine, a ligand of 
the vesicular monoamine transporter. They found a linear 
decline (p<0.05) with a 61% reduction in binding between the 
ages of 20 and 90, although there were no cases below the age 
of 65. Martin et al (1989) measured fluoro-L-dopa uptake by 
positron emission tomography (PET) scanning in 10 subjects
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and found a linear decline (p<0.05) with a 64% reduction of 
uptake between the ages of 20 and 90.

McGeer et al (1977) found a dramatic reduction of striatal 
tyrosine hydroxylase in the first 20 years of life, followed 
by a slow decline thereafter. Cote and Kremzner (1983) also 
found a reduction of dopa decarboxylase as well as tyrosine 
hydroxylase.

Severson et al (1982) found in a post-mortem study, a linear 
decline of spiperone binding to D2 receptors with increasing 
age for the nigra and caudate, but not for the putamen. Wong 
et al (1984) using PET scanning of 11C labelled methyl 
spiperone in living subjects found a decline with increasing 
age.



58
1.3.2 Ageing: Pigmentation

A characteristic feature of the substantia nigra and locus 
coeruleus is their pigmentation by neuromelanin although there 
are other areas of the brain which are pigmented, but to a 
lesser extent (Foley and Baxter,1958? Marsden,1983). There is 
evidence that neuromelanin is formed by the incorporation of 
melanin into lipofuscin derived from lysosomes (Barden,1969; 
van Woert and Ambani,1974; Marsden,1983) . The melanin is 
generated from catecholamines by a process of auto-oxidation 
(Graham,1978; Rodgers and Curzon,1975; Marsden,1983). It has 
been suggested that there is a link between the accumulation 
of neuromelanin and neuronal loss in the nigra either by:

1) mechanical disruption,
2) free radical and toxic quinone production 

during neuromelanin formation,
3) neuromelanin binding putative neurotoxins.

Mann and Yates (1974) studied the neuromelanin content of 
nigra and locus coeruleus neurons in 45 patients ranging in 
age from newborn to 91 years. Using Schmorlfs stain they 
found that most of the locus coeruleus neurons are pigmented 
at birth whereas the nigral neurons are rarely pigmented and 
only slightly at the age of 18 months. Previously, Foley and 
Baxter (1958) had found neuromelanin in the locus coeruleus at 
5 months gestation. Using a cytophotometric technique, Mann 
and Yates measured the average neuromelanin content of nigral 
and locus coeruleus neurons. The amount of neuromelanin
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increased linearly with age reaching a peak at 60. The locus 
coeruleus neurons contained a greater amount of pigment at 
birth, but the rate of melanization in the nigra was greater 
and equivalence was achieved by the age of 45. At the age of 
60, the most heavily pigmented neurons began to fallout with 
a reduction of mean neuromelanin content. This suggested 
selective attrition of the most heavily pigmented neurons with 
increasing age. They speculated that neuromelanin was a waste 
product of no function, which accumulated and caused "atrophy 
by the progressive reduction of protein synthesis levels, 
through membrane displacement and disruption, until 
insufficient protein is produced to meet the cell's metabolic 
demands". Mann et al (1977) supported this by finding 
dramatic reductions in nucleolar volume and cytoplasmic RNA 
after a critical level of melanization.

The auto-oxidation of dopamine to form melanin generates free 
radicals (hydrogen peroxide and superoxide radicals) and 
potentially toxic quinones and hydroxyquinones (Graham 
1978,1984; Graham et al,1978). Free radicals may result in 
lethal lipid peroxidation of cell membranes.

Finally, neuromelanin may act as a reservoir, selectively 
binding neurotoxins and slowly releasing them long after the 
initial exposure. Neuromelanin has a high affinity for 
methylphenylpyridine (MPP+) , the active metabolite of 
methylphenyltetrahydropyridine (MPTP), known to cause 
selective damage of the nigra (D'Amato et al,1986).
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Ageing has been implicated in the pathogenesis of Parkinson's 
disease (PD) on pathological and clinical grounds.

Superficially ageing would seem to be important in any chronic 
disease of the nigra because there is a considerable loss of 
nigral neurons with advancing age. Using the rates of age 
related attrition from past studies (Hirai,1968; McGeer et 
al,1977? Mann and Yates,1984) the average neuronal loss 
between birth and 70 is 34% (range 16-48%). Pakkenberg and 
Brody (1965) found that in PD cases (mean age 68) there is a 
average neuronal loss of 65% at post-mortem compared to age 
matched controls. Using this data, a crude calculation of the 
neuronal loss due to ageing and PD in a 70 year old PD patient 
can be made: ageing 34% (16-48%) and PD 43% (34-55%).

Clinically, it has been argued that parkinsonian features are 
seen in the elderly without PD, albeit to a lesser degree, 
with flexed posture, shuffling gait, paresis of upgaze and 
slowed reaction and movement times (Teravainen and Caine,1983; 
Evarts et al, 1981) . In PD, there is enhancement of the long 
latency stretch reflex, which is also seen to a lesser extent 
in senility (Tatton and Lee,1975; Evarts et al,1979).

Figure 1.2 illustrates the two theories that have been 
proposed as to how ageing may play an important role in the 
pathogenesis of PD (Barbeau,1984; Caine,1988; Caine and
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Langston,1983? Caine and Peppard,1987; Caine et al,1984, 
1985,1986; Langston,1989; McGeer et al,1977; Mann and 
Yates,1983? Mattock et al, 1988? Riederer and Wuketich,1976). 
The vertical axis represents the number of neurons in the 
nigra? the horizontal axis the age. The upper solid line 
represents normal ageing and the linear fallout of neurons 
with advancing age. Clinical signs of PD only appear when 80% 
of striatal dopamine is lost and 50% of nigral neurons 
(Marsden,1990). As a consequence, there is a presymptomatic 
or subclinical phase of PD where there is active neuronal loss 
without any outward sign. The shaded area represents the 
range for symptomatic PD.

The first theory holds that PD is a form of accelerated 
ageing, indicated by line B. For whatever reason the normal 
process of ageing is speeded up plunging the patient into the 
parkinsonian range.

The second theory holds that Parkinson's disease is a biphasic 
or two staged illness. In the first phase, indicated by line 
A, an acute illness early in life sharply depletes neuronal 
reserves but not enough to cause parkinsonism. This deficit 
is then unmasked by further losses due to normal ageing over 
the following 20 to 30 years represented by the lower solid 
line.
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Figure 1.2. Ageing and Parkinson's disease
Taken from McGeer et al (1988)



Recently, McGeer et al (1988) have disputed the role of ageing 
in PD. They challenged the biphasic theory by quantifying the 
number of dying nigral neurons being phagocytosed in PD 
patients and normal controls at postmortem. According to the 
biphasic theory, the rate of neuronal loss in symptomatic PD 
is equivalent to that seen in normal ageing, see figure 1.5. 
The number of dying neurons at any point in time is 
proportional to the rate of neuronal loss multiplied by the 
total number of nigral neurons. In other words, if the rate 
of neuronal loss is the same for both ageing and PD then the 
number of dying neurons is proportional to the total number of 
nigral neurons. In the biphasic theory, the total number of 
neurons is decreased in the first phase and therefore the 
number of dying neurons in the second phase should be less 
than that seen in ageing. However, they found that the number 
of neurons being phagocytosed was 5.8 times greater in PD than 
in controls and the number of phagocytosing microglia 12 times 
greater. Nonetheless, PD may still be biphasic on a cellular 
level. The initial insult instead of killing the neuron may 
wound it making it more susceptible to the effects of ageing 
thereby increasing the rate of age related neuronal loss and 
the number of dying neurons. Alternatively, quite apart from 
ageing it has been suggested that this data would fit for a 
slow toxin with initial exposure early in life (Caine,1989).

McGeer et al also attempted to exclude the accelerated ageing 
theory by indirectly calculating the rate of neuronal loss in 
PD. They defined accelerated ageing as a process beginning at
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birth and causing a linear fallout of neurons sufficient to 
cause parkinsonism in the seventh decade. Using this 
definition, the rate of neuronal loss in accelerated ageing 
would be 6,000 cells/year from an original population of 
450,000. They estimated the average number of neurons being 
phagocytosed in PD at postmortem to be 1,000 to 3,600. They 
then estimated that a nigral neuron takes 1 month to be 
phagocytosed from a study of rats treated with 6- 
hydroxydopamine. From this they then calculated that the rate 
of neuronal loss in PD is 12,000 to 43,000 cells/year assuming 
that the rate of neuronal loss is linear. This rate far 
exceeded the rate of accelerated ageing, which they felt ruled 
out accelerated ageing as a cause of PD. However, their 
argument did not take into account that ageing and therefore 
accelerated ageing might cause a non-linear fallout of neurons 
(Mann et al,1984); that findings due to hydroxydopamine 
toxicity in the rat may not be applied to PD in the human; 
that neuronal loss in PD may be non-linear.
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In 1817, James Parkinson made a comprehensive clinical 
description of the syndrome that now bears his name. He 
described tremor, bradykinesia, stooped posture and festinant 
gait, but omitted rigidity. He speculated that the site of 
the lesion was in the upper cervical spinal cord or the 
medulla oblongata. However, Tretiakoff (1919) was able to 
place the lesion higher in the substantia nigra by making a 
clinicopathological correlation. This proved Brissaud's 
(1895) hypothesis that a lesion of the nigra could produce 
parkinsonism, based on a patient reported by Blocq and 
Marinesco (1893) with unilateral parkinsonism and a probable 
tuberculoma of the contralateral nigra. Lewy (1912,1914,1923) 
described the characteristic intraneuronal inclusion of 
Parkinson's disease (PD) that bears his name, corps de Lewy or 
Lewy body (Tretiakoff, 1919) . He found them distributed in the 
dorsal motor vagal nucleus, nucleus basalis of Meynert, 
lateral thalamic nucleus and paraventricular nucleus and later 
described them in the nigra. The following discussion will be 
divided into a description of the nigral regional selectivity 
of PD and a description of the Lewy body.
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1.4.1 Parkinson's disease: Substantia nigra selectivity

Hassler (1938) in a detailed post-mortem study of 12 PD cases 
found a selective regional neuronal loss within the substantia 
nigra, figure 1.3, which can be summarized as follows, in 
order of decreasing severity:

1) ventrolateral region (Spe,eJ)
2) ventromedial region (Sam,Spv)
3) dorsolateral region (Spd)
4) pars lateralis (Sped) 

dorsomedial region (Spzz)

German et al (1989) using computer assisted morphometry
confirmed a ventral predilection in the nigra of 5 PD brains.
Rinne et al (1989) and Goto et al (1989) found a lateral 
predilection in a semi-quantitative study of 12 and 13 PD 
cases, respectively.
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Figure 1.3. Parkinson*s disease, nigral regional selectivity
Vertical axis- case numbers.
Horizontal axis- Hassler's neuronal groups (see section 1.1.1
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Severity of neuronal loss proportional to density of shading.
Taken from Hassler (1938)
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1.4.2 Parkinson's disease: Lewy body
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The exact role of the Lewy body in PD is uncertain and there 
is no proof that it is crucial to the pathogenesis of PD and 
it may be an epiphenomenon. Nonetheless, it is an essential 
diagnostic marker of PD and its absence makes a diagnosis 
untenable (Gibb and Lees, 1989). It is not specific for PD and 
occurs in other disorders although infrequently. It is a 
concentric hyaline inclusion with a diameter of 5 to 25n and 
has three layers of varying eosinophilia: a core (which may 
be absent), a body and a halo (Gibb,1986), see figure 1.4. 
The more central the layer, the greater its eosinophilia, but 
in Lewy bodies with more than 3 layers there may be 
alternating degrees of eosinophilia and the core often has a 
paler centre (Roy and Wolman, 1969) . Lewy bodies may be 
perikaryal or intraneuritic (Forno et al,1978). Intraneuritic 
Lewy bodies either lie within a neurite, often a dendrite, or 
free in the neuropil or within a cell body which is out of 
view. They may also be divided into brainstem and cortical 
types (Kosaka, 1978). The cortical type is more homogeneous 
with less eosinophilia and agyrophilia. The brainstem type 
can be multiple and overlapping, merging to form an elongated 
serpiginous inclusion, which is most often seen in the dorsal 
vagal motor nucleus, hypothalamus and sympathetic ganglia 
(Lewy,1912; Langston and Forno,1978? Forno and Norville,1976).



Figure 1.4 Lewy body and Pale body
Substantia nigra of a patient with Parkinson's disease, H&E, 
x450. Top plate: Lewy body within a pigmented neuron
illustrating the classical three concentric layers: core, body 
and halo. Bottom plate: neuron on the left contains a pale 
body/granular degeneration and the neuron on the right a 
trilaminar Lewy body with poorly formed core.
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Histochemistry.
The histochemical properties of the Lewy body have given some 
insight to its composition, table 1.6, but not to its 
pathogenesis. It is proteinaceous and contains free fatty 
acids, sphingomyelin and polysaccharides (Jellinger, 1989). 
Greenfield and Bosanquet (1953) made a comprehensive study of 
its staining, but came to no conclusion as to its composition. 
Lipkin (1959) surmised by a process of exclusion that it 
contained protein. Schwarz and Yanoff (1965) suggested that 
because it stains with luxol fast blue this indicated 
phospholipid, but no account was made for the possibility of 
a false positive reaction to tryptophan. Hartog Jager (1969) 
using a series of stains for non-specific and specific 
phospholipids found the core to contain sphingomyelin.

Electron probe microanalysis has shown the Lewy body contains 
calcium, phosphates and sulfur (Kimula et al,1983), the latter 
suggesting the presence of protein degradation products.
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stain

H&E*
Nissl*
LFB*

PAS*
Bielschowski* 
Masons Trichr* 
PTAH*
Congo Red* 
Holzer*
Sudan Black+

Nile blue 
sulphate*
OTAN+

NaOH OTAN+
NaOH acid 
haematin*

element stained

Connective tissue
Nucleoprotein
Phospholipid
(non-specific)
Carbohydrate
Neuro f i1ament

Protein
Amyloid

Phospholipid
(non-specific)
Phospholipid
(non-specific)
Phospholipid
(specific)
Sphingomyelin
Sphingomyelin

L e w  body
core

Dark Pink 
Pale Blue 
Blue

Negative
Brown
Red
Negative
Negative
Negative
Positive

Positive

Positive

Positive
Positive

body 
Pale Pink 
Negative 
Pale Blue

Negative
Black
Green
Pink
Negative
Negative
Negative

Positive

Negative

Negative
Negative

* Greenfield and Bosanquet (1953) + Hartog Jager (1969)
H&E- haematoxylin and eosin 
Nissl- cresyl violet 
PTAH- phosphotungstic acid haematoxylin 
OTAN- 0s04 a-naphthylamine

LFB- luxol fast blue 
PAS- periodic acid Schiff
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Ultrastructure•
Duffy and Tennyson (1965) divided Lewy bodies for the purpose 
of ultrastructural description into simple and multilaminated 
types. The simple type had an inner and outer zone. The 
outer zone was composed of loosely packed radiating filaments 
with a diameters of between 7.5 and 20nm (neurofilaments 
measure 8-10 nm) . The inner zone had filaments with a
diameter of 7-8nm. These were densely packed and in some
instances formed rings with a diameter of 40-60nm. There was 
no distinct border or limiting membrane between the Lewy body 
and the rest of the cell. The multi-laminated type frequently 
had a very dense finely granular core surrounded by laminae of 
differing density of filament packing. Duffy and Tennyson 
suggested that the "increased density of the centre appears to 
be due to an alteration in the filamentous material to form a 
homogeneous granular mass". Roy and Wolman (1969) speculated 
that the Lewy body was the result of neurofilament 
degeneration.
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Immunocytochemistry•
Ultrastructural studies have suggested neurofilament forms a 
major part of the Lewy body. Additional evidence for this has 
been provided by immunocytochemistry, which has also revealed 
other cytoskeletal components, but with the notable exception 
of tau. The Lewy body also reflects the constituents of the 
neuron it occupies illustrated by the pattern of neuro
transmitter immunoreactivity. The following discussion will 
be in order of epitope.

Neurofilament (NF).
Goldman et al (1983) stained the substantia nigra and cerebral 
cortex of five PD cases with polyclonal antibodies against rat 
NF (70 and 210 kilodalton subunits), human NF (210 subunit) 
and reassembled bovine NFs. The Lewy bodies stained 
positively either in a diffuse or peripheral pattern. A 
further distinction in the staining pattern was made by 
Galloway et al (1988) who found NF staining to be greatest in 
the inner zone of the Lewy body halo. This was similar to 
other immunostains (tubulin and microtubule associated 
protein), but dissimilar to paired helical filament 
immunostain (epitope unknown).

Forno et al (1986) found that Lewy bodies stained more 
frequently and more intensely for phosphorylated NF than for 
dephosphorylated NF using monoclonal antibodies. 
Phosphorylated NF is usually only present in axons and 
represents a post-translational change (Sternberger and
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Sternberger,1983) and it is more compact and resistant to 
proteolytic degradation (Kuzuhara et al,1988).

The relevance of NF staining has been disputed by Forno et al 
(1986). They found that only a few Lewy bodies stained with 
NF monoclonal antibodies. Also, Kuzuhara et al (1988) found 
no significant staining using an antibody directed at the 2 00 
kilodalton subunit. However, Bancher et al (1989) found that 
pre-treatment with phosphatase enhanced Lewy body staining for 
dephosphorylated NF (40% of Lewy bodies on paraffin sections), 
suggesting the abnormal presence of phosphates obscuring 
immunoreactivity. They speculated that the NF may be biochem
ically abnormal in those Lewy bodies that fail to stain with 
consequent loss of immunoreactivity. Ultrastructurally, the 
halo and body of the Lewy body appear to share the same 
filamentous component differing only in arrangement and 
density of packing (Duffy and Tennyson,1965). However, 
immunologically they are different and the halo stains 
positively for NF while the body often does not. The body may 
represent a later stage of development with more advanced 
alteration of its NF component accounting for its diminished 
immunoreactivity. Papolla (1986) has been able to show that 
the centre of the Lewy body contains some NF epitopes using 
electron immunochemistry. The fact that cortical Lewy bodies 
stain uniformly for NF and ubiquitin suggests that they may 
represent an immature stage.
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Other cvtoskeletal elements.
Lewy bodies stain positively for tubulin and high molecular 
weight microtubule associated proteins, but not tau which is 
found in neurofibrillary tangles, Pick bodies and Hirano 
bodies (Galloway et al 1988? Kuzuhara et al,1988; Love et 
al,1988).

Lewv body.
Hirsch et al (1985) were able to raise two monoclonal 
antibodies against Lewy bodies: G7 and G9, both directed at 
unknown epitopes. G7 only labelled Lewy bodies, but G9 also 
labelled normal nigral and Purkinje neurons. Absorption 
experiments revealed that both antigens were present in normal 
nigra, but not in sufficient quantities to be visible by 
conventional immunocytochemistry. They were both directed at 
antigens weighing 40 and 70 kilodaltons, respectively, and 
neither was a constituent of NF. Hirsch et al concluded that 
the Lewy body "incorporates normal cell constituents during 
its formation".

Neurotransmitters.
Tyrosine hydroxylase (TH) immunoreactivity was found by 
Nakashima and Ikuta (1984) to be restricted to those Lewy 
bodies within TH positive neurons. Staining was greatest in 
the periphery of the Lewy body, but in a few instances it was 
layered and alternating. TH aggregates and becomes insoluble 
in vitro (Nagatsu 1973) and they speculated that in vivo TH 
aggregates with the filamentous material in the periphery of
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the Lewy body. To explain the poor central staining they 
conjectured that TH degenerates with time and loses its 
antigenicity and that the more central parts of the Lewy body 
represent later stages of development.

Vasoactive intestinal protein (VIP) immunoreactivity was 
studied by Wakabayashi et al (1990) who found that Lewy bodies 
in the lower oesophagus have a predilection for the VIP 
positive neurons of Auerbach's plexus despite the presence of 
numerous TH positive neurons. They also found that these Lewy 
bodies stained positively for VIP in a peripheral or diffuse 
pattern.

Halliday et al (1990) further demonstrated a correlation of 
Lewy body immunoreactivity and neuronal immunoreactivity. 
They examined the immunoreactivity of Lewy bodies and neurons 
in the brainstem using antibodies directed against substance 
P, neuropeptide Y and markers of adrenaline and serotonin.

Ubicruitin (Uba) .
Monoclonal anti-Ubq antibodies stain the periphery of the Lewy 
body and electron microscopic immunocytochemistry has revealed 
the epitopes to be in the filamentous component (Manetto et 
al,1988? Lowe et al,1988), see figure 1.5. Ubiquitin is a 76 
amino acid protein, which conjugates with abnormal proteins 
damaged by various insults and short lived normal proteins. 
This conjugate is an essential intermediate in a non-lysosomal 
ATP dependent proteolytic system for the disposal of short
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lived or damaged protein (Editorial,1988). However, not all 
ubiquitin conjugates undergo protein degradation and it 
reversibly binds to histones (H2A AND H2B) and some membrane 
receptors. Ubiquitin is coded by two classes of gene: the 
class I gene or polyubiquitin gene encodes up to 100 ubiquitin 
units and is expressed as a response to stress? the class II 
genes or fusion genes encode ubiquitin and parts of the 
ribosomal proteins 4OS and 60S and is expressed constitutively 
(Warner,1989).

Whether ubiquitination is a primary or secondary event is 
uncertain, but ubiquitin staining is seen in the inclusions of 
Alzheimer's disease, progressive supranuclear palsy, Picks 
disease and motor neuron disease so that it is not specific 
for either the Lewy body or PD. It is uncertain at which 
point the Lewy body becomes ubiquitinated or why it persists 
and fails to be metabolized. It is possible that the 
proteolytic system becomes saturated and the ubiquitinated 
filament is not degraded (Manetto et al,1988).
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Figure 1.5 Lewy body ubiquitin stain
Taken from the locus coeruleus of a patient with Parkinson's 
disease, x575.
Top plate: H&E stain of a pigmented neuron in the centre of 
the field, which contains 2 trilaminar Lewy bodies above a 
single pale body. Note the paler centre of the Lewy body 
core.
Bottom plate: same slide decolourized and stained for
ubiquitin. Staining of the Lewy bodies is greatest at the 
body/halo junction and there is also some focal staining of 
the core/body junction. Staining of pale body is continuous 
with that of the Lewy body on the left.
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Lewy body precursor.
The evolution of the Lewy body is uncertain, but an early form 
may be represented by a pale lesion (Forno,1986) which has 
been variously called granular degeneration, glassy 
cytoplasmic change, pale body and colloid body (Tretiakoff, 
1919? Lewy,1923? Gibb,1987? Papolla et al,1987). Under the 
light microscope, the pale body is a pale staining homogeneous 
area with varying degrees of fine granularity, see figure 1.4. 
It is weakly eosinophilic and argentophilic with variable 
neurofilament immunostaining (Gibb,1987? Papolla et al,1988). 
Ultrastructurally, it is composed of thin short branching 
filaments with structures suggestive of degenerating 
mitochondria (Roy and Wolman,1969? Papolla 1986). Gibb (1987) 
found that the co-incidence of Lewy bodies and pale bodies in 
the same cell was 8 times greater than could be explained by 
chance. When found together the Lewy body is often found 
within the pale body either centrally or peripherally. This 
suggests that the Lewy body might arise from a condensation of 
the pale body and that the two are integrally related.
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Distribution.
In PD, Lewy bodies are widely distributed throughout the 
nervous system, summarized in table 1.7 below.
.Table 1.7. Lewy body distribution in 

Parkinson's disease
1) Cerebral Cortex2,10 
temporal (deep) 
entorhinal 
anterior cingulate
2) Diencephalon3,4,8,9,13 
substantia innominata 
thalamus 
subthalamus
n.mammilo-infundibularis

3) Midbrain3,4,6,13 
substantia nigra 
oculomotor n. 
Edinger-Westphal n. 
periaqueductal grey 
n .Darkschewitsch
4) Pons4,13 
locus coeruleus 
n .subcoeruleus 
pontine nuclei
processus griseum pontis supralemniscalis

insular
frontal

hypothalamus
-especially: tuberomamillary, 
lateral, posterior, paraventric. 
-arcuate, supraoptic, anterior 
and medial pre-optic

ventral tegmental area 
-paranigral n.
-n.parabrachialis pigmentosa 
pedunculopontine n. 
dorsal tegmental n.

n.pontis centralis 
central superior raphe n 
central pontine grey

5) Medulla1,3,4,9,10 
dorsal motor vagal n. 
inferior olive
6) Spinal Cord11 
intermediolateral column

perihypoglossal n 
-n.Roller

7) Vertebral Sympathetic Ganglia1,5,6
8) Gastrointestinal Tract7,12
oesophagus colon and rectum
References:
1) Forno & Norville (1978) 8)
2) Gibb et al (1988) 9)
3) Greenfield & Bosanquet (1953) 10)
4) Hartog Jager & Bethlem (I960) 11)
5) Herzog (1928) 12)
6) Hunter (1985) 13)
7) Kupusky et al (1987)

Langston & Forno (1978) 
Lewy (1912)
Lipkin (1959) 
Oppenheimer (1980) 
Qualman et al (1984) 
Tretiakoff (1919)
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Specificity.
The presence of Lewy bodies is an essential prerequisite for 
the diagnosis of PD (Greenfield and Bosanquet,1953; Bethlem 
and Hartog Jager,1960; Gibb,1986). However, they also occur 
as an incidental finding in the elderly (prevalence 5.9-8.8%) 
and occasionally in other diseases:

1) Multiple system atrophy. Gibb (1988) in a review of 146 
cases found that 9.6% had Lewy bodies. However, this was 
not significantly greater than the prevalence of 
incidental Lewy body cases suggesting a chance finding.

2) Progressive supranuclear palsv. Three cases have been 
reported with Lewy bodies (Jellinger et al,1980? Gomori 
and Sima,1984) and again probably represents incidental 
Lewy bodies.

3) Parkinsonian-dementia complex of Guam. In one report of 
70 cases, 10% had Lewy bodies (Iwata and Hirano,1979), 
but the ages were not specified and this could be within 
the range for incidental Lewy body cases.

4) Hallervorden-Spatz disease. Lewy bodies occur in 15% of 
cases with a mean age of 42+12 (Gibb, 1989), which is too 
young to be explained by co-existent incidental Lewy 
bodies.
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5) Ataxia-telanqiectasia. Lewy bodies have been reported in 

2 cases aged 17 and 33 (De Leon et 31,1976? Agamanolis 
and Greenstein, 1979), which is again too young to be an 
incidental finding.

6) Motor neuron disease. Lewy bodies have been reported in 
several cases of sporadic and familial disease (Hirano, 
1965; Hirano et al,1967? Johnson,1976; Kato et al,1989? 
Takahashi et al,1972). In these cases they are confined 
to the anterior horn cells, whereas, in PD Lewy bodies 
are not found at this site (Gibb, 1989) . Therefore, 
although motor neuron disease and PD may share the same 
inclusion, the distribution is opposite.

7) Juvenile Parkinson's disease. One 39 year old case has 
been reported with Lewy bodies (Yokochi et al,1984) and 
again the young age makes it very unlikely to have been 
an incidental finding.

8) Subacute sclerosing panencephalitis. Two cases aged 19 
and 27 with Lewy bodies have been reported (Cobb et al, 
1984; Gibb et al,1990).

9) Joseph disease. Lewy bodies have been reported in two 
cases aged 45 and 71 (Sachdev et al,1982).

10) Alzheimer's disease. The association between Alzheimer's 
disease (AD) and PD and a possible Lewy body variant of
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Alzheimer's disease (Hansen et al,1990) remain a 
contentious issue. In past studies of demented patients 
an association between AD and PD has been found, but 
usually there has been no strict criteria for the 
pathological diagnosis of AD. It is probable that no 
attempt had been made to detect cortical Lewy bodies as 
these studies were performed before diffuse Lewy body 
disease (DLBD) was generally recognized as a distinct 
clinicopathological entity. Therefore, it is likely that 
many of these combined AD/PD cases represented DLBD with 
co-incidental tangles and plaques. Lately, no
association other than that of chance has been found 
between AD and PD (Gibb et al,1989).

A Lewy body variant of AD has recently been proposed by 
Hansen et al (1990). These cases have Lewy bodies in a 
distribution typical of PD including the cortex. They 
also have Alzheimer changes which fulfil the 
Kachaturian1s (1985) criteria for the diagnosis of AD. 
Hansen argued that these were not cases of PD on two 
points. Firstly, that 4 out of the 13 cases had no 
qualitative neuronal loss in the substantia nigra 
suggesting that the presence of Lewy bodies are a feature 
of normal ageing. However, in absence of morphometry 
this should be viewed with scepticism, see section 3.2.2. 
Secondly, they felt that the presence of cortical Lewy 
bodies was an infrequent finding in uncomplicated PD. 
However, in a series of 15 consecutive cases of PD
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without dementia all had occasional cortical Lewy bodies 
using conventional H&E staining without the need of 
ubiquitin immunostaining (Fearnley et al,1990). It seems 
more likely that these cases represent PD with incidental 
Alzheimer changes. In fact, Lewy bodies are more 
specific for PD than tangles and plaques are for AD 
(Forno,1986). Furthermore, Kachaturian1s criteria for 
the diagnosis of AD does not exclude cases of DLBD. Over 
the age of 50, the criteria relies on numbers of plaques 
and only a few tangles. Over the age of 75, no tangles 
need be present. In addition, Terry et al (1987b) had 
argued for a subgroup of AD in which tangles were absent. 
This presents a diagnostic problem because senile plaques 
may be a feature of DLBD and when present they correlate 
with the number of Lewy bodies rather than the number of 
tangles (Lennox et al, 1989).
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1.4.3 Parkinson's disease: Pigment

PD has a predilection for pigmented nuclei: the substantia 
nigra, locus coeruleus and dorsal motor vagal nucleus (Foix 
and Nicolesco,1925? Greenfield and Bosanquet,1953? Hassler, 
1938; Tretiakoff,1919). For this reason it has been claimed 
that neuromelanin may play a role in the aetiology of PD.

Mann and Yates (1983) suggested a correlation in PD between 
neuronal vulnerability and pigmentation. They estimated the 
mean nigral neuronal pigmentation in post-mortem material by 
cytophotometrically measuring the neuromelanin content of 100 
nigral neurons per case. In 8 cases of PD they found a 15% 
reduction in the mean neuronal pigmentation compared to 
controls and an 80% loss of neurons. They concluded that the 
reduction in mean pigmentation was due to a selective fallout 
of the most heavily pigmented neurons suggesting a correlation 
between the degree of neuronal pigmentation and vulnerability.

However, reinterpretation of their results fails to support 
this conclusion. Neuronal pigmentation in the control cases 
ranged from 8 to 96 AU (arbitrary units) . At first glance of 
table 1.8 neuronal loss in the PD cases appears to be greatest 
in the most heavily pigmented neurons. In the 48 to 80 AU 
range, the percentage loss was around 90%. However, there was 
no gradation of loss within this range. Furthermore, loss 
fell to 75% over 80 AU, although the number of neurons 
examined in this range was small.
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.Table 1.8. Parkinson's disease and neuromelanin 

(Mann and Yates,1983)

neuro- number per 100*
melanin selected neurons

C PD
8-16 0.3 1.5
16-24 1.5 10.0
24-32 6.0 19.0
32-40 14.7 22.8
40-48 21.3 20.8
48-56 26.3 15.3
56-64 18.7 8.7
64-72 10.0 5.7
72-80 2.7 1.3
80-88 0.8 0.8

number of neurons* % loss
oer
C

section
PD

in PD

1.5 1.4 7%
7.0 9.1 -30%

28.0 17.3 38%
68.6 20.7 70%
99.5 18.9 81%

122.8 13.9 89%
87.3 7.9 91%
46.7 5.2 89%
12.6 1.2 91%
3.9 0.8 75%

Legend. Neuromelanin measured in arbitrary units (AU). 
C- control. PD- Parkinson's disease.
Mean total neuronal counts: C- 467, PD-91.
* measured from bar graph in figure 4 
+ equals mean total count x number per 100 

selected neurons / 100

In those neurons with a pigmentation of less than 48 AU, the 
percentage loss was considerably less (7 to 70%). However, 
this may be explained by the method of sampling used with a 
bias in the PD cases for selecting the lesser pigmented 
neurons. No criteria were given for the selection of neurons 
that were to be measured and there was no indication that more 
than one section was examined. The proportion of neurons in 
a single section that had to be measured to fulfil the quota 
of a 100 neurons would be 20% in the control cases and over 
100% in the PD cases. Therefore, in the PD cases greater 
diligence was needed to identify as many pigmented neurons as
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possible. This may have resulted in the selection of lesser 
pigmented neurons, which might not have been included in the 
control cases. Evidence for this point is that the number of 
16-24 AU neurons actually increased in PD by 30%.

Hirsch et al (1988) suggested a relationship between neuronal 
pigmentation and vulnerability in PD using the ratio of 
pigmented neurons to the total number of catecholaminergic 
neurons in various brainstem nuclei. Five areas of the 
midbrain were studied: substantia nigra pars compacta, pars 
lateralis, retrorubral area, median midbrain tegmentum 
including the ventral tegmental area and the central grey 
substance. Neuronal loss for each area correlated with the 
proportion of pigmented neurons (neuromelanin containing 
neurons -s- TH positive neurons) . However, the locus coeruleus 
proved to be the exception, see table 1.9. Despite 
pigmentation being greater in the locus coeruleus than the 
nigra, neuronal loss was considerably less.

— Table 1.9. Neuronal vulnerability and pigmentation in 
Parkinson's disease (Hirsch et al,l988)

neuromelanin containing neuronal
neurons : TH+ neurons loss

substantia nigra 84% 77%
locus coeruleus 111% 53%



This suggests that the correlation was related purely to the 
region examined and that the degree of pigmentation was an 
independent variable. Furthermore, their hypothesis does not 
explain the degree of neuronal loss in the nucleus basalis of 
Meynert, which is both non-pigmented and cholinergic 
(Marsden,1983) and why of the hypothalamic nuclei, the 
tuberoinfundibular region is one of the least affected, but 
contains the most dopamine (Langston and Forno,1978).



1.4.4 Parkinson's disease: Summary
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Neuronal loss in the substantia nigra of PD is relatively 
selective with a predilection for the ventrolateral region 
(Hassler,1938). Whether this distribution is specific for PD 
has not been fully studied.

The Lewy body is an important pathological marker of PD, but 
it can be found in other diseases and as an incidental 
finding. Incidental Lewy bodies occur in 8% of the elderly 
population (Forno and Alvord,1971) and may either represent 
pre-symptomatic PD or a feature of normal ageing. Lewy bodies 
in conditions such as multiple system atrophy can be explained 
by the chance association of incidental Lewy bodies (Gibb and 
Lees,1989). However, the presence of Lewy bodies in diseases 
such as ataxia telangiectasia and Hallervorden-Spatz disease 
can not be explained in this way, because of the young age of 
the reported cases. However, these disorders are rare and are 
easily distinguished by their distinctive clinicopathological 
features.

It has been suggested that the Lewy body is nearly always 
associated with neuronal loss (Forno,1986), but there is no 
evidence that it is a direct cause of cell death. However, 
it may provide an important clue to the underlying patho
genetic mechanism. The Lewy body contains neurofilament, 
which differs from normal neurofilament in diameter, 
organization and immunological characteristics. Furthermore,



it is also ubiquitinated and abnormally phosphorylated for 
its location within the neuron. This may indicate that PD is 
primarily a disorder of the cytoskeleton.

Neuromelanin has been incriminated in the aetiology of PD and 
although pigmented nuclei are particularly involved other non- 
pigmented nuclei may also sustain heavy losses. As yet there 
is no conclusive evidence that neuromelanin plays an important 
role in PD.



1.5 Other parkinsonian disorders
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Parkinson's disease (PD) shows a regional selectivity of 
nigral neuronal loss, but whether this is a non-specific 
feature which occurs in other diseases is uncertain. 
Therefore, other disorders of differing aetiology need to be 
studied before any conclusions can be made. The two commonest 
multi-system degenerative diseases other than PD to damage the 
nigra are striatonigral degeneration (SND) and progressive 
supranuclear palsy (PSP). Post-mortem material of post
encephalitic parkinsonism is available, but the severe 
neuronal loss seen in this condition negates any attempt to 
determine selectivity.
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1.5.1 Striatonigral degeneration

The term striatonigral degeneration (SND) was first used by 
Adams et al (1961,1964,1986) to describe four cases of 
parkinsonism in whom the putamen was found at post-mortem to 
be shrunken and pigmented. Neuronal loss and gliosis was 
severe in the putamen, variable in the globus pallidus and 
caudate, and consistently present in the substantia nigra. 
Clinically, the disorder is often indistinguishable from PD 
and its precise frequency is unknown. Before Adam's report, 
similar cases had been described as olivopontocerebellar 
atrophy, a term still favoured by many clinicians and 
pathologists when there is associated cerebellar involvement. 
Graham and Oppenheimer (1969) suggested the term multiple 
system atrophy to emphasize the clinical and pathological 
overlap between three clinical groups of patients presenting 
with cerebellar ataxia (olivopontocerebellar atrophy), 
parkinsonism (SND) or autonomic symptoms (progressive 
autonomic failure) . The advantage of this term is that 
initially pure examples of these three clinical groups may go 
on to acquire symptoms of the other two and even in those 
cases that do not there is frequently post-mortem evidence of 
multi-system involvement. The distribution of neuronal loss 
in multiple system atrophy is summarized in table 1.10. 
Although the pathology appears to be specific, there is no 
characteristic neuronal inclusion and identical cases have 
been reported secondary to adrenoleukodystrophy (Ohno et al, 
1984) and mitochondrial cytopathy (Harding, personal
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communication) . The clinical diagnosis of SND can not be made 
with certainty during life, but a number of helpful pointers 
may enable it to be suspected, see table 1.11. Symmetry of 
signs and age of onset are not distinguishing features 
(Fearnley and Lees,1990).

... Table 1.10. Distribution of pathology in
multiple system atrophy

corpus striatum1 
(putamen>caudate) 

globus pallidus1 
(external>internal segment) 

thalamus4,7 
sub tha 1 amus1,2,5 
substantia nigra1 
locus coeruleus1 
dorsal vagal motor nucleus1
1 Adams et al (1964)
3 Berciano (1982)
5 Izumi et al (1971)
7 Vuia (1975)

inferior olive3 
pontine nuclei3 
cerebellar cortex3
lateral horn cells6 
anterior horn cells6 
pyramidal tracts6 
Onuf's nucleus6

2 Andrews et al (1970) 
4 Borit et al (1975)
6 Sung et al (1979)
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.Table 1.11. Clinical diagnostic features of .....  — ____

striatonigral degeneration

i) failure to respond to 1-dopa5,8
ii) rapidly progressive symptoms5
iii) autonomic features (in PD, autonomic failure can 

occur6'7 and autonomic symptoms are frequent9)
iv) cerebellar signs1,3
v) absent rest tremor at presentation5
vi) falling early in the disease2,5
vii) severe dysjDhonia/dysphagia and velopharyngolaryngeal

1) Adams,1968 7) Graham & Oppenheimer,1969
2) Andrews et al,1970 8) Izumi et al,1971
3) Berciano,1982 9) Quinn,1989
4) Boudin et al,1976 10) Rajput et al,1971
5) Fearnley & Lees,1990 11) Takei & Mirra,1973
6) Fichefet et al,1965 12) Williams et al,1978

Substantia nigra selectivity.
There is little information regarding nigral regional 
selectivity in SND. Most cases have either been described as 
showing severe neuronal loss with no specific distribution or 
the distribution has been defined only in the mediolateral 
axis with no account of the dorsoventral limits, see table
1.12. More detailed descriptions have been provided by Rajput 
et al (1972) and Jellinger and Danielczyk (1968).

Rajput described 1 case with neuronal loss greatest in the 
ventral middle cell groups, corresponding to Hassler's group 
Spe, with relative sparing of the medial and dorsolateral 
groups, which is the pattern seen in PD (Hassler,1938). 
Jellinger and Danielczyk used Hassler's groups to study 2 SND 
cases. Neuronal loss was greatest in the ventrolateral region 
Spe, but there was little loss in its oral part Saiv.
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— Table 1.12. Distribution of nigral cell loss in 

striatonigral degeneration
distribution
medial1 
central8,11 laterall, 2»4*5.7»8»9*10 
ventrolateral6 
dorsolateral3

number of cases
1
2

24
1
1

1 Andrews et al (1970)* 7
2 Bannister et al (1981) 8
3 Borit et al (1975) 9
4 Buonanno et al (1975) 10
5 Jellinger & Danielczyk (1968)
6 Rajput et al (1972)

Sharpe et al (1973) 
Sung et al (1979)
Takei and Mirra (1973) 
Trotter et al (1973)
11 Vuia (1975)

* 1 case in which the distribution was 
lateral on one side and medial on the other.

The dorsolateral region Spd was split with severe loss 
laterally in Spdd and minor loss medially in Spdv. Saim, the 
oral part of Spdv, was severely depleted of neurons, but 
curiously did not have any gliosis. No comment was made 
regarding the dorsomedial or ventromedial regions except for 
the oral part of the dorsomedial group, Sam a, which was 
severely depleted, but again without gliosis.

These reports suggest a lateral predilection and on the basis 
of Rajput and Jellinger's cases it is probably greatest in 
Hassler's ventrolateral region Spe, the area most severely 
affected by PD.



1.5.2 Progressive supranuclear palsy
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Progressive supranuclear palsy was first described as a 
distinct clinicopathological entity by Steele, Richardson and 
Olszewski (1964). Clinically, it is characterized by supra
nuclear gaze palsy, axial dystonia (usually in extension), 
pseudobulbar palsy, poor response to 1-dopa, and variable 
cognitive, extrapyramidal, pyramidal and cerebellar deficits 
(Kristensen,1985; Lees,1987; Steele,1972). Tremor is uncommon 
occurring in 12 to 16% of cases and it has been suggested that 
it is slower than the tremor of PD (Masucci and Kurtzke, 1989) .

Pathologically, there is neuronal loss, gliosis and neuro
fibrillary tangles distributed widely in the brain, see table
1.13.

— Table 1.13. Distribution of pathology in  ̂ -
progressive supranuclear palsy*

most frequent and severe less frequent and severe
globus pallidus (int.seg.) 
subthalamic nucleus 
substantia nigra 
locus coeruleus 
red nucleus 
superior colliculus 
periaqueductal grey matter 
dentate nucleus

frontal cortex
hippocampus
septum
posterior hypothalamus 
corpus striatum 
thalamus
III,IV,VI,XII cranial n. 
inferior olive 
n. cuneiformis 
n. subcuneiformis 
pedunculopontine n.

* Kristensen (1985), Lees (1987)
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Substantia nigra selectivity.
Little information is available regarding the distribution of 
the nigral lesion. Steele et al (1964) felt neuronal loss 
was greatest in the lateral cell groups. Anzil (1969) found 
no selectivity with loss distributed evenly in all zones of 
the nigra. In two cases Jellinger (1971) found a predilection 
for the oral nigra and the ventral and medial groups of the 
caudal nigra. The paucity of information regarding the 
distribution of the nigral lesion may indicate a lack of 
selectivity.



1.6 Incidental Lewv body cases
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Lewy bodies found at postmortem in patients who die without 
clinical signs of PD are termed incidental. Whether a 
proportion of these cases had undetected parkinsonism is 
uncertain. PD is difficult to diagnose in its early stages 
having an insidious onset and the initial features may be 
masked by other medical problems especially in the elderly. 
As such, a proportion of incidental cases are ultimately found 
to have had parkinsonism albeit in a mild form.

Clinical features of PD do not become apparent until there is 
an 80% reduction in striatal dopamine and a probable 50% loss 
of nigral neurons (Bernheimer et al,1973; Marsden,1990). As 
a consequence, there must be a presymptomatic phase of PD 
where there is active neuronal loss without any outward sign. 
It has been suggested that incidental Lewy body cases might 
represent this phase (Forno,1969). However, it has also been 
argued that incidental Lewy bodies might be a feature of 
normal ageing.

Beheim-Schwarzbach (1952) reported incidental Lewy bodies in 
the locus coeruleus of 5 cases ranging in age from 78 to 100 
(mean 87+9). The patient aged 100 was stated to be "healthy 
to the last". She also found Lewy bodies in a patient with 
senile dementia (aged 76), a patient with schizophrenia (aged 
83) , two patients with sub-chorea (aged 77 and 89) and a 
patient with status marmoratus (Binswanger1 s disease,aged 59) .
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Lipkin (1959) found incidental Lewy bodies in the nigra of 4 
out of 100 control cases, all over the age of 61, giving a 
prevalence of 6.8% over the age of 60.

Woodard (1962) examined 400 consecutive autopsies performed in 
three Californian Mental Hospitals to assess the frequency of 
Lewy bodies in mental disease following reports of Lewy bodies 
in dementia (Beheim-Schwarzbach,1952; Okazaki et al,1961). 
He found Lewy bodies in 27 cases, all over the age of 60. 
Seven of these cases had parkinsonism giving an incidental 
Lewy body prevalence of 8.8% over the age of 60. The actual 
prevalence may have been even lower as some of these cases may 
have had diffuse Lewy body disease (DLBD). Eleven cases had 
a cognitive deficit of which 2 had no Alzheimer changes. In 
the 9 cases that did have Alzheimer changes, there was no 
description of what these were. They may have been limited 
to senile plaques, which can be a manifestation of DLBD 
(Lennox et al,1989). It is unlikely that a search was made 
for cortical Lewy bodies. Furthermore, Woodard felt that 
these Lewy body cases represented a mental syndrome associated 
with paranoid states and late dementia, which is similar to 
the description of DLBD (Gibb et al,1987).

Forno (1969) in a study of 1090 autopsy cases (61% older than 
60 years) found 50 cases with Lewy bodies in either the nigra 
or locus coeruleus. Lewy bodies and nerve cell loss was 
distributed in other parts of the brain in a similar fashion 
to PD differing only in severity. In the substantia nigra
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there was qualitative neuronal loss in 52% of the cases, 
slight loss in 30% and moderate loss in 22%. Eleven cases on 
reviewing the medical records had parkinsonian features: 
shuffling gait, masked facies and rest tremor. Furthermore, 
an unspecified number had been prescribed a neuroleptic. If 
these 11 cases are excluded the prevalence of incidental Lewy 
bodies was 5.9% over the age of 60 and 7.5% if they are 
included. Mental deterioration was present in 64%, but many 
were said to have underlying reasons such as alcohol abuse. 
However, 12% had cortical Lewy bodies raising the possibility 
of DLBD. Forno concluded that incidental Lewy body cases 
represented preclinical PD differing pathologically from 
symptomatic PD only in severity and that there was a clinical 
continuum with 22% of incidental cases exhibiting mild 
parkinsonian features. Forno and Alvord (1971) in a further 
study calculated the prevalence of incidental Lewy bodies per 
decade in the nigra of 330 control cases, see table 1.14. 
Again, cases of mild parkinsonism were not excluded. The 
prevalence of Lewy bodies was 8% over the age of 60. Forno 
and Langston (1990) later repeated the study in 1199 cases, 
see table 1.13.

Tomonaga (1983) studied the prevalence of Lewy bodies and 
neurofibrillary tangles in the locus coeruleus of 216 control 
cases, see table 1.14. To answer the question of whether 
these inclusions were pathological or merely a feature of 
normal ageing he quantified neuronal loss in a few cases. He 
came to the conclusion that tangles were more of an age-
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.Table 1.14 Incidental Lewy bodies: 

age specific prevalence

Forno Forno Tomonaga Gibb & Lees
(1971) (1990) (1983) (1988)

age LB LB n LB NFT n LB
50-59 0% 2.3% 12 0% 0% 53 3.8%
60-69 5% 3.9% 39 3% 11% 64 4.7%
70-79 5% 10.3% 82 10% 11% 43 9.3%
80-89 20% 16.6% 65 15% 14% 39 12.8%
90-99 17% 15 33% 20% 8 -
100- 3 33% 100%

LB- Lewy body, n- number of cases, NFT- neurofibrillary tangle

related phenomenon, because only 4% of the cases were 
associated with cell loss. However, 63% of the Lewy body 
cases had cell loss. The prevalence of incidental Lewy bodies 
was 12.2% over the age of 60.

Gibb and Lees (1987) studied 273 control brains, see table
1.13, and found 14 incidental Lewy body cases giving a 
prevalence of 7.8% over the age of 60. All these cases showed 
mild qualitative cell loss maximal in the ventrolateral region 
of the nigra corresponding to the area most severely affected 
by PD.

There is also some clinical evidence that incidental Lewy 
bodies might be indicative of presymptomatic PD. Rajput et al 
(1982) reported 2 cases of reversible neuroleptic induced 
parkinsonism who subsequently were found to have Lewy bodies 
at autopsy. This suggested that the neuroleptic may have
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unmasked a sub-clinical neuronal deficit. Stadlan et al 
(1965) reported a patient who had a sympathectomy 3 years 
before the onset of symptomatic PD. Retrospective examination 
of the surgical specimen revealed numerous Lewy bodies in the 
sympathetic ganglia.

In summary, a proportion of incidental Lewy body cases turn 
out to have had parkinsonism during life and must therefore 
have had PD, illustrating the difficulty of early diagnosis. 
It is not possible in these retrospective studies to be sure 
that the remaining cases did not also have subtle 
parkinsonism. In two reports, 37 to 48% of incidental Lewy 
body cases have no qualitative neuronal loss in the nigra. It 
could be argued that in these cases Lewy bodies are a feature 
of normal ageing. However, if using morphometry incidental 
Lewy body cases exhibit neuronal loss greater than that seen 
in normal ageing then there would be sufficient evidence that 
these cases represent an early form of PD.
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2.1 General morphometric considerations

The purpose of this thesis was to study substantia nigra 
regional selectivity in normal ageing, incidental Lewy body 
cases, Parkinson's disease (PD), striatonigral degeneration 
(SND) and progressive supranuclear palsy. The intention was 
to examine up to 100 cases by regional morphometry. From a 
review of past studies it was apparent that a quantitative 
study was not feasible, see section 1.2.2. In the time 
allowable, it would only be possible to study a few cases. 
Also, the whole of the substantia nigra is required and many 
archival cases would not qualify because of incomplete 
material.

Therefore, a semi-quantitative study was more appropriate for 
the purposes of this thesis. The caudal nigra was chosen for 
investigation, because it has the greatest number of neuronal 
groups and is known to be the main site of cell loss in PD. 
It was intended to improve on past studies by carefully 
selecting the level of the section to be examined within the 
caudal nigra, by regionally dividing the nigra according to 
Hassler's neuronal groups and by selecting as many cases as 
possible. Both the nucleolus and cell body were counted 
separately for the purpose of comparison and all counts were 
be performed twice to assess the counting error. No 
corrections were made for histological or split cell error. 
A section thickness of 7ju was used for better cellular 
definition and the availability of archival material.



2.2 Preliminary anatomical study
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The aims of this preliminary study of the substantia nigra 
anatomy were fourfold:

1) to reappraise Hassler's work
2) to compare the anatomy in two planes:

i) coronal, used by Hassler (1937)
ii) transverse, used by this thesis

3) to establish criteria for selecting a specific level 
within the caudal nigra

4) to devise a method of dividing the nigra into 
regions

Material

One whole brain was formalin fixed and divided mid-sagitally 
into half. The substantia nigra was removed from each half 
and blocks were taken in a plane perpendicular to Forel's axis 
on one side and in a transverse plane perpendicular to 
Meynert's axis on the other side. A set of 3 serial sections 
(20fj,r 20/i and Ifi) were taken from the nigral blocks. In the 
oral nigra these sets were spaced 500ju apart while in the 
caudal nigra they were 250/x apart. The two 20n sections were 
stained with cresyl-violet/luxol fast blue and cresyl violet. 
The 7n section was stained with haematoxylin & eosin.

In addition, the caudal nigra including Hassler's antero
posterior junction was examined in four half brains, which had 
been serially sectioned in the transverse plane and stained 
with cresyl-violet/luxol fast blue (14jii sections) .
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2.2.1 Reappraisal of Hassler's work

Hassler's anatomical groups were identified in the 5 control 
brains studied. However, Hassler's division of the nigra into 
anterior and posterior parts could not be confirmed. Instead, 
continuity was found between the groups of the two parts so 
that they formed single columns through the length of the 
nigra. It became apparent that the nigra was arranged into 
3 parallel tiers: pars reticulata, ventral and dorsal pars 
compacta, see figure 2.1. Passing from the oral pole 
caudalwards, the pars reticulata was the first to appear 
followed by the pars compacta dorsal tier and then the ventral 
tier, which was mainly confined to the caudal nigra. Figure
2.2 provides a diagrammatic representation of the nigral 
neuronal groups taking into account the findings of this 
preliminary study, which will now be discussed.

Dorsal tier oars compacta.
The dorsal tier was composed of the following groups:

location medial central lateral
oral Sam Sai Sal

caudal Spz Spd Sped

Hassler classed Sam exclusively as a nigral group, but SamB, 
and S lie within the ventral tegmental area of Tsai, which 

is a group of numerous small pigmented neurons medial to the 
nigra lying within and medial to the Illrd nerve fascicles 
where present (Olszewski and Baxter, 1954).
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Hassler considered that Sama, B and Jf formed a continuous 
column of neurons. However in this study, Sama was found to 
be separate, differing from B in position and cell grouping. 
SamB lies within the Illrd nerve fascicles and a instead of 
lying directly above, lies laterally, a is a well populated 
group, which diminishes in size caudally continuing as group 
ak, which again lies lateral to the Illrd nerve fascicles. 
Hassler on the other hand considered ak to be a lateral 
extension of B. To some extent this is true, as there is no 
unequivocal morphological division between the substantia 
nigra and the ventral tegmental area and B appears to be a 
transition zone. Sama/ak then continues caudally through 
Hassler's anteroposterior junction without interruption as the 
medial part of Spz (Spzv). This description can be summarized 
as follows with the columns representing continuous groups:

nigral ventral teg. area medial dorsal
level medial lateral tier (compacta)
oral Sam£ - Sama
oral Sam6 B ak
junction mH  ̂ Spzv
caudal mH - Spzv+Spzz
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Ventral tier pars compacta.
The ventral tier chiefly occupies the caudal nigra. It
replaces the ra nerve fibre fields of the oral pars reticulata
and is composed of 2 regions:

location medial lateral
oral - Saiv

caudal Spv Spe

Saiv is a misnomer, because this group was found to be 
continuous with the caudal region Spe and separate from the 
dorsal tier region Sai.
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Figure 2.1. Substantia nigra tiers 
(sagittal plane)

Blue- dSnc, dorsal tier of pars compacta 
Yellow- vSnc, ventral tier " "
Red- Snr, pars reticulata
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Figure 2.2. Diagrammatic representation of Hassler's
map of the substantia nigra

Colour code: Red..... pars reticulata
Yellow...ventral tier pars compacta
Blue....dorsal tier pars compacta
Green  " " " "

(pars lateralis)
Grey....ventral tegmental area

Orientation: Dorsal...top of page
Medial...left of page

Levels: Anterior substantia nigra page
i) mamillary body, caudal pole........... 112
ii) subthalamic nucleus...................113
iii) red nucleus, oral pole............... 114
Junction anterior/posterior substantia nigra
iv) red nucleus............................115
Posterior substantia nigra
v) red nucleus............................116
vi) red nucleus, caudal pole............. 117
vii) griseum pontis........................ 118
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2.2.2 Comparison of planes of section

This thesis used a transverse plane parallel to a line passing 
through the caudal margin of the Illrd nerve rootlets to the 
caudal border of the superior colliculus. This differed from 
Hassler's coronal plane by approximately 30° to 40°. The 
neuronal groups and nerve fibre fields were similar in both 
planes. In the transverse plane of the caudal nigra at the 
level of the Illrd nerve rootlets, see figure 2.1, there was 
a see-saw effect in the level of the medial and lateral 
thirds. Keeping the level of the middle third constant, the 
medial third was more oral in the transverse plane and the 
lateral third more caudal.

Hassler's neuronal groups at this level in the transverse 
plane are shown in figure 2.3. The middle third of the nigra 
corresponds to figure 10 of Hassler's 1937 monograph (figure
2.4 of this thesis). In the transverse plane, Hassler's 
ventrolateral region Spe and dorsomedial region Spz are well 
formed. The dorso-lateral region Spd is still present 
although the number of neurons is reduced. Group hJ is 
present, but eJ is absent and appears more orally at the 
junction of the anterior and posterior nigra. The lateral 
nigra is better represented, because the main mass of Sped has 
risen up into the transverse plane of section. Because the 
medial nigra is more oral, the Illrd nerve fascicles are 
present and serve as a reliable boundary between the ventral 
tegmental area and the nigra. Despite a more oral level, the
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ventromedial region Spv is still well represented and its 
three subdivisions apparent. The neurons in the nerve fibre 
field w, dorsal to Spv, do not aggregate to form distinct 
groups.

Fortuitously, when examining a single level, the transverse 
plane serves the purposes of this thesis better than the 
coronal plane on two counts. First, the presence of the Illrd 
nerve fascicles allows a reliable border for the medial nigra 
and secondly, the large group Sped is better represented and 
amenable for counting.
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RED NUCLEUS

B ird  NERVE

CRUS CEREBRI

Figure 2.3. Hassler's groups in the transverse plane 
at the level of the Illrd nerve rootlets

See section 1.1.1 for explanation of the nomenclature
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Figure 2.4. Hassler's groups in the coronal plane
See section 1.1.1 for explanation of nomenclature.
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2.2.3 Simplified nomenclature.

Hassler's work is exemplary and has stood the test of time. 
However, it is rarely employed (Beheim-Schwarzbach,1952; 
Jellinger and Danielczyk,1968; Bernheimer et al,1973). The 
nomenclature is not easy to grasp being based on strict 
anatomical position and complicated acronyms. Furthermore, 
the false division of the nigra into anterior and posterior 
parts resulted in unnecessary duplication. The Braaks (1986) 
tried to simplify Hassler's nomenclature, but kept the false 
anteroposterior division. The essence of Hassler's work was 
lost without the benefit of any added clarity. Distinct 
neuronal groups such as Spz were ignored and instead lumped 
together in a region misleadingly called the pars diffusa. 
The most caudal reaches of Spe and Spv, which they termed the 
posteromedial and posterolateral groups were also miss- 
grouped in the pars diffusa.

Keeping Hassler's neuronal groups, an alternative nomenclature 
is proposed incorporating the findings of this preliminary 
study, see table 2.1. The pars compacta is arranged into 2 
tiers and further subdivided into 5 regions and 14 groups. 
The "eutopic island" group eJ is included with the lateral 
ventral tier, because of its close proximity, similar cellular 
morphology and for the sake of simplicity. A diagrammatic 
representation of nigral anatomy in the transverse plane is 
illustrated in figure 2.5.



— Table 2 

Tier 

P.retie

ventral

dorsal
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1. Revised nomenclature based on Hassler

Region Group Acronym Hassler1 s groups

Oral
Caudal

PRO
c

rab,rad,raf 
rl, rKU

medial medial vm(m) Spvm
intermediate i Spvi
lateral 1 Spvl
ventral v Spvl(z)

lateral medial vl(m)
intermediate i
lateral 1
eutopic e

Spev
Spez
Sped, Spedd 
eJ

medial medial
lateral

dm(m)
1

Sama,ak 
Spzv, Spzz

lateral medial dl(m) Saim,Spdv
intermediate i Saiz,Spdi
lateral 1 Sail,Spdd

pars lateralis Pi Sal, Sped
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dm
w nn w jjS inS l

Figure 2.5, Substantia nigra neuronal groups in the 
transverse plane: revised nomenclature

+ dorsal tier | ventral tier • pars reticulata
top figure......... ..oral nigra
middle figure........mid nigra
bottom figure........caudal nigra

* strionigral fibres (Hassler's K field)
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2.2.4 Criteria for selecting a level

As only one level was studied, it was imperative that criteria
should be found for selecting approximately the same level in
each case. The following features were found for each third
of the nigra in the transverse plane:

Medial substantia nigra
1) The Illrd nerve fascicles form the medial border of the 

nigra for approximately 2.9mm in its orocaudal extent.

2) The decussation of the superior cerebellar peduncle was 
present in the caudal 0.9mm of 1).

3) The majority of neuronal group Spv lay between the main 
bulk of nerve fibre group rab, orally, and v, caudally.

Middle substantia nigra
4) The neuronal group hJ extended 0.8mm from the oral margin 

of 1) for 1.2mm until the appearance of 2).

Lateral substantia nigra
5) Below neuronal group eJ, the nerve fibre field K extends 

1.5mm caudally and then diminishes greatly in size at 
which point the dorsolateral corner of the crus cerebri 
begins to approximate with the medial lemniscus.
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Using these findings the following criteria were used for 
selecting a level in the caudal substantia nigra.

1) Medial. At the level where the Illrd nerve fascicles
divide the nigra from the ventral tegmental area, above 
the decussation of the superior cerebellar peduncle, and 
between the main bulk of fibre fields rab and v. This 
restricts the level to within 2mm.

2) Central. At the level where neuronal group hJ is present
and Spzz is well formed.

3) Lateral. Below neuronal group eJ and where nerve fibre
field K is well developed and forms a deep crater with
the dorsolateral border of the crus cerebri and high 
enough for the crus to be distant from the medial 
lemniscus.
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2.2.5 Morphometric regional division

The following considerations were taken into account when 
dividing the pars compacta into morphometric regions:

1) The naturally occurring anatomical division of the 
pars compacta into ventral and dorsal tiers with 
subdivision into 2 and 3 regions, respectively.

2) The selectivity of Parkinson's disease for the 
lateral ventral tier (group Spe).

3) Practical ease of dividing the nigra.

The morphometric regions (acronyms in capitals) were the same 
anatomical regions of table 2.1: medial ventral tier (VM) , 
lateral ventral tier (VL), medial dorsal tier (DM), lateral 
dorsal tier (DL) , and pars lateralis of the dorsal tier (PL) , 
see figure 2.6. However, vl (m) was divided off from VL to 
form the intermediate ventral tier. The purpose in selecting 
this area for particular attention was to further test whether 
pathological processes respected the boundaries of the major 
nigral regions. Also, dl(l) was included in DM for ease of 
marking.
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Figure 2.6, Morphometric division of the substantia nigra
See figure 2.3 for neuronal groups.
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Regional division of pathological cases
In the pathological cases it was still possible to make these 
divisions despite neuronal loss. Even with complete nerve 
cell loss in VL its outline could still be traced by the 
pattern of condensed glia. In effect the neuropil was 
concertina'd in a ventrodorsal direction with no noticeable 
mediolateral shrinkage. This may have been because the 
transverse borders were maintained by the long fibre tracts 
such as the crus cerebri. The pars lateralis was also easy to 
delineate using the fibre field K and crus cerebri as 
landmarks. There were usually enough neurons left to define 
the border between VM and DM and between DM and DL. In cases 
where difficulty occurred and there was a choice of two 
possible boundaries the difference in the count usually 
amounted to only 1 or 2 cells.
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The brains examined in this thesis were divided mid- 
sagitally: one half immersion fixed in 10% buffered formalin 
for a period of 6 weeks and the other frozen at -70°C. 
Multiple blocks were taken from representative areas of the 
brain including the substantia nigra, locus coeruleus, dorsal 
vagal motor nucleus (when available), nucleus basalis of 
Meynert and corpus striatum. Pathological diagnosis was made 
according to the criteria of appendix B.

Seven micron serial sections of the caudal nigra, stained with 
haematoxylin & eosin, were screened for the correct level 
using the criteria of section 2.2.4. A large proportion of 
cases were unsuitable, because the transverse plane of the 
block was excessively tilted. As a result in these cases it 
was not possible to fulfil the criteria for both the medial 
and lateral nigra in the same section. Although, there were 
precise landmarks on the medial aspect of the midbrain there 
were none on the lateral aspect and reliance had to be made on 
taking the cut perpendicular to the medial surface of the 
hemi-brainstem, which proved to be inadequate.

The slides were coded so there was no indication of age. 
However, a rough appreciation of age according to degree of 
pigmentation could not be excluded. Also, in the pathological 
cases, the diagnosis was usually obvious from examining the 
section of the nigra and could not be concealed.
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The morphometric nigral regions (figure 2.6) were divided off 
in turn by marking the coverslip of the slide with a 0.13mm 
Rotring™ pen under 40 and lOOx magnification. Pigmented 
neurons were counted under 400x magnification using a 
mechanical tally counter and an eyepiece graticule with 
parallel sweeps of the microscope stage. Each region was then 
remarked and recounted.

The cell body was used as the counting unit in all cases. 
Clumps of free pigment and small areas of pigment were not 
counted. Smallness was judged in comparison to the average 
size of pigment in recognizable neurons within the neuronal 
group being counted.

In those cases (control and incidental Lewy body) with large 
numbers of neurons the nucleolus was also counted for 
collaborative evidence and for a direct comparison of cell 
body and nucleolar counting.

In the 36 control cases, the difference between regional 
counts after remarking was on average <5% except for the DL 
nucleolar count, see table 2.2. Using the paired t test, 
there was no difference in the errors between counting 
nucleoli and cell bodies. However, twice as many cell bodies 
were counted as nucleoli and it is likely that the nucleolar 
counting error would have been less if the same number of 
units had been counted. Furthermore, counting cell bodies has 
a greater degree of subjectivity than counting nucleoli.
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Table 2.2. Combined error of marking and counting.

regions depending on the counting unit
reaion cell bodv nucleolus

VM 4.5 ±2.5% 3.5 ±2.4%
VI 4.7 ±3.9% 4.7 ±5.1%
VL 3.9 ±3.0% 3.0 ±2.0%
DM 4.9 ±3.7% 5.0 ±4.6%
DL 4.7 ±3.8% 6.6 ±4.3%
PL 4.2 +2.9% 4.3 +3.7%

If more than one person had performed the counts then this 
would have increased the magnitude of error for counting cell 
bodies. Generally, error was greatest in those regions 
containing multiple or low density groups (eg DL and DM) and 
regions with few neurons (eg VI).
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The source of material is shown in table 2.3. Control cases 
were excluded if the patient had either parkinsonism or 
dementia during life. The pathological cases were diagnosed 
using the criteria of appendix B and a summary of the clinical 
details is given in appendix C.

— Table 2.3. Source of material _

control..........................  110
82

incidental Lewy bodies.......... 6
7
1

Parkinson's disease.............  50

Striatonigral degeneration.....  18

Progressive supranuclear palsy.. 6
14

PDS Brain bank 
Innsbruck

PDS Brain Bank 
Innsbruck
Inst, of Psychiatry

PDS Brain Bank

PDS Brain Bank

PDS Brain Bank 
Inst, of Psychiatry

Out of the 192 control cases available only 36 turned out to 
be suitable for study. They ranged in age from 21 to 91 years 
with 17% under 50, 33% between 50 and 70 and 50% over 70.
Males comprised 60% of the cases with the same ratio of males 
to females under and above the age of 70. The PDS Brain Bank 
control cases were collected from routine autopsies performed 
by a number of pathologists across England. Permission had
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been given for the removal of the brain for the purpose of 
research. The Austrian control cases were gathered by the 
University of Innsbruck Hospital pathology department. In 
Austria, the majority of patients dying while in hospital 
undergo an autopsy. Again, permission was given for removing 
the brain for research.

Seven incidental Lewy body cases were suitable for study 
ranging in age from 65 to 82 years (mean 7 7+ 6 years) . In the 
majority the cause of death was cardiovascular (myocardial 
infarct- 3, cardiac failure- 2 and pulmonary embolus- 1) . 
This was also the major cause of death in the control group. 
One incidental case died of a ruptured Berry aneurysm of the 
posterior inferior cerebellar artery, but there were no 
hypoxic changes in the brainstem (confirmed by Dr Ivan Janota, 
Institute of Psychiatry, London). In none of the cases was 
there a history of parkinsonism or dementia although subtle 
undetected signs could not be ruled out.

The pathological cases collected by the PDS Brain Bank had 
either been donated by the patient before death or by the 
patient's relative after death. Most donations were a result 
of the PDS newsletter, which regularly runs an article on the 
work of the Brain Bank.

Twenty PD cases were adequate for study and ranged in age from 
62 to 87 years (mean 75 +6 years). In the cases with a known 
cause of death, 64% died of pneumonia. Two cases died
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prematurely, one of a rectal carcinoma. The other who in fact 
had diffuse Lewy body disease died of severe akinesis 
complicated by pneumonia probably provoked by neuroleptic 
medication. In this case, there were also numerous cortical 
tangles, but there were very few in the brainstem. In the 16 
cases with adequate clinical details, 6 presented with tremor, 
7 with an akinetic-rigid syndrome and 2 with both. Of the 
akinetic-rigid cases, 3 later developed a tremor. The average 
duration of symptoms before death was 15 +10 years (range 1.5 
to 38 years), which is similar to the generally accepted 14 
years (Stern,1987). There was no correlation between age and 
duration of symptoms.

Fifteen cases of SND were studied, ranging in age from 43 to 
78 years (mean 63 +9 years) . Where a cause of death was 
known, 80% died of pneumonia. Presentation with an akinetic- 
rigid syndrome occurred in 10/16, with tremor in 1/16, and 
with autonomic symptoms in 4/16. Of the akinetic-rigid cases, 
4/10 were unilateral disputing the axiom that signs are 
symmetrical in SND. Also, 4 cases had a sustained and 
persistent response to 1-dopa although probably not to the 
same magnitude as typical PD. Most cases developed features 
suggestive of SND: poor response to 1-dopa, absence of tremor 
at presentation, early falls, autonomic features, cerebellar 
and pyramidal signs, and velopharyngolaryngeal palsy. The 
average duration of disease was 6 +2 years, significantly 
shorter than PD.



Fourteen cases of progressive supranuclear palsy were studied 
ranging in age from 55 to 79 (mean 68 +7 years) . All the 
cases with a known cause of death died of pneumonia. In those 
with adequate clinical details, 9/10 presented with falls and 
the remaining case with a pseudobulbar palsy, both highly 
atypical for PD. Furthermore, all these cases went on to 
develop additional features outside the bounds of PD. 
However, 2/10 cases did not have the typical supranuclear gaze 
palsy. The average duration of disease was 5 ±2 years (range 
2 to 9 years).
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3.1 Control cases (ageing)
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3.1.1 Control: Morphometry

The cell body and the nucleolar counts for the 36 control 
cases suitable for regional morphometry are tabulated in 
appendix Dl.l. Graphs of total and regional counts against 
age can be found in appendix E.

There was a linear decline in both total and regional neuronal 
counts with advancing age, figure 3.1 and tables 3.1 & 3.2.
Between the age of 20 and 90 the total cell body count fell
33% (4.7% per decade) and the nucleolar count by 37%. With
each consecutive decade the range of counts increased
suggesting variability in the effects of ageing. Regionally, 
neuronal loss was greatest in the dorsal tier (DM, DL, PL) 
followed by the medial ventral tier (VM) and least in the 
lateral ventral tier (VL) , see figures 3.2 & 3.3. No
difference was found between VI and VL. The cell body loss 
per decade was 2.1% for the lateral ventral tier, 5.4% for the 
medial ventral tier and 6.9% for the dorsal tier. The dorsal 
tier and less frequently the medial ventral tier were 
qualitatively the most heavily pigmented nigral regions.

Greater losses in the nucleolar counts may have arisen from 
the increased difficulty recognizing nucleoli in the elderly. 
This is due to the combined effects of reduced nucleolar size 
and greater neuronal pigmentation obscuring the nucleolus.



Between the age of 20 and 90, the nucleolar volume falls by 
20% (Mann and Yates, 1979) and intraneuronal pigmentation 
increases by 50% (Mann and Yates,1974). The small number of 
nucleoli counted in VI failed to show any significant age 
related loss inferring that for adequate assessment the 
neuronal population needs to be greater than 40.



.Table 3.1. Ageing regression equations
(count = b - m x age)

reaion cell bodv nucleolus
b m b m

VM 214.0 1.050 107.4 0.565
VI 46.6 0.122 22.8 0.058
VL 209.3 0.398 93.9 0.210
DM 95.6 0.572 56.6 0.361
DL 92.0 0.632 54.3 0.334
PL 110.9 0.735 47.8 0.362

Total 794.8 3.462 389.7 1.883

.Table 3.2. Ageing correlation coefficients (r)
reaion cell bodv nucleolus

r P< r P<VM -0.580 0.001 -0.533 0.001
VI -0.339 0.05 -0.245 N.S.
VL -0.438 0.01 -0.397 0.02
DM -0.630 0.001 -0.673 0.001
DL -0.619 0.001 -0.578 0.001
PL -0.552 0.001 -0.510 0.01

Total -0.668 0.001 -0.633 0.001
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count = 795 - 3.46 age
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Figure 3.1. Total cell body count versus age
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48%
15%

Figure 3.2. Percent attrition of the cell body count 
between the age of 20 and 9 0*

* derived from regression equations of table 3.1 
%attrition = (count20yrs-count90yrs)/count20yrs x 100%

See figure 2.6 for nigral regional divisions
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TOTAL: 37%

51%
16%

Figure 3.3. Percent attrition of the nucleolar count 
between the age of 20 and 90

* derived from regression equations of table 3.1 
%attrition = (count20yrs-count90yrs)/count20yrs x 100%

See figure 2.6 for nigral regional divisions



3.2 Incidental Lewv bodv cases
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Two hundred and five "control" brains were collected and 
screened for Lewy bodies? 116 by the Parkinson*s Disease 
Society brain bank and 89 by the pathology service of the 
University of Innsbruck, Austria.

3.2.1 Incidental Lewy body cases: Prevalence

Thirteen out of the 205 "control" brains collected had Lewy 
bodies in the substantia nigra. None of the cases had a 
history of parkinsonism or dementia. The youngest case was 
aged 46 and the oldest 90 with a mean age of 76 + 12 years. 
The youngest previously documented case was aged 50 
(Gibb,1987). The prevalence increased with age to 12% over 
80 years, see table 3.3 which lists the results of previous 
studies for comparison.

.Table 3.3. Incidental Lewy body cases: 
age specific prevalence

age Forno Forno Tomonaga Gibb&Lees oresent studv
(1971) (1990) (1983) (1988)

50-59 0% 2.3% 0% 3.8% 3.7% (1/27)
60-69 5% 3.9% 3% 4.7% 3.9% (2/51)
70-79 5% 10.3% 10% 9.3% 5.4% (3/56)
80-89 20% 16.6% 15% 12.8% 12.2% (6/49)
90-99 17% 33% 12.5% (1/8)
100- 33%



3.2.2 Incidental Lewy body cases: Morphometry
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Six out of the 13 incidental Lewy body cases collected were 
suitable for regional morphometry and 1 additional case was 
provided by the neuropathology department of the Institute of 
Psychiatry, London. Neuronal counts are tabulated in appendix 
D1.2.

The distribution of Lewy bodies in the incidental cases was 
identical to PD. In all cases, the nigra had multiple Lewy 
bodies and on close inspection free pigment in the lateral 
ventral tier.

There was nerve cell loss in the incidental Lewy body cases 
when compared with 7 age matched controls (paired t test). 
The mean total cell body count was significantly reduced 
(p<0.01), but not the nucleolar count. Reductions in the 
regional cell body counts were confined to VI (p<0.001) and VL 
(p<0.001). The regional nucleolar losses were also restricted 
to VI (p<0.05) and VL (p<0.01).

The cell loss in excess of ageing was calculated using the
formula:- (countj.-count,.) -s- countc x 100%,

where count,- = the incidental case count,
countc = an age matched control count.

An average cell loss for the incidental cases was then
computed. The results are shown in brackets in table 3.4.
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.Table 3.4. Incidental Lewy body cases:

average percent neuronal loss

reaion cell bodv nucleolus
VM
VI
VL
DM
DL
PL

Total

50 ± 11% (52 ±13%) 
52 ± 9% (53 ±9%)

26 ± 17% (25 ±15%)

48 ± 14% 
46 + 11%

* derived from age adjusted counts
() results using uncorrected counts 

compared with age matched controls

An alternative method utilizing the data from all 36 cases of 
the control study was used to correct the incidental neuronal 
counts for age. The ageing regression equations of table 3.1 
were used to calculate the predicted control count (county) 
for the age of the incidental case. The adjusted count was 
then calculated as a percentage of county (i.e. countj/count^ 
x 100%). Age adjusted incidental counts are tabulated in 
appendix D2.1.

The total cell body counts ranged from 59 to 86% of the 
predicted control and the VL regional counts from 3 6 to 63%. 
The average losses using the adjusted counts are shown in 
table 3.4 and figure 3.4.



Figure 3.4. Percent regional neuronal loss in 
7 incidental Lewy body cases*

* derived from age adjusted cell body counts
VI and VL regions combined



3.3 Parkinson1s disease
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Twenty out of fifty PD cases from the Parkinson's Disease 
Society brain bank were suitable for regional morphometry. 
Neuronal counts and age adjusted counts can be found in 
appendix D1.3 and D2.2.

3.3.1 Parkinson1s disease: Morphometry

The neuronal counts were significantly reduced in all regions 
compared to 20 age matched controls (paired t test, p<0.001). 
Using uncorrected and age adjusted counts, the mean reductions 
in both total and regional counts were calculated and listed 
in table 3.5 and summarized in figure 3.5.

The average loss in the total age adjusted cell body count was 
75% (range:28-93%), and 78% (range:43-93%) if the 2 cases who 
died prematurely after only having had symptoms for 2 years 
are excluded. Smaller studies in the past have found losses 
of 66% (range:41-87%), 61-87% and 59% (Pakkenberg and
Brody,1965? German et al,1989? Goto et al,1989).

The difference between regional losses was tested using the 
paired t test. There was no difference between the lateral 
ventral tier regions VI and VL. Neuronal fallout was greatest 
in the lateral ventral tier followed by the medial ventral 
tier (VM) and then the dorsal tier (DM,DL,PL). Differences 
were significant to pcO.OOl and there was no significant



difference between the dorsal tier regions.
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.Table 3.5. Parkinson's disease:
average percent neuronal loss*

recrion cell bodv
VM 71 ±31% (68 ±39%)
VI 89 ±18% (87 ±24%)
VL 92 ±11% (92 ±13%)
DM 47 ±24% (40 ±44%)
DL 46 ±24% (52 ±28%)
PL 50 ±26% (57 ±30%)

Total 75 ±18% (73 ±22%)

* using age adjusted counts
() results using uncorrected counts compared 

with paired age matched controls
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,507. TOTAL: 757.

91%

Figure 3.5. Percent neuronal regional neuronal^loss 
in 20 cases of Parkinson's disease*

* derived from age adjusted counts
VI and VL regions combined
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3.3.2 Parkinson's disease: progression

The progression of PD with time was analyzed in three 
different ways using:

a) uncorrected counts and symptom duration,
b) age adjusted counts and symptom duration,
c) age adjusted counts and grouped cases.

Only cell body counts were used, because they achieved a 
greater level of significance. Symptom duration was taken as 
an index of disease duration. 16 of the 20 PD cases studied 
had a well documented onset of symptoms and were suitable for 
analysis using symptom duration.

Uncorrected counts
In the PD cases, the uncorrected neuronal count was a function 
of both neuronal loss due to PD and ageing. There was no 
correlation between age and neuronal count or between age and 
symptom duration, see the graphs in appendix E2. However, 
there was good correlation between the symptom duration and 
the total and regional counts, see table 3.6 and figure 3.6. 
The rate of neuronal loss was exponential, greatest at the
onset of the disease and tailing off as it progressed. The
rate was greatest in the lateral ventral tier (VI and VL) 
followed by the medial ventral tier (VM) and then the dorsal 
tier (DM, DL and PL).



.Table 3.6. Correlation between uncorrected count 
and symptom duration
log (count*) = b - m x duration

region b m r P<
VM 1.72 0.0396 -0.731 0.01
VL 1.55 0.0681 -0.784 0.01
DM 1.82 0.0135 -0.650 0.01
DL 1.86 0.0174 -0.750 0.01
PL 1.82 0.0216 -0.637 0.01

Total 1.64 0.0254 -0.838 0.001

* cell body count expressed as a percentage of the 
predicted control at the age of 60
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Figure 3.6. Total and regional neuronal counts 
versus duration of symptoms

The normal number of neurons differed between regions. 
For the purpose of comparison the scale of the vertical 
axis of the graphs were adjusted for each region. This 
was achieved by expressing the uncorrected counts as a 
percentage of the predicted count for the age of 60 using 
the ageing regression equations of table 3.1. The age 60 
was used because this was the average age for the onset 
of symptoms (±11 years).
Scale of vertical axis
* Total = 587 neurons per section

VM = 151 " " "
VL = 185 " " "
DM = 61 " " "
DL = 54 " " 11
PL = 67 " " "
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Age adjusted counts
There was good correlation between the age adjusted total 
count and the symptom duration, see figure 3.7. There was 
also a correlation between the adjusted regional counts, see 
figure 3.8 and table 3.7. The rate of neuronal loss was 
exponential and greatest in the lateral ventral tier (VI and 
VL) followed by the medial ventral tier (VM) and then the 
dorsal tier (DM, DL and PL).

■Table 3.7. Correlation between age adjusted count 
and symptom duration
log(count) = b - m x duration

region b m r P<
VM 1.78 0.0394 -0.736 0.001
VL 1.56 0.0675 -0.780 0.01
DM 1.87 0.0128 -0.618 0.01
DL 1.94 0.0168 -0.733 0.001
PL 1.89 0.0206 -0.623 0.01

Total 1.84 0.0355 -0.841 0.001
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Figure 3.7. Duration of symptoms versus 
age adjusted total count'*’

+ age adjusted count (% of predicted control)
symptom duration = 51.8 - 28.2log(total count+) 
r=-0.841, p<0.001
**** presymptomatic phase 

duration = 4.6 years
total count = 69% at onset of symptoms
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Grouped cases
The regional spread of PD with time was studied by combining 
the data of the incidental Lewy body cases and grouping the PD 
cases according to their total count. The incidental Lewy 
body group was taken to represent the presymptomatic or 
earliest stage of PD. The PD cases were divided into three 
groups of mild, moderate and severe disease on the basis of 
the total count, see table 3.8. Four additional PD cases were 
included, which did not have a documented onset of symptoms. 
From the analysis of uncorrected and age adjusted counts, the 
symptom duration was found to be a function of the total 
count. Therefore, the total count is an index of symptom 
duration and the three PD groups represent groups of symptom 
duration. Comparing the three PD groups, there was a 
difference in the total count (mild/mod.:p<0.001, 
mod./severe:p<0.02). There was also a difference in the 
symptom duration (mild/mod.:p<0.01, mod./severe:p<0.05). The 
clinical stage was only significantly different between the 
mild and moderate groups (p<0.05).

The mean regional counts were plotted for each group in order 
of symptom duration, figure 3.9. Neuronal loss can be seen to 
start in the lateral ventral tier (VI and VL) and then spread 
to the medial ventral tier (VM) and increasingly to the dorsal 
tier (DM, DL and PL).
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.Table 3.8. Parkinson's disease: .....

clinicopathological comparison

group total n mean total count clinical details^
count (age adjusted) duration stage"

incidental 7 74 ±17%
PD(mild) <70% 6 50 ±14% 5 ±3.5yrs 3.0
PD(moderate) >70% 6 20 ±5% 14 ±3.6yrs 4.4
PD(severe) >85% 8 12 ±3% 24 ±8.8yrs 4.8

* Hoehn & Yahr (1967)

In the incidental Lewy body cases that Forno (1969) collected, 
50% had qualitative neuronal loss and this loss was less than 
that seen in PD. She used this as evidence to support the 
hypothesis that incidental Lewy bodies were indicative of 
presymptomatic PD and represented a continuum of disease. In 
this thesis, neuronal loss in the incidental group was found 
to fall between the controls and the PD cases, see table 3.9, 
confirming Forno's qualitative findings. In addition, 
neuronal loss was found in all incidental cases especially in 
the lateral ventral tier.

— Table 3.9. Comparison of incidental Lewy body — — ..... .
and Parkinson's disease cases

total count VL count
mean range mean range

control 100% 100%
incidental LBs 74% 59-86% 48% 36-63%
symptomatic PD 25% 7-72% 8% 0-42%
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Figure 3.9. Regional progression of neuronal loss 
in Parkinson's disease
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3.3.3 Parkinson's disease: presymptomatic phase

Duration of the presymptomatic phase
The presymptomatic phase was taken from the onset of neuronal 
loss to the onset of symptoms. The length of this phase was 
calculated using the regression equations for uncorrected and 
age adjusted counts versus symptom duration (see tables 3.6 
and 3.7). The results for each region and the total count 
are listed in table 3.10.

Using the uncorrected counts the length of the presymptomatic 
phase was 7 to 14 years (mean 9.6). However, the uncorrected 
counts only gave a rough guide, because they were a function 
of neuronal loss not only due to PD but also ageing. The 
estimate of 7 years using the VL uncorrected counts was more 
reliable, because neuronal loss due to ageing in this region 
was minimal. A further fault was that the onset of neuronal 
loss was taken at the point where the uncorrected count fell 
below the predicted count for the age of 60. This was the 
average age at the onset of symptoms rather than the average 
age at the onset of neuronal loss. As a result of these 
factors the uncorrected counts tended to overestimate the 
length of the presymptomatic phase, but even so it was much 
shorter than the previously suggested 30 years (Riederer and 
Wuketich,1976).
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.Table 3.10. Duration of the presymptomatic phase'1' 

of Parkinson's disease

region presymptomatic duration (years) 
uncorrected/age adjusted counts

VM 7.1 5.6
VL 6.6 6.6
DM 13.7 10.4
DL 7.8 3.6
PL 8.3 5.4

Total 14.0 4.7

+ presymptomatic phase taken as the time between the onset 
of neuronal loss (o.n) and the onset of symptoms (o.s)
d=symptom duration, c=count 
d= f(c) =[b-log(c)]/m 
presymptomatic phase =d0 s-d0 n =0-do n

Using the more reliable age adjusted counts, the pre
symptomatic phase was 4 to 10 years (mean 6.3). The VM, DL 
and total count regression equations had the highest 
correlation coefficients and would be expected to give the 
best estimates. The average of these estimates was 4.6 +1 
years.

In conclusion, the duration of the presymptomatic phase is 
approximately 5 years and considerably shorter than previously 
suspected. The reason for this brevity is that neuronal loss 
is much greater early in the disease and these losses plateau 
out as the disease progresses, see figure 3.7.
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Neuronal loss at symptom onset
The total and regional age adjusted cell body counts at the 
onset of symptoms were calculated using the regression 
equations of table 3.7. Loss due to PD, excluding age related 
loss, was 31% for the total count and 64% for the VL count. 
The loss due to ageing was calculated from the control 
regression equations of table 3.1 over the interval from birth 
to onset of neuronal loss (mean age 55) and from birth to the 
onset of symptoms (mean age 60) . The average loss due to 
ageing was 24-26% for the total count and 10-11% for the VL 
count. The average combined loss at the onset of symptoms was 
48% for the total count and 68% for the VL regional count. 
The age at which parkinsonism would appear due exclusively to 
neuronal loss secondary to ageing can be calculated using the 
above thresholds and the regression equations of table 3.1. 
The age using the total count would be 115 and the VL count 
360.

Incidental Lewv body cases: further analysis
To test whether any of the incidental Lewy body cases might 
have had undetected parkinsonism during life individual total 
counts were scrutinized. From each the time to elapse before 
the onset of symptoms was calculated, see table 3.11. Using 
this analysis, 1 case might well have been symptomatic for 2 
years. Another case may have been marginally symptomatic with 
a symptom duration of 1 month. Both these cases would have 
been aged 78 at the onset of symptoms. In other words, 2/4 of 
the incidental cases over the age of 75 collected by this
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165

.Table 3.11. Incidental Lewy body cases: 
age characteristics

case acre at time to elaose before acre at onset
death onset of svmotoms* of svmotoms

*12 46 * 48
*11 65 * 67

1 65 1.6 67
*13 71 * 72

4 80 -1.9 78
7 75 2.8 78
2 78 -0.1 78

*8 78 * 80
3 80 1.4 81

@6 82 0.4 82
5 81 1.7 83*9 87 * 89

*10 88 * 90
*14 90 * 92

# calculated using the total cell body count regression 
equation (table 3.7), negative values indicate possible 
presence of symptoms before death

* morphometry was not performed and the onset of symptoms was 
calculated using the average predicted onset of 1.6 years

@ case provided by the Institute of Psychiatry, London
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Fifteen cases of striatonigral degeneration (SND) from the 
Parkinson's Disease Society brain bank were studied. Neuronal 
counts and age adjusted counts appear in appendix D1.4 and 
D2.3, respectively.

3.4.1 Striatonigral degeneration: Morphometry

The mean reductions of the age adjusted total and regional 
counts are listed in table 3.12 and summarized in figure 3.10. 
They were all reduced compared to age matched controls (paired 
t test, p<0.001).

The average loss in the total age adjusted cell body count was 
85% (range:65-97%) similar to the average 71% loss (range:41- 
90%) found by Goto et al (1989) in a smaller study.

Regional cell loss was significantly greater in the lateral 
ventral tier (no difference between VI and VL) compared to the 
other regions (p<0.001). There was no significant difference 
between VM, DL and PL. However, involvement was less severe 
in DM compared to VM and PL (p<0.01 and 0.05, respectively), 
but there was no significant difference between DM and DL.

There was no correlation between the total count and the 
symptom duration.
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_Table 3.12. Striatonigral degeneration and — —............ -

Parkinson's disease % neuronal loss

reaion PD SND
VM 71 ±31% 76 ±19% (72 +23%)
VI 89 ±18% 94 ±12% (93 ±12%)
VL 92 ±11% 98 ±3% (98 ±2%)
DM 47 ±24% 68 ±20% (61 ±31%)
DL 46 ±24% 72 ±21% (77 ±16%)
PL 50 ±26% 79 ±18% (83 ±14%)

Total 75 ±18% 85 ±10% (84 ±11%)

() percent loss calculated using uncorrected neuronal counts 
compared to age matched controls
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Figure 3.10. Percent regional neuronal loss in 15 cases 
of striatonigral degeneration

VI and VL regions combined
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3.4.2 Striatonigral degeneration: comparisons

The regional neuronal losses were compared between SND and PD. 
The mean total cell body age adjusted counts were not signi
ficantly different between the two groups (SND 15%, PD 26%). 
For the sake of completeness, comparisons were also made with 
the moderate/severe PD group of table 3.8., which had a mean 
total count identical to SND.

The SND cases showed the same predilection for the lateral 
ventral tier (VI and VL) as occurs in PD, but with a greater 
loss in the dorsal tier (DM,DL and PL), see figure 3.13. When 
SND was compared to the moderate/severe PD group, there was 
marginally less involvement of the medial ventral tier (VM).

««.Table 3.13. Striatonigral degeneration compared -..... ...
to Parkinson's disease*

P  t

recrion Parkinson's disease crrouos loss >
all mod/sev all mod/sev

VM n.s. <0.05 0.52 2.10 PD
VI n.s. n.s. 0.80 1.62 -

VL n.s. n.s. 1.94 0.30 -

DM <0.02 n.s. 2.71 1.42 SND
DL <0.01 <0.05 3.36 2.11 SND
PL <0.01 <0.05 3.46 2.20 SND

Total n.s. n.s. 1.94 0.07 -

* comparing mean neuronal losses 
n.s.- not significant.
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Fourteen cases of progressive supranuclear palsy were studied, 
10 from the Institute of Psychiatry, London and 4 from the 
Parkinson's Disease Society brain bank. Uncorrected counts 
and age adjusted counts can be found in appendix D1.4 and 
D2.3, respectively.

3.5.1 Progressive supranuclear palsy: Morphometry

The mean reduction in the age adjusted total and regional 
counts is shown in table 3.14 and summarized in figure 3.11. 
All counts were significantly than age matched controls 
(paired t test, p<0.001).

There was no predilection for the lateral ventral tier in PSP. 
Nor was there any significant difference between the divisions 
of the ventral tier (VM, VI and VL) . However, there was 
greater destruction of the medial ventral tier (VM) compared 
to the dorsal tier (DM-p<0.05, DL-p<0.001 and PL-p<0.001). 
There was no significant difference between the lateral 
ventral tier and DM or DL, and no difference between DM and 
DL. There was a relative sparing of PL compared to the other 
regions (VM-p<0.001, and VI/VL/DM/DL-p<0.02). In all, this 
suggested a mediolateral gradation of neuronal losses with 
losses greatest in the medial ventral tier and least in the 
pars lateralis of the dorsal tier. There was no correlation 
between the disease duration and the total count.
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.Table 3.14. Progressive supranuclear palsy, 

striatonigral degeneration and
Parkinson1s

reaion PD
VM 71 ±31% 76
VI 89 ±18% 94
VL 92 ±11% 98
DM 47 ±24% 68
DL 46 ±24% 72
PL 50 ±26% 79

Total 75 ±18% 85

disease % neuronal loss
SND PSP

±19% 87 ±8% (87 ±8%)
±12% 83 ±9% (80 ±11%)
±3% 80 ±13% (80 ±13%)
±20% 83 ±6% (82 ±10%)
±21% 79 ±10% (82 ±9%)
±18% 66 ±18% (70 ±17%)
±10% 82 ±17% (82 ±7%)

() percent loss calculated using uncorrected neuronal counts 
compared to age matched controls



Figure 3.11. Percent regional neuronal loss in 14 cases 
of progressive supranuclear palsy
VI and VL regions combined
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3.5.2 Progressive supranuclear palsy: Comparisons

Comparisons were made between PSP and both PD and SND. There 
was no significant difference between the mean total cell body 
age adjusted counts of the PSP cases (18%) , the PD cases 
(26%) , the moderate/severe PD cases (mean 15%) or the SND 
cases (15%) .

There was lesser involvement of the lateral ventral tier (VI 
and VL) in PSP compared to PD and SND, see tables 3.15 and 
3.16. There was greater involvement of the dorsal tier 
regions DM and DL in PSP than in PD, but no difference in the 
involvement of the medial ventral tier (VM) or pars lateralis 
(PL). There was some evidence for greater involvement of the 
medial ventral tier in PSP when compared to SND.

.Table 3.15. Progressive supranuclear palsy compared 
to Parkinson's disease*

PD cases all mod/sev all mod/sev greatest
region P t

VM n.s. n.s. 1.91 0.06 -

VI n.s. <0.001 1.13 6.44 PD
VL <0.01 <0.001 2.96 4.95 PD
DM <0.001 <0.001 5.21 8.58 PSP
DL <0.001 <0.001 4.89 3.85 PSP
PL n.s n.s. 0.18 0.22 -

Total n.s. n.s. 1.45 1.18 -

* comparing mean neuronal differences 
n.s.- not significant.
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.Table 3.16. Progressive supranuclear palsy compared 

to striatonigral degeneration*
reaion P t loss >

VM <0. 05 2.09 PSP
VI <0.02 2.67 SND
VL <0.001 5.23 SND
DM <0.02 2.68 SND
DL n.s. 1.10 -
PL n.s. 1.95 -

Total n.s. 0.81 —

* comparing mean neuronal differences 
n.s.- not significant

aaBaaaaaaeoBMBB,a,BBBflBBBBBaaBSBB
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Anatomy
The internal anatomy of the substantia nigra is poorly 
described by the standard references of neuroanatomy. 
Carpenter and Sutton's (1983) textbook does not divide the 
nigra beyond pars reticulata and compacta. Olszewski and 
Baxter's (1954) atlas only divides the pars compacta into a 
ventral a and a dorsal 8 zone ignoring distinctive neuronal 
groups. Hassler (1937) in a comprehensive study described 
around 50 different groups. However, his nomenclature was 
extremely complex and is therefore rarely used. Furthermore, 
he made a false division of the nigra into anterior and 
posterior parts and ignored the continuity of neuronal groups. 
As a result he unnecessarily defined additional groups.

The findings of this thesis reveal that the pars compacta is 
arranged into two tiers: ventral and dorsal. The ventral tier 
arises in the lowermost fields of the oral pars reticulata and 
is chiefly confined to the caudal nigra. It has two major 
regions: medial and lateral. The dorsal tier spans the length 
of the nigra and has three regions: medial, lateral and pars 
lateralis (extreme lateral). In each region there are 1 to 4 
neuronal groups which form columns running in line with the 
long axis of the brainstem.

Recent animal research has indicated that the internal anatomy 
of the substantia nigra may be crucial to the understanding of
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its functional organization. The ventral tier in the rat and 
the monkey is similar to the human arising in the pars 
reticulata and predominantly confined to the caudal nigra. 
There is minimal pigmentation of the pars compacta neurons in 
animals making them difficult to differentiate from pars 
reticulata neurons. As a result, the ventral tier in the 
animal has only recently been delineated using tyrosine 
hydroxylase immunostaining (it was previously included with 
the pars reticulata) . The ventral tier projects to the 
striatal striosomes and the dorsal tier to the matrix (Gerfen 
et al,1987a). The striosomes project back to the cell bodies 
and proximal dendrites of the ventral tier and the matrix 
projects back to the pars reticulata and distal dendrites of 
the ventral tier. The striatal striosomes and matrix are 
histochemically distinct and have separate dendritic fields. 
The striosomal projecting nigral neurons of the cat have a 
high concentration of sigma receptors (Graybiel et al.,1989). 
The dorsal tier of the rat is marked by the presence of 
calcium binding protein (Gerfen et al.,1985). Also there are 
developmental differences with the ventral tier forming 
connections with the striatum before the dorsal tier (Olson et 
al.,1972).

The primate nigra can be further divided into alternating 
clusters of neurons projecting to either the caudate or to the 
putamen (Parent et al,1983). These clusters form columns and 
it is yet to be seen whether they correspond to the anatomical 
neuronal groups in the human.
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Morphometry
In the past, there have been four regional morphometric 
studies of the nigra. These have been based on dividing the 
nigra into either halves, thirds or quarters ignoring the 
natural division of the pars compacta into ventral and dorsal 
tiers. This thesis presents the first regional study based on 
a knowledge of nigral anatomy and neuronal groups. The nigra 
was divided into five morphometric regions corresponding to 
the anatomical tiers and regions. The lateral part of the 
medial dorsal tier was included with the lateral dorsal 
morphometric region for practical ease of dividing the nigra. 
In addition, the medial group of the lateral ventral tier was 
divided off to make a sixth morphometric region (VI). The 
reason for selecting this area for particular attention was to 
test further whether pathological processes respected the 
boundaries of the major nigral divisions. The results of this 
thesis have shown that these boundaries are respected by both 
ageing and disease.

Due to the constraints of time a quantitative study estimating 
total neuronal populations was not undertaken. Instead, a 
semi-quantitative study was performed using a single section 
of the caudal nigra. In this part of the nigra both the 
ventral and dorsal tiers of the pars compacta including their 
neuronal groups were are well represented. Criteria were 
established for selecting an approximate level within the 
caudal nigra using nerve fibre fields and neuronal groups. 
Many cases could not fulfil these criteria, because of
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unavoidable angulation of the midbrain block during brain 
cutting. It was possible to use landmarks on the medial 
aspect of the hemi-brainstem when cutting the brain, but not 
on the lateral aspect, which accounted for the consequent 
angulation in a proportion of cases. This was the first 
nigral morphometric study to attempt strict control of the 
level and angulation of the nigral section to be quantified.

Restricting quantification to a single level enabled 92 cases 
to be studied, equal to the number of cases in all the four 
previous studies combined. Only one of these four studies 
counted a larger number of neurons per case.

A 7 n section was used, principally in order to utilize 
archival material, but also for better cellular definition and 
to reduce possible obscuration of nucleoli by overlying 
pigment. Haematoxylin and eosin proved effective in both 
staining nerve fibre fields without obscuring neurons and 
identifying nucleoli and Lewy bodies.

Neuronal quantification was performed using both the nucleolus 
and the cell body as the counting unit. Results were almost 
identical between the two, but the cell body counts yielded a 
higher level of statistical significance, because a greater 
number were counted. Approximately two cell bodies were 
counted for each nucleolus. Despite this, there was no 
significant difference in the counting error for the two 
units, which suggests that counting nucleoli is a more



reliable method. It has been argued that nucleoli in the 
nigra are obscured by overlying pigment, but this did not 
prove a problem at a section thickness of 7/x. Dividing the 
nigra by marking the coverslip proved to be both practical and 
reproducible. The combined error of remarking and recounting 
a region was less than 5%.
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Ageing and the brain
Changes in the brain with advancing age are well documented 
and have been implicated in the pathogenesis of neuro- 
degenerative disease (Caine et al, 1986). In senility, the 
brain weight falls by up to 200 grams (Tomlinson and 
Corsellis,1984). With increasing age there is an exponential 
increase in ventricular volume and a linear rise in the 
pericerebral space (Hubbard and Anderson,1981). Neuronal 
losses with increasing age vary between different parts of the 
brain. Losses are found in the Purkinje cells, spinal motor 
neurons and locus coeruleus (Hall et al,1975; Tomlinson et 
al,1977; Vijayashankar and Brody,1979). In the cerebral 
cortex, there is some neuronal loss, more so in the frontal 
and temporal cortices than the parietal (Terry et al,1987a). 
Loss is variable in the nucleus basalis of Meynert and may be 
absent (Bigl et al,1987). Conversely, the ventral cochlear 
nucleus, inferior olive, abducens nucleus, trochlear nucleus 
and mamillary bodies appear to be resistant to the effects of 
ageing with no neuronal loss (Konigsmark and Murphy,1970; 
Monagle and Brody,1974? Vijayashankar and Brody,1971,1973; 
Wilkinson and Davis,1978). Generally, neurons shrink in 
senility and may accumulate pigment. However, the presence of 
pigment does not necessarily imply vulnerability as the 
inferior olive accumulates lipofuscin with increasing age, but 
does not sustain any neuronal loss.
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Ageing and the substantia nigra
For the substantia nigra, there have been three previous 
morphometric studies, which have documented neuronal losses of 
between 36 to 48% between the ages of 20 and 90 (Hirai,1969? 
McGeer et al,1977? Mann et al,1984). In this thesis, 3 6 
control cases were examined and in the caudal nigra there was 
a 33% loss (4.7% per decade) in the total cell body count and 
a 37% loss in the total nucleolar count. The rate of decline 
was linear in accordance with the findings of McGeer et al 
(1977). Conversely, Mann et al (1984) found a non-linear 
decline with the rate of loss increasing with advancing age. 
However, their correlation only achieved a significance of 
p<0.05 compared to p<0.001 for this study. Extrapolating 
their findings would suggest that individuals over the age of 
100 would have clinical parkinsonism and that by the age of 
115 there would be no remaining nigral neurons. However, the 
findings of this thesis would suggest that up to 3 60 years 
would need to elapse before neuronal loss due to ageing could 
cause parkinsonism. The effects of ageing between individuals 
may vary, because the total count scatter was greater in the 
older age groups than the younger suggesting that some cases 
might be vulnerable and others resistant to ageing.
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Nigral regional selectivity of ageing
Losses due to ageing were greatest in the dorsal tier (6.8% 
per decade) and the medial ventral tier (5.4% per decade) and 
least in the lateral ventral tier (2.1% per decade). 
Qualitatively, the regions outside the lateral ventral tier 
have greater intraneuronal pigmentation (Hassler,1937? Gibb et 
al,1990; German et al,1989). This suggests a correlation 
between neuronal loss due to ageing and the degree of 
intraneuronal pigmentation. In other words, the greater the 
neuronal pigmentation the greater the susceptibility to 
ageing. Possible mechanisms might be the production of free 
radicals and toxic quinones during neuromelanin formation and 
the binding of toxins by neuromelanin.
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In the PD cases examined in this study, the average total 
neuronal loss of 75% in the caudal nigra was consistent with 
the findings of previous studies (Pakkenberg and Brody,1965; 
German et al,1988). The loss in both the SND and PSP cases 
was greater by 10%, but this difference was not significant.

Regional selectivity
In PD, neuronal loss was greatest in the lateral ventral tier 
(90%) followed by the medial ventral tier (70%) and least in 
the dorsal tier (50%). The selectivity of PD was relatively 
specific when compared to SND and PSP. SND shared the same 
predilection for the lateral ventral tier (97% loss), but with 
greater involvement of the dorsal tier by between 20 to 30%. 
In PSP there was no predilection for the lateral ventral tier, 
but a tendency to involve the medial nigra and spare the 
lateral nigra.

This differing pattern of cell loss suggests a separate 
pathological mechanism in the nigra for each of these diseases 
and different characteristics of the nigral regions may be an 
important factor.

Rate of progression
There was a good correlation in the PD cases between the 
neuronal counts and duration of symptoms suggesting a uniform 
progression of disease between cases, which was not seen in
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either SND or PSP. Neuronal loss was exponential with losses 
greatest at the beginning of the disease and tailing off 
thereafter (see figure 3.7, page 157). This is contrary to 
past studies which have proposed a linear decline based on 
autopsy findings of dopamine levels and a-dihydrotetrabenazine 
binding in the striatum (Riederer and Wuketich,1976? Scherman 
et al,1989). However, these were indirect methods of 
assessing nigral neuronal loss and can not supplant direct 
morphometric measurements (Caine and Peppard,1987). Within 
the nigra, progression of detectable regional neuronal loss 
was staggered, starting in the lateral ventral tier during the 
presymptomatic stage and then spreading to the medial ventral 
tier and increasingly the dorsal tier.

Presymptomatic phase
In PD, it has long been speculated that there is a presympto
matic phase of ongoing neuronal loss without any outward 
clinical sign. Before the onset of parkinsonism, around 80% 
of striatal dopamine is lost and there is a probable neuronal 
loss in the nigra of 50% (Marsden, 1990) . This study confirmed 
a 50% loss in the total count and indicated a larger loss in 
the lateral ventral tier of 70% at the onset of symptoms. The 
relatively greater loss of striatal dopamine in comparison to 
the loss of nigral neurons suggests that the remaining neurons 
are dysfunctioning. Hirsch et al (1988) found that 17% of 
pigmented neurons in the nigra of PD fail to stain for 
tyrosine hydroxylase.
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The length of the presymptomatic phase was approximately 5 
years, much shorter than the previously suggested 20 to 3 0 
years (Riederer and Wuketich, 1976). The relative brevity of 
the presymptomatic phase is explained by the much greater 
neuronal loss early in the disease. The presymptomatic phase 
was defined as that period from the onset of neuronal loss to 
the onset of symptoms. However, as has been discussed, there 
is evidence of significant neuronal dysfunction for an 
undetermined length of time before cell death. Assuming that 
the proportion of dysfunctioning neurons is fixed during the 
illness at 17%, using the findings of Hirsch et al (1988) , 
then the presymptomatic phase would be 7 years in duration, 
which is still shorter than previous estimates.

The evidence for a long presymptomatic phase is doubtful. 
Riederer and Wuketich (1976) calculated the length of the pre
symptomatic phase on the assumption of a linear decline of 
nigral function for which they had no proof. Moreover, they 
gave no details as to how and with what data this calculation 
was made.

Neurobehavioural studies have suggested a pre-morbid 
personality in PD, which includes introspection, lack of 
confidence, depression, inflexibility, and repression 
manifested by a tendency not to smoke (Godwin-Austin et 
al,1982? Todes and Lees,1985). This personality may be 
apparent in the first decade of life (Ward et al,1984) 
suggesting a very long presymptomatic phase. However, there
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is no proof that the pre-morbid personality is directly 
related to PD. Furthermore, these studies were all 
retrospective and may have been biased at the time of assess
ment by the patient's disability and his or her response to 
it.

The final argument for a long presymptomatic phase has been 
the discrepancy in the prevalence of incidental Lewy body 
cases and clinical PD (Gibb and Lees,1988).

Incidental Lewv body cases
It has been proposed that the presymptomatic phase of PD is 
represented by incidental Lewy body cases, which exhibit 
neuronal loss intermediate between control and PD cases 
(Forno,1969). However, 37-48% of cases have no cell loss 
(Forno,1969; Tomonaga,1983) suggesting that the Lewy body may 
be a feature of normal ageing (Hansen et al,1990; Marrow et 
al,1990). However, quantitative evidence has either been 
absent or incomplete and regional studies have not been 
performed.

In this thesis, 7 incidental Lewy body cases were studied and 
all showed signs of nerve cell loss in the caudal nigra with 
neuronal fragmentation, free pigment and increased numbers of 
microglia. Neuronal counts were intermediate between the 
control and PD cases. The average reduction in the total cell 
body count was 27% (p<0.01,range:14-40%). Regionally, cell 
loss was more impressive and was confined to the lateral
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ventral tier with a mean 52% reduction (p<0.001, range:37- 
64%) . The pattern of regional nigral involvement was similar 
to PD in which losses are also greatest in the lateral ventral 
tier. Furthermore, it was opposite to the pattern of ageing, 
which is incompatible with the hypothesis of Lewy bodies being 
a feature of normal ageing. Pathologically, the incidental 
Lewy body cases were similar to the PD cases in everything but 
severity. Lewy bodies were distributed in typical sites for 
PD such as the locus coeruleus, dorsal motor vagal nucleus and 
the nucleus basalis of Meynert. This suggests that incidental 
Lewy bodies are indicative of presymptomatic PD rather than a 
feature of normal ageing. Clinical evidence is provided by 
the case of pre-morbid incidental Lewy bodies reported by 
Stadlan et al (1965). The patient was found to have had Lewy 
bodies in his sympathetic ganglia 3 years before he actually 
developed the symptoms of PD.

The prevalence of incidental Lewy body cases in this study 
rose from 4% in the seventh decade to 12% in the ninth, which 
is in agreement with the previous studies (Gibb and Lees,1988; 
Forno and Langston,1990). However, the prevalence of 
symptomatic PD in the community is far less and is 0.25% in 
the seventh decade and 2.0% in the ninth (Mutch et al,1986). 
In the past, this discrepancy could be explained by a long 
presymptomatic phase with the majority of incidental cases 
dying before the onset of parkinsonism (Gibb and Lees,1988). 
However, the results of this study suggest a relatively short 
presymptomatic phase making this explanation untenable. An
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alternative explanation might be that PD is under-diagnosed in 
the age range that the incidental cases develop parkinsonism. 
The incidence of new PD cases has been reported to fall after 
the age of 75 (Schoenberg,1987). This could be the result of 
a fall in the number of cases being diagnosed over 75 rather 
than an actual decline in the incidence of PD. Six out of 7 
of the incidental cases with morphometry in this study had a 
predicted onset of parkinsonism over the age of 75. 
Furthermore, 2/7 incidental Lewy body cases may have had 
undiagnosed PD with an onset of parkinsonism at the age of 78. 
This suggests that the reported prevalence of PD in the 
community may be an index of diagnosis rather than the true 
prevalence of disease. There is also epidemiological evidence 
to support this concept.

A door to door survey of PD in Copiah county, Mississippi was 
conducted using a questionnaire followed by neurological 
examination in those cases where PD was suspected (Schoenberg, 
1985). Forty percent of the PD cases collected were diagnosed 
by the survey de novo and neither the patient nor family 
doctor had been aware of the diagnosis. The percentage of 
undiagnosed cases may be even greater, because epidemiological 
studies have not addressed the problem of making an early 
diagnosis. Nor have they accounted for the possibility of 
elderly PD cases being overlooked because of multiple disease 
or misdiagnosed as drug induced parkinsonism, arteriosclerotic 
parkinsonism or Alzheimer's disease.



In conclusion, the difference between the prevalence of PD and 
incidental Lewy body cases might be spurious with an under
estimation of PD in the community and a consequent over
estimation of the number of true incidental cases at autopsy.
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In the past, ageing has been considered to play an important 
role in the pathogenesis of PD. The prevalence of PD is 
increased in the elderly and there are superficial 
similarities between the clinical features of parkinsonism and 
senility. Also, the effects of MPTP in rats is dependent on 
age although this has now been shown to be secondary to 
increased toxin delivery to the nigra rather than increased 
susceptibility of aged neurons (Langston et al,1989). 
Pathologically, ageing would seem to be important in any 
chronic disease of the substantia nigra, because of the 
considerable loss of neurons with advancing age. Two theories 
have been proposed for how it might act in PD (Caine et 
al,1986).

The first theory holds that PD is a biphasic or two staged 
illness. In the first stage, an acute illness early in life 
sharply depletes neuronal reserves, but not enough to cause 
parkinsonism. This deficit is then unmasked by further losses 
due to normal ageing over the following 20 to 30 years. 
Therefore, according to this theory, the rate of neuronal loss 
in PD should be equivalent to the rate of normal ageing. 
However, in the 20 cases of PD of varying duration examined by 
this study, the rate of loss was exponential instead of 
linear. In the first decade of disease there was a 45% loss 
of neurons in the caudal nigra, 10 times greater than could be 
accounted for by normal ageing. McGeer et al. (1988) have
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also found that the rate of neuronal loss in PD is greater 
than could be accounted for by ageing. They demonstrated at 
autopsy a greater number of microglia and fragmenting neurons 
in PD compared to normal ageing.

The second theory holds that PD is a form of accelerated 
ageing, but this also seems improbable. Neuronal loss due to 
ageing shows marked regional variation in the nigra. Losses 
are greatest in the dorsal tier (6.9% per decade) followed by 
the medial ventral tier (5.4%) and least in the lateral 
ventral tier (2.1%). If PD is due to an acceleration of 
normal ageing then the pattern of cell loss should be similar 
to that seen as a result of normal ageing. In fact, the 
complete opposite applies. Neuronal loss in PD is greatest in 
the lateral ventral tier (average loss 91%) followed by the 
medial ventral tier (71%) and the dorsal tier (46-50%).

In summary, the findings of this study suggest that the role 
of ageing in PD has been overemphasized and that PD is a 
relatively acute monophasic illness.
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In PD there is a striking predilection for the lateral ventral 
tier of the caudal substantia nigra. In the monkey, this 
region projects to the dorsal putamen (Szabo,1980a) and 
lesions in the lateral caudal nigra (including the dorsal 
tier) result in dopamine depletion of the lateral caudal 
putamen (Bedard et al,1969). Consistent with these findings, 
Kish et al (1988) in a postmortem study of PD found that 
putaminal dopamine was severely depleted and that the caudate 
was relatively spared. Within the putamen, the caudal part 
was more depleted than the oral and the dorsal and 
intermediate zones more than the ventral, although all areas 
were severely depleted.

An attempt at a clinical correlate of regional selectivity and 
function can be made using the somatotopic organization of the 
motor cortex input to the corpus striatum. The leg area of 
the motor cortex projects to the dorsal putamen, the arm area 
to the intermediate putamen and the head area to the ventral 
putamen (Kunzle, 1975). Kish et al (1988) suggested that 
dopamine depletion in PD begins in the dorsal putamen and then 
spreads to the intermediate and finally to the ventral. If 
the somatotopic organization of the motor cortex input is 
mirrored by striatal function then one would expect symptoms 
to appear first in the leg followed by the arm and then the 
head. However, it is more common for symptoms to start in the 
arm (Schelosky and Poewe,1990) . It can be argued that a small



deficit of hand function is soon noted by the patient, but the 
same deficit in the leg goes unnoticed. Furthermore, the 
bipedal gait of the human may explain the difference. In 
contrast, dystonia in young onset PD usually begins in the leg 
and often does not involve the arm.

In the monkey, Parent et al. (1983) found that putaminal 
projecting clusters were more frequent in the caudal ventral 
nigra and that caudate clusters were more frequent in the oral 
dorsal nigra probably corresponding to the ventral and dorsal 
tiers, respectively. Compared to PD, neuronal loss in the 
dorsal tier (DM and DL) was greater in SND by 30% and in PSP 
by 35%. Loss in the dorsal tier region pars lateralis was 
only significantly greater in SND. The greater involvement of 
the dorsal tier would correspondingly result in greater 
reduction of nigral terminals in the caudate. This would then 
explain the differences in 18F-dopa striatal uptake between PD, 
SND and PSP on positron emission tomography (Brooks et

4

al.,1990). Reduction of uptake in the caudate was greatest in 
PSP followed by SND and least in PD.

Rinne et al (1989) found a correlate between the degree of 
cognitive deficit in PD and neuronal loss in the medial 
substantia nigra. This region has a greater density of 
caudate projecting clusters than the lateral nigra (Parent et 
al,1983). It has been suggested that the caudate is involved 
in cognition while the putamen1s function is motor (De Long et 
al,1983). However, there are other areas involved in PD which
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are more directly related to cognitive function such as the 
cerebral cortex and nucleus basalis of Meynert. Furthermore, 
Rinne's medial nigral region appeared to be within the ventral 
tegmental area, which is known to project to the frontolimbic 
system.

In PD, the ventral tier is the first to be affected followed 
increasingly by the dorsal tier as the disease progresses. 
Extrapolating from studies in the rat (Gerfen et al, 1987a) , it 
seems likely that in humans the ventral tier projects to the 
striatal striosomes and the dorsal tier to the matrix. 
However, the function of these connections and their clinical 
significance in PD is uncertain.
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4.6 Pathogenesis of Parkinson's disease

It is not certain whether PD is a single disease or a group of 
diseases with a common clinical expression and differing 
aetiology. Furthermore, the clinical syndrome is not specific 
to PD and is mimicked by other disorders. Up to 15% of cases 
diagnosed during life as PD are found at autopsy to have had 
other disorders such as SND and PSP (Marsden, 1990) . An 
essential prerequisite for the pathological diagnosis of PD is 
the presence of Lewy bodies in the substantia nigra (Gibb and 
Lees, 1988) . The Lewy body may provide an important clue, but 
its occurrence in other disorders albeit infrequently 
indicates that it is not specific to PD. It is a highly 
ordered structure made up of varyingly abnormal neurofilament 
pointing to a disorder of the cytoskeleton. The defect could 
be in its components, assembly or control. The cytoskeleton 
is responsible for maintaining cell shape, organizing the 
cytoplasm and intracellular transport and a disorder of this 
system would be expected to cause widespread cellular 
dysfunction. A further characteristic of PD is its 
predilection for certain areas of the brain and in particular 
the lateral ventral tier of the substantia nigra.

Neuromelanin has been implicated in the pathogenesis of PD 
either by binding putative toxins or by the generation of free 
radicals and toxic quinones during its formation or by 
physical disruption of cellular organelles and membranes. 
However, there is no relationship between pigmentation and
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cell loss outside the nigra (Marsden,1983). Moreover, within 
the nigra there is no regional correlation between the degree 
of intraneuronal pigmentation and vulnerability to PD if 
qualitative assessments are correct.

The toxin theory has recently gained favour following the 
outbreak of MPTP induced parkinsonism in drug addicts. MPTP 
is a byproduct in the manufacture of synthetic heroin and 
causes selective damage to the nigra and a parkinsonian 
syndrome (Davis et al,1979? Balard et al,1985). It is a 
protoxin which is converted by the mitochondrial enzyme 
monoamine oxidase B, probably within astrocytes, to MPP+, 
which is then taken up into nigral neurons by the dopamine re
uptake system (Javitch et al,1985). The monoamine oxidase 
inhibitor deprenyl and the dopamine re-uptake inhibitor 
nomifensine both protect against the neurotoxic effects of 
MPTP in animal studies (Heikkila et al,1984; Mayer et 
al,1986). Furthermore, deprenyl has been shown to delay the 
need to start 1-dopa therapy in mild and newly diagnosed cases 
of PD (Shoulson et al,1989). Once in the neuron MPP+ binds to 
neuromelanin, which then acts as a reservoir slowly releasing 
MPP+ long after the initial exposure (D'Amato et al,1986). 
Chloroquine has a high affinity for neuromelanin and by 
competing for binding sites confers protection when given 
prophylactically to animals who are then administered MPTP 
(D'Amato et al, 1987). MPP+ is concentrated by mitochondria 
and causes a functional deficit of complex I in the 
respiratory chain of animals (Ramsay and Singer,1986? Vyas et
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al,1986). A defect of complex I has also been found in PD in 
the platelets of living patients and in the substantia nigra 
at autopsy (Parker et al,1989? Schapira et alf1989). However, 
this may be a non-specific feature as a defect of complex I 
has now been found in Huntington's disease (Boyston,personal 
communication) . It has been suggested that PD might be 
secondary to MPTP-like toxins and MPTP parkinsonism has been 
proposed as a model. However, it differs from PD by sparing 
the nucleus basal is of Meynert and by the absence of Lewy 
bodies (Burns et al,1984) although it is possible that these 
differences might arise from the acute administration of MPTP.

An alternative toxin theory is that PD is secondary to a 
failure to detoxify normally occurring exogenous or endogenous 
toxins. A reduced sulfoxidation capacity and diminished 
ability to form sulphate conjugates has been found in PD, 
which may be important in the detoxification of potential 
toxins (Steventon et al,1989).

Epidemiological evidence against the toxin theory is the 
rarity of conjugal cases, the absence of case clustering and 
that the incidence of PD has remained static over a 35 year 
period (Marsden,1990? Rajput et al,1984). Evidence for the 
theory is the higher incidence of PD in rural areas in which 
there is greater exposure to pesticides (Barbeau et al,1986). 
The herbicide paraquat is toxic by producing superoxide free 
radicals (Bus et al,1976) and a similar hypothesis has been 
proposed for PD. Interestingly, MPP+ has a similar structure
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to paraquat and was marketed as the herbicide cyperquat and 
also induces free radical production (Rossetti et al,1988).

The free radical hypothesis for PD supposes that oxidative 
stress provokes free radical formation resulting in lethal 
lipid peroxidation. Malondialdehyde, an intermediate of lipid 
peroxidation, is elevated by 35% in the nigra of PD at autopsy 
indicating on-going lipid peroxidation possibly due to free 
radical formation (Dexter et al,1989a). This may be secondary 
to a deficiency of the protective mechanisms against free 
radicals. Glutathione and glutathione peroxidase which 
protect against free radicals are reduced in PD (Perry et 
al,1982? Kish et al,1985). Also, iron which catalyses free 
radical formation is increased in the nigra of PD by 35% 
(Dexter et al,1989b).

Genetic factors in PD have been considered important in the 
past, but a twin study showed no difference between 
monozygotic and dizygotic twins in the concordance rate for PD 
(Ward et al,1983). Since then two kindreds have been 
described, one with diffuse Lewy body disease and the other 
with PD, both demonstrating autosomal dominant inheritance 
(Meunter et al,1986? Golbe et al,1990). Diagnosis was 
pathologically confirmed in both kindreds. Atypical for 
classical PD was a younger age of onset, a more rapid 
progression and the infrequent occurrence of tremor.
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To summarize, current theory suggests that Parkinson*s disease 
may be the result of one or more toxins which cause 
destruction of the substantia nigra either by the production 
of free radicals or by poisoning complex I of the 
mitochondrial respiratory chain. There may also be a genetic 
susceptibility possibly involving an individual*s ability to 
detoxify exogenous or endogenously occurring toxins.
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APPENDIX A TRANSLATION OF HASSLER'S "ANATOMY OF 

THE SUBSTANTIA NIGRA"

Hassler R (1937) Zur normalanatomie der substantia 
nigra. Journal fur Psvcholoqie und Neuroloaie. 48:1-55



230
Normal anatomy of the substantia nigra

The following translation is not entirely complete. 
Paragraphs which are either confusing or appear to be of 
little relevance have been omitted for the sake of brevity. 
The original text was difficult to follow and as a consequence 
this translation is hard to assimilate on a single reading. 
A copy of Hassler's monograph should be at hand for the 
illustrations if an attempt is made at reading this 
translation.

2. Material

Thirty-nine hemispheres examined from 27 brains. Paraffin 
sections cut at 20/z and some celloidin blocks cut at 40/x. 
Four frontal series- serial sections taken in a plane 
perpendicular to Forel's axis (line intersecting the anterior 
and posterior commissures). Two adjacent sections taken every 
2.3mm through the nigra and stained for myelin (fibre-F) and 
the Nissl (cells-Z)]. One "horizontal” series in which the 
plane of section was parasagittal.

Nomenclature of Groups
r- substantia nigra reticulata (Snr) 
ra- Snr anterior 
rp- Snr posterior
Sa- substantia nigra compacta (Snc) anterior 
Sp- Snc posterior
m- medial v- ventral c,cg- ?
i- intermediate z,e- central
1- lateral d- dorsal

2a Description of Frontal sections

Explanation of abbreviations 
Abb.- illustration
F- myelin stain Z- nissl stain
A58r3- case number
856- serial section number (low numbers- caudal,

high numbers -oral)
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Description of sections
The first section, which is not shown passes through the 
middle of the mamillary body. rab0 at this level is divided 
by fibres. The most caudal sections are described, but not 
shown.

Abb. 1/2 (sections 896/7) Anterior
At the level of the caudal part of the mamillary body (Cm) , 
ventral to the subthalamic nucleus (CL).
Fibre fields. a lies medial to the nigra and is composed of 
dense fibre strips. rab0 has a whorled appearance with rab1 
arising from its medial border, ac is the anterior extent of 
the pars compacta.
Neuronal fields. rabQ has dense glia and scattered large pear 
shaped non-pigmented red cells of Spatz (1935) with thick 
neurites. ac, the most anterior extent of the Snc, is 
sparsely populated by large partly pigmented neurons black 
cells of Spatz. A fields, contain a few partly developed red 
cells.

Abb. 3/4 (sections 794/5) Anterior
Fibre fields. The area of the Sn has enlarged. a has 
terminated and been replaced by am#, which is the anterior 
part of amfl. am# has single spaced fibres and is acellular 
although am8 becomes populated. rabQ has been replaced by 
rab,, a dark plate of fibres, and rab2 which has small bundles 
of bright fibres. rabb has even brighter fibres and rabf has 
a striped appearance. Translation halted.

Neuronal fields. Sam# has a few heavily pigmented black 
cells. Sama thins laterally and has polygonal shaped neurons. 
Sai is composed of three groups medial (m), central (z) and 
lateral (1) . Saiz is a swarm of black cells around a blood 
vessel (Gsch). Sail has small partly pigmented black cells. 
raf0 is similar to rab, but has more typical red cells.

Abb. 5/6 (sections 704/705) Anterior
Fibre fields. am is traversed by fascicles of the Illrd 
nerve, which characterizes am8.
Neuronal fields. All cell groups have increased in size. 
SamS has larger neurons than a and are shaped like a pointed 
hat. In the immediate vicinity of the Illrd nerve fascicles
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there are spindle shaped cells. Saim has drifted laterally 
leaving field ak and is composed of a few scattered black 
cells. Saiz (labelled Sai on photomicrograph) has enlarged. 
Ventral to Saiz is Saivz in fibre field radb. Saivz might be 
part of Saiz. Sal is sparsely populated and occupies fibre 
field raf,,, and extends a long way laterally.

Abb. 7/8 (sections 706/707) Anterior/Posterior
Fibre fields. The red nucleus (Nr) has enlarged and the Sn 
has become angled a characteristic of its posterior part. The 
anatomy is now very different from the more anterior sections, 
am gamma is the caudal part of am and is devoid of Illrd nerve 
fascicles. K is a thick plate of dark fibres arising from the 
crus cerebri caudal to the subthalamic nucleus. The capsule 
of the red nucleus is divided into 3: medially vRS which is 
traversed by the Illrd nerve fascicles, centrally zRS which 
splits into the lateral groups rdRS and ndRS. ndRS has fewer 
fibres than rdRS. G equals dl.
Neuronal fields. New cell groups appear de novo. mH has 
small black cells. Sam#' is the caudal extension Sam, which 
has the same architecture as Seuaa. Lateral to Samjf is the 
oral part of Spv, and dorsal to this is Spzv formed by 3 
loosely arranged densely grouped collections. rKU is the 
caudal part of the Snr, but more densely arranged and with 
slightly bigger red cells. vRS and zRS have a few black 
cells. ndRS has only single cells and rdRS has a transferred 
knot of cells (see next Abb.).

Abb. 9/10 (sections 503/4) Posterior
Fibre fields. Again, there is the angling of some 13 0° 
between the medial and lateral parts of the nigra that 
characteristic of the posterior nigra. Gi- interpeduncular 
ganglia, is separated from mH by fine fibres. pm- ventral 
tegmental decussation of Forel. mH- medial horn of the Sn. 
w- dense fibre network without bundling. v- fine to medium 
fibres. bgB- curved bundle of fibres extending to the medial 
pontine grey matter. y- contains Spzz, very dense fibres 
(greater than x) that condense to a compact bundle, which 
courses towards n and o. o- has short and broad fibres, which 
are derived from K. K has joined the crus cerebri and invades 
rl, and separates into a dense plate of fibres and a dorsal 
sparsely arranged group of bright fibres. ej- is a well 
separated island, which forms a medial dent in K. The 
subthalamic nucleus has disappeared.
Neuronal fields. Only posterior groups are present. There 
are 3 main groups (each with 3 subgroups): Spv, Spe, Spd and 
additionally Spzv (in fibre field x) , Spzz (in fibre field y) , 
Sped, mH (small cells) and pm nodules arising from mH.
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Spv subgroups: Spvm has densely aggregated neurons whose axis 
is in the mediolateral plane, and is bordered by small black 
cells; Spvi is smaller and less dense (in fibre field x)? Spvl 
is a large and dense group of typical pigmented cells.
Spe subgroups: Spev is composed of two parts- 1) a broad
ventral and central collection and 2) a narrow and less 
cellular group? Spez is more loosely constructed? Sped has two 
parts-a medial loose part and a lateral dense part.
Spd subgroups: Spdv is a round loose collection 0.5 mm in 
diameter medial of Sped; Spdi is more dense (approximating in 
density to Spev)? Spdd is a broad large celled group.

Abb. 11/12 (sections 405/6) Posterior
Fibre field. The Sn is more angled and the medial nigra has 
been divided by arcuate fibres ascending to the thalamus. The 
Snr is markedly diminished in size, pm has disappeared, Spev 
and Spez have shifted medially (Spev and Spvl have merged to 
form Spcg). K has separated into adjacent bundles becoming 
meagre in its dorsal part. Lm- medial lemniscus. Q- is 
within Lm.
Neuronal fields. The medial nigra has been disrupted by the 
thalamic fibres. sill- nucleus pigmentosus linearis
suboculomotoris. Spvm, is reduced in numbers of neurons and 
is found within the fibres of pirn, cbr- has scattered cells 
dorsal to Spvm around the lateral margin of the superior 
cerebellar peduncle. Spvi has terminated and Spvl has 
compressed and shifted laterally compressed merging with the 
ventral part of Spev to form Spcg. The dorsal part of Spev 
is continuous with Spez. Sped is narrower and less dense and 
has emitted a lateral extension, Spedd, which is continuous 
with Spdd. Spzz is no longer identifiable. Spdv has 
finished. Spdi and Spdd are reduced in size and density and 
Spdd has merged with Sped. Spdd/Spcd have laterally
traversed the rim of K into the hollow formed by it and the 
crus cerebri.

Abb. 13/14 (sections 359/60) Posterior
Fibre fields. The medial nigra is now absent and the lateral 
nigra is a small oval orientated vertically and orally. zH- 
central tegmental tract.
Neuronal fields. There are only remnants of the posterior 
groups, although Sped is prominent (situated in fibre field t) 
lateral and dorsal of the superior rim of cK. The lateral 
part of Sped is a large dense aggregate of polygonal neurons. 
The lateral part merges with the medial. K1Z invades the 
medial part of Sped and is composed of small red cells with
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bright nuclei, a small rim of cytoplasm and prominent Nissl 
substance. Rz- giant rubral neurons. Spcg is formed by 
elongated spindle neurons.

2b Description of Fields

Anterior Pars Reticulata

A fields (of Sano)
The A fields are identical to the fascicularis strionigralis 
of the Vogts (1937). However, Hassler considered it to be an 
ascending nigrostriatal pathway. As it passes orally it moves 
laterally and invades the peduncle. It is continuous with the 
ansa lenticularis and lamella pallidi limitans. It is 
composed of dark fibres in a pale background with bright gaps, 
sometimes accompanied by a parallel blood vessel.
The A field fibres together with fibres of the crus cerebral 
form the fibre network of the pars reticularis: rab, raf and 
rad. These fields are broken up by crisscrossing peduncular 
fibres: rabc and rafo, but the fibres of the A field crus
merge caudally to form rab, an rab2 and rafp.
The A fields occasionally have some underdeveloped red cells.

a field
This field is seen at the most anterior point of the 
substantia nigra where it is just emerging from the cerebral 
peduncle. The fibres are thick, but are crossed by fine 
fibres. It occupies the medial nigra and disappears caudally 
before the pars compacta is formed and is continuous with the 
pes lemniscus medialis (plm). a field is acellular.

rab fields
rabQ is found at the anterior pole of the nigra just anterior 
to the middle of the mamillary body. Caudally, it forms a 
medial rab, group and a lateral rab2 group.
Cells. Typical red cells, large non-pigmented neurons with 
prominent Nissl. Also, there is glial pigmentation with fine 
yellow and blue/black granules on cresyl-violet stain.
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rab, appears at the caudal pole of the mamillary body and 
traced downwards it merges into the nigra. rab, usually has 
more abundant, darker and courser fibres than rab2, but this 
is variable.
Cells. Small groups of small sized red cells with a few large 
black cells. Glia pigment is abundant.

rab2 extends to the posteriorly to the anterior part of the 
pars compacta. It is a moderately dense plate of fibres which 
here and there condense to denser bundles similar to rab,.
Cells. Similar to rab,.

raf fields
raf forms the lateral part of the anterior pars reticulata. 
It starts at the caudal pole of the mamillary body with 0.5mm 
fibre bundles giving a striped appearance. These become 
broken at the level where the subthalamic nucleus disappears 
to give rafp. Posteriorly, rafp is pushed medially by the K 
field and merges with radf.
Cells. Typical red cells in greater numbers than rab and also 
there is less glial pigment.

rad fields
rad emerges from between rab and raf and posteriorly gives 
rise to the medial and lateral groups radb and radf . radb and 
radf differ from rab2 and rafp by having a less dense looser 
fibre network and the fibres of radf seem to have a more 
vertical course.
Cells. Single typical red cells and multiple small black 
cells. The ventral groups of Saiz make their appearance with 
Saivz in radb and Saivl in radf.
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a fields are the anterior fibre fields of the pars compacta.
am, the medial group is divided into a, 6 and^f in an anterior 
to posterior direction.
ai, starts at the same level as am and is divided into 3 parts 
in the mediolateral plane- m, z and 1, the differences being 
quantitative. Its dorsal border is G (fasciculus marginalis 
dorsalis substantia nigra). Both G and ai groups become more 
dense laterally. The cell groups are well demarcated and 
contain meagre numbers of large black cells.

am# field
This is the most medial group and may be absent if plm is 
overdeveloped. It is situated anterior to the fascicles of 
the Illrd nerve. It is a bright field composed of fine fibres 
and a few coarse fibres.
Cells. single black neurons (Sam#).

amoe field
This is the oral part of am, above the Illrd nerve fascicles. 
It extends 1.5mm and is composed of medium dense single 
fibres.
Cells. Numerous densely arranged black neurons, which are 
pear of berry shaped.

amfl field
This forms the main part of the am group and is traversed by 
the fascicles of the Illrd nerve. It is at the level of the 
anterior pole of the red nucleus. It has medium dense fibres 
which course posteriorly, laterally and ventrally 
(perpendicular to the fascicles of the Illrd nerve, in the 
transverse plane).
Cells. Many large elongated black cells (Samfi).

amjf field
am}( is posterior to amB and shares the same characteristics as 
stma.
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aim field
A bright field with a few horizontal fibres.
Cells. Saim- Black cells, which form a broad configuration 
anteriorly and a circular arrangement posteriorly.

aiz field
Denser field with fibres arising from Saiz and the ventrally 
displaced group Saivz.
Cells. Sai(z) and the ventrally migrated group Saivz (in 
radb) .

ail field
Darkest field of the ai group with thick single fibres curving 
into G.
Cells. Sail is the most caudal subgroup of Sai and has a 
ventral component Saivl (in radf) .

ak field
Arises as a triangular area between amfl and aim merging with 
x posteriorly. It is composed of the same bundles as aim, but 
they are medially orientated and concave ventrally. They seem 
to originate from the caudal group Spv. After passage through 
rab2 they merge with the crus cerebri.
Cells. Lateral extension of SamB and continuous posteriorly 
with Spzv.



238
Anterior/Posterior Nigral Junction

6.5mm from the mamillary body roughly at the caudal pole of 
the subthalamic nucleus, the neuronal groups of the pars 
compacta change together with the fibre fields of both the 
pars compacta and reticulata.
The anterior neuronal groups compared to the posterior groups 
are arranged closer together and are only of moderate density.
The anterior pars reticulata is composed of a loose network of 
fibres with red cells and glial pigment.
The posterior pars reticulata is divided by the fibre field K, 
which is virtually free of cells, rl is medial division and 
rKu the lateral. rKu is similar to the anterior pars 
reticulata, but has a more dense packing of red cells, which 
have a clear cut Nissl.
The anterior and posterior divisions of the nigra are 
approximately 1cm long.
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Groups medial to the substantia nigra

The cells of these groups are smaller than those of the pars 
compacta.

mH group
mH is formed by a dense network of fine fibres which extend to 
the midline.
Cells. Scattered black cells, which laterally are the size 
of the pars compacta and medially the size of pm.

pm group of Bauer
pm extends posteriorly to the decussation of the superior 
cerebellar peduncle. It is composed of bundles of fibres with 
cells found within the gaps. It is crossed by the tegmental 
decussation of Forel fibres.
Cells. Small spindle shaped black cells with bright nuclei 
and little Nissl.

sill group
This corresponds to the nucleus linearis pigmentosus 
suboculomotorus of Feraro (1925) . It is made up of thin 
trains of fibres traversing the crossing superior cerebellar 
peduncle decussation.
Cells. Scattered medium sized black cells with prominent 
Nissl.

Gi group
Gi or interpeduncular ganglion is 6-7mm behind the mamillary 
body and forms the roof of the foramen caecum pontis. It is 
separated from mh and pm by a fine train of fibres.
Cells. Large numbers of small black cells with small weakly 
staining eccentric nucleoli.
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Fields of the posterior substantia nigra

v field
Dense and irregular small and medium fibres, which course 
horizontally.
Cells. Spvm, elongated black cells, which decrease in number 
posteriorly as the fibre content increases.

u field
This substitutes rab, and is composed of thin widely spaced 
fibres giving a bright appearance.
Cells. A few black cells.

w field
Composed of densely arranged fibres coursing medially in 
continuation with bgB (from z) , which are pushed apart by the 
cells of Spvi. It is situated lateral to the crossing fibres 
of the superior cerebellar peduncle. Fibres from Spv and x 
pass through it. It may contain the cells of Sam.

x field
Dense thick fibres coursing medially mainly from Spvl, Spev 
and Spez passing towards w (i.e. the ventrolateral output 
courses medially and dorsally)
Cells. Spvl, is dispersed between the fibres of x and the 
dorsal part is denser than the ventral.

v field
y has 3 subregions: medial (resembles x),

lateral (denser and contains Spzz) 
dorsal (fibres course vertically)

The dorsal subregion is identical to Dm of Sanos and merges 
with D1 caudally.
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Y field
Condensed fibres of y.

z field
Composed of dense single fibres with an orocaudal course, 
which give rise to bGB.
Cells. Contains the ventral extension of Spvl.

m field
Medium thick fibres in a loose arrangement, which course 
medially into x.
Cells. Spev, cellular field.

n field
Similar to m, but denser and courses obliquely in a 
ventromedial direction. Some of the fibres of o enter n. 
Distinguished by the dorsally lying Spzz.
Cells. Spez, less dense than Spez, but a little broader.

o field
It has two parts: Medial o- dense dark single fibres

Lateral o- few loose single fibres 
The K fibres only traverse lateral part.
Cells. Sped- sparser medial part and denser lateral part. 
The medial part starts more anteriorly and varies in its 
development. Caudally, Sped has a lateral extension, Spedd, 
which merges with Spdd.

rl field
Bridges the transition between anterior and posterior 
divisions of the nigra. It appears to be continuous with rafp 
and posteriorly rl diminishes in size and is replaced by K.



242
i field
i is found between Dm and D1 and disappears when they merge. 
It has sparse fibres covered by medium thick fibres.
Cells. Spdv, which is a loose collection of cells.

h field
h is a precursor of Br and is a narrow field which extends 
posteriorly, dorsally and slightly laterally. It has thick 
and thin fibres coursing in no particular direction.
Cells. Spdi (main group Spd), has neurons more darkly 
pigmented than Spe.

q field
Similar to h, but with dense thick fibres which end in D1 and 
has a dorsal acellular part and a ventral part which is 
cellular.
Cells. Spdd

K field
K is a dark fibre plate arising beneath rafp pushing it 
dorsally and medially, and eventually replacing it and rl. At 
the edge of the nigra its fibres bend caudally and medially 
reaching the medial lemniscus. It is composed of dense thick 
fibre bundles with an oblique course from ventral to caudal. 
Caudally, its fibres are arranged in small bundles- cK. A few 
bundles pass to o and split to go on to n and x/y. K is 
derived from the crus cerebri and is continuous with the 
pallidal fibre bundles separate from the A fields.
Cells. Acellular.

rKu field
rKu is situated ventral and lateral to K and has the same 
fibres, but in smaller more numerous bundles. In between the 
bundles, there are thick fibres with a different course 
(caudal to medial).
Cells. Plump densely arranged red cells.
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t field
This is the fibre field around the lateral aspect of K. After 
K separates dorsally from the crus cerebri, a dorsolateral 
part of rKu breaks free to form t. It pushes rKu ventrally 
and caudally towards the red nucleus and makes up the whole of 
the dorsolateral nigra. tm the medial or dorsal part is a 
small area between K and Dl. It has a higher fibre content 
than the lateral or ventral part tl, but is less cellular with 
only a few pigmented neurons. tm and tbr are incorporated 
into T.
Cells. Sped, starts at the anterior end of t and only 
develops fully posteriorly. It forms a dense heap of cells, 
which are larger than other parts of the nigra and the 
intracellular pigment only covers a part of the soma.

M field (of Sano)
Found at the lateral end of the nigra and formed by loose 
bundles coursing caudally and thick fibres coursing in the 
frontal plane.
Cells. Medium sized non-pigmented neurons.

cs field
Found at the posterior pole of the nigra replacing M and 
formed by a dense fibre network.
Cells. A few small pigmented neurons.

Capsule of the red nucleus
The capsule of the red nucleus begins at its oral pole at the 
junction of the anterior and posterior nigra. It is rich in 
fibres and poor in cells and has four parts: vRS, zRS, rdRS 
and ndRS.
vRS contains the root fibres of the Illrd nerve and a few 
pigmented neurons.
zRS has dense fibres with a sagittal course and pigmented 
neurons. Sometimes hJ extends into zRS.
rdRS and ndRS are separated by the bundle Q. Both are more 
dense than zRS. rdRS contains hJ and ndRS has a few pigmented 
neurons.
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Island type groups in the posterior nigra

There are three island like cell groups within the nigra. Two 
are heterotopic outside the nigra (hJ) and one eutopic group 
(eJ) within the nigra.

eJ group
It is found in a zone nearly free of fibres in the 
dorsolateral border of K ventral to tm. It has the appearance 
of an ectopic nucleus. It extends 3mm posteriorly from the 
junction of the anterior and posterior nigra.
Cells. Conspicuous dense collection of black cells in a 
bright background.

hJ group
Found in rdRS and is oval shaped extending slightly into zRS. 
It extends 3mm posteriorly from the anteroposterior junction 
of the nigra.
Cells. Pigmented neurons orientated in a ventrodorsal 
direction.

hJ, groups (3 groups in all)
Three superimposed identical cell groups. Found within the 
sagitally orientated plate of arched or looped fibres, which 
ascend to the thalamus. They are traversed by the arched 
fibres and are not as conspicuous as eJ and hJ. The antero
posterior dimension is small. A bridge of cells extends to 
Spev and Spez.
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Definition & Extension

The substantia nigra is a midbrain nucleus that extends into 
the hypothalamus. Its caudal pole lies oral to the corpus 
parabigeminum between the posterior brachium corporis 
quadragemeni and the medial lemniscus. Its borders are the: 
interpeduncular fossa, capsule of the red nucleus,
fascicularis marginalis dorsalis substantia nigra, subthalamic 
nucleus and pontine nuclei. It extends orally to the mid 
mamillary bodies.
The A fields are an independent formation that connects the 
globus pallidus and substantia nigra pars reticulata.
There has been debate as to the extent of the substantia nigra 
in the midbrain. Jacobsohn (1909) took a unifying approach to 
make a nucleus dissipatus pigmentosus tegmentopeduncularis, 
grouping together the substantia nigra and pigmented neurons 
in the red nucleus capsule, around the median raphe (pm,sIII) 
and around the superior cerebellar peduncle. Foix & Nicolesco 
(1925) subsumed these under the term- formation grise 
cupuliforme pariretrorubrique. Michelle Emma (1929)
considered everything pigmented to be nigral and that the 
nigra extended from the midline to around the red nucleus.
Apart from the above areas and the locus coeruleus and dorsal 
motor vagal nucleus, there are a few scattered pigmented 
neurons in the ansa lenticularis nucleus, supraoptic nucleus 
and internal capsule. Neuromelanin is not specific for 
certain species of cells, but different species of cells in 
different areas under certain circumstances yet to be 
discovered.



5_« summary

Cellular and fibre definitions are congruous and mutually 
cooperative.

The division of the substantia nigra into pars compacta 
and reticulata is confirmed.

There is a structural border dividing the substantia 
nigra into anterior and posterior parts. This division 
occurred in a plane slightly oblique to the frontal plane 
running from oroventromedial to caudodorsolateral. At 
this division, the cellular and fibre fields change 
abruptly.

The anterior and posterior nigra both have pars compacta 
and reticulata.

The posterior nigra is characterized by an angulation of 
its transverse axis.

The anterior pars compacta groups:
a) Sam (medial)
b) Sai (intermediate, 3 parts)
c) Sal (lateral, less dense)

The posterior pars compacta groups:
a) Spv (3 parts)
b) spe ( " )
c) Spd ( " )
d) Others Sped (caudally developed)

Spzv (loose) and Spzz (narrow dense)

The anterior pars reticulata differs from the posterior 
reticualta in:
i) fibre calibre, staining and arrangement
ii) cytoarchitecture
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8) The paramedian group of Bauer (pm) and nucleus linearis 

suboculomotoris of Ebenso Feraro (sill) both have 
distinctive cellular and fibre characteristics.

9) There are 3 island like groups:- eJ, hJ and hJ,,- which 
are marked by a near absence of fibres.

10) There may also be swarm like groups of pigmented and non- 
pigmented nerve cells around blood vessels within and 
outside the substantia nigra.

11) The A fields connect the globus pallidus and substantia 
nigra pars reticulata.

12) The A fields traverse the crus cerebri in a certain area 
and feed the substantia nigra with fibres from the medial 
tip of the globus pallidus.

13) The A fields and fibres of the crus cerebri contribute to 
the fibre fields of the oral pars reticulata, which 
contains the strionigral fascicularis of the Vogt's and 
the corticonigral/nigrolenticular pathways.

14) Fibres of the oral pars reticulata end in the nigra and 
a few exit to the medial lemniscus (pes lemniscus 
intermedius).

15) Dorsal and caudal to the A fields, fibre bundles traverse 
the crus cerebri and can be followed into the globus 
pallidus and differ from the A fields by having:
i) a relative lack of grey matter and
ii) large calibre fibres
Anteriorly they feed the substantia nigra and posteriorly 
construct the caudal pars reticulata.
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The pathological diagnosis of a movement disorder starts with 
a consideration of the clinical features and diagnosis. 
Although this may be useful it is far from infallible and many 
would consider the pathological diagnosis to be the gold 
standard. Striatonigral degeneration is notoriously difficult 
to distinguish from Parkinson's disease during life and up to 
50% of cases are not successfully diagnosed (Fearnley and 
Lees, 1990) . The hallmark of progressive supranuclear palsy is 
the ocular palsy, but this may be absent and occurs in other 
multisystem degenerative disorders (Lees,1987). Also, there 
were cases in this thesis with inadequate documentation. 
Accordingly, for the sake of brevity, only the pathological 
criteria will be discussed.

Bl Parkinson's disease

Macroscopically, there is pallor of the substantia nigra and 
locus coeruleus. The corpus striatum and globus pallidus 
should be normal.

Microscopically in the substantia nigra, there is neuronal 
loss, free pigment and gliosis. Essential for diagnosis of PD 
is the presence of Lewy bodies in the nigra with a frequency 
of at least 1 in every 330 pigmented neurons (Gibb,1989).
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Neuronal loss and Lewy bodies are also found in the locus 
coeruleus, dorsal motor vagal nucleus, nucleus basalis of 
Meynert and possibly in other areas outlined in section 1.4.2, 
page 94. Lewy bodies may also occur in other disorders. 
Therefore, there should be an absence of additional pathology 
and in particular the corpus striatum, globus pallidus and 
olivopontocerebellar system should be normal.

B2 Striatonigral degeneration

Macroscopically, there is pallor of the substantia nigra and 
locus coeruleus. Typically, the putamen is shrunken and 
discoloured. In mild cases, putaminal shrinkage may only be 
apparent on direct measurement with a surface area of less 
than 100mm2 at the level of the anterior commissure in the 
coronal plane (Fearnley and Lees,1990).

Microscopically, examination of the nigra reveals neuronal 
loss, free pigment and gliosis. In less than 10% of cases 
Lewy bodies are present. In the putamen there is loss of 
large and small neurons with gliosis and pigmentation. 
Similar, but less severe changes are seen in the caudate 
nucleus and globus pallidus. In mild cases, the striatal 
changes may only be apparent in the dorsolateral putamen, 
posteriorly. There is variable involvement of the
olivopontocerebellar system.



B3 Progressive supranuclear palsy
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Macroscopically, there is pallor of the substantia nigra and 
locus coeruleus. Other changes are found less frequently 
atrophy of the brainstem tectum and tegmentum with enlargement 
of the cerebral aqueduct. Additionally, there is shrinkage 
and pigmentation of the globus pallidus.

Microscopically in the nigra, there is neuronal loss, free 
pigment and neurofibrillary tangles. The tangles are more 
often globose than flame shaped. Involvement of the locus 
coeruleus and dorsal motor vagal nucleus may also be seen. 
Typically, there are tangles and neuronal loss in the globus 
pallidus, subthalamic nucleus, superior colliculi, 
periaqueductal grey, pontine nuclei, dentate nucleus, red 
nucleus, cranial nerve nuclei III, IV, VI, and XII, inferior 
olive, reticular formation and occasionally the corpus 
striatum and thalamus.
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Cl Controls
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Out of 198 control cases examined, 37 were suitable for 
regional morphometry. Clinical details are listed below.

NO. Age/Sex Illness and cause of death
4 21M Woolf-Parkinson White syndrome,cardiac failure

24 22F Status asthmaticus
27 29M Status asthmaticus

40 31M Pneumonia,pancreatitis,perforated peptic ulcer
12 44M Pulmonary embolus
6 47M Myocardial infarction

43 53F Septicaemia
44 54M Myocardial infarction
32 55M Carcinoma of the bronchus
17 56F Carcinoma of the colon
5 58M Myocardial infarction

29 58M Myocardial infarction
28 60F Multiple myeloma
41 61M Myocardial infarction
30 61F Ischaemic heart disease
34 65F Carcinoma of the larynx, pneumonia
20 65M Myocardial infarction
13 69F Pulmonary embolus
18 7 OF Ischaemic heart disease
2 70M Perforated duodenal ulcer

25 71M Ischaemic heart disease
35 75F Congestive cardiac failure
22 75M Ischaemic heart disease
26 77M Myocardial infarction, pneumonia
7 78M Myocardial infarction

31 79M Aortic stenosis, left ventricular failure
10 80F Ischaemic heart disease
14 81F Carcinoma of the stomach
38 81M Ischaemic heart disease
3 84F Pulmonary embolus, congestive cardiac failure

11 85F Renal infarct
36 86M Bronchopneumonia, carcinoma of the prostate
1 87M Pneumonia

21 89M Ischaemic heart disease
8 91F Pulmonary embolus

42 91M Bronchopneumonia, ischaemic heart disease
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C2 Incidental L e w  bodies

1 A 65 year old Austrian woman who died in Innsbruck of 
congestive cardiac failure secondary to mitral valve 
disease. No history of parkinsonism or dementia.

2 A 78 year old man who lived alone in his own home and 
could take care of himself. He died in hospital of a 
myocardial infarct after a three month history of angina. 
He had no neurological symptoms and neither the family 
doctor nor the attending physicians noted any 
parkinsonian features.

3 An 80 year old Austrian woman who died in Innsbruck of 
acute renal failure and left ventricular failure with a 
history of hypertension and myelodysplasia. No features 
of dementia or parkinsonism.

4 An 80 year old man who died of a myocardial infarct 
preceded by a 1 month history of carcinomatosis.
In the past, he was known to have systolic hypertension 
(BP 180/80), which did not warrant treatment. He had 
been of good health and able to climb a flight of stairs. 
However, while on holiday in Gibraltar he developed 
swelling of his legs and abdomen. He was found to have 
an enlarged nodular liver and was admitted for 
investigation. He was rapidly losing weight with 
increasing debility. He became breathless on exertion 
and was just.able to walk with a stick. No parkinsonian 
features were noted at any time. Within 6 days of 
admission, he suddenly deteriorated and died. At autopsy 
he was found to have an old anterior myocardial infarct 
and recent thrombosis of the right coronary artery. A 
carcinoma of the prostate was found with metastatic 
tumour in the liver, para-aortic and hilar lymph nodes.

5 This 81 year old female died of a pulmonary embolus from 
a femoral vein thrombosis after a 2 month history of a 
bleeding gastric ulcer.
The patient had osteoarthritis and was taking a non
steroidal anti-inflammatory drug. Her son did most of 
the household chores, although she could climb a flight 
of stairs before she became to breathless. At no point 
was she noted to have any parkinsonian features. She was 
admitted after presenting with haematemesis and melaena. 
Endoscopy revealed a bleeding gastric ulcer and she was 
treated conservatively. She continued to bleed and a 
gastrectomy was performed. She mobilised slowly, but 
from the nursing notes she was still anorexic, nauseous
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and her left leg was swollen. She was fit enough to be 
sent home, but returned 1 month later with further 
haematemesis. Erosive gastritis was found on endoscopy 
and 8 days later she suddenly died of a pulmonary 
embolus.

6 An 82 year old female with a past history of taboparesis 
(diagnosed at the age of 49) and recurrent pulmonary 
emboli at the age of 80. She was found at home 
unconscious and was admitted to hospital where she 
regained consciousness. However, she died twelve days 
later after developing a pneumonia. At autopsy, evidence 
was found of a subarachnoid haemorrhage secondary to 
rupture of a posterior inferior cerebellar Berry 
aneurysm. The brainstem was macroscopically and 
microscopically normal except for the presence of Lewy 
bodies in the substantia nigra. The cord was atrophic 
compatible with taboparesis. There was no record of any 
parkinsonian features or recent deterioration of 
mobility.

7 An 75 year old man who died of a myocardial infarct after 
a 2 week history of unstable angina. He had suffered 
from angina for 8 years. His mobility was good and no 
parkinsonian features had been noted. He had also been 
treated for carcinoma of the prostate and bladder.



C3 Parkinson's disease
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;ase acre/sex dur. stacre svmDtoms cause of death

1 62F 2 II
initial

bBR
later
BR rectal carcinoma

2 68F 1.5 III D bBRT pneumonia
3 73M 10 IV bBR BR pneumonia
4 73F - - - - pneumonia
5 81M 6 Ill bT BRT -

6 78M 20 IV uBRT BRT -

7 80M 15 V uBR BRT -

8 76F 13 V uBR BR -

9 78M 15 V uT BRT pneumonia
10 77M - - - - pneumonia
11 64F 38 V uBR BRT sudden death
12 7 IF 17 IV uBRT BRT RTA,pneumonia
13 74M 6 IV bBR BR pneumonia
14 82F 29 V bT BRT -

15 87F 25 V uT BRT -

16 80M - - - - -

17 83F 12 Ill uT BRT -

18 71M 18 V uBR BRT myocardial infar<
19 73M 11 V uT BRT pneumonia
20 74M - - - - pneumonia

dur: duration of disease in years
stage: Hoehn and Yahr (1967) stage near death
clinical: u/b-uni and bilateral onset,

B-bradykines ia, D-dementia,
R-rigidity, T-tremor

N.B. Case 2 had diffuse Lewy body disease and Alzheimer's 
disease. She was prescribed a neuroleptic and became 
severely akinetic/rigid and succumbed from a pneumonia.



C4 Striatonigral degeneration

:ase acre/sex dur. staae svmotoms cause of death

1 67F 3 V
initial

uT
later
BRTFAV pneumonia

2 51M 4 IV A uBRCP -

3 78M 8 IV uBR BR±A pneumonia
4 72F 5 III uBR BRF pneumonia
5 56F 5 - bBR BRAC -

6 59F 10 - uBR BRA -

7 61F 10 IV/V BR BRTA -

8 64F 8 V uBR BRTFA -

9 62M 6 IV/V BR BRTAP pneumonia
10 68M 2 V BRF ±A pneumonia
11 43M 6 - A VPCBR cardiac arrest
12 66M 5 V A BRDXP ?cardiac arrest
13 65M 7 V A uBRTPV pulmonary embol
14 61M 5 V BRA BRAFC pneumonia
15 74F 6 - BR BRT pneumonia

dur: duration of disease in years
stage: Hoehn and Yahr (1967) stage near death
clinical: u/b-uni and bilateral onset, 

A-autonomic features,
B-bradykinesia,
C-cerebellar features,
D-dementia,
F-early falling,
P-pyramidal signs,
R- rigidity,
T-tremor,
V-velopharyngolaryngeal palsy,
X- dysarthrophonia/pseudobulbar palsy
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C5 Progressive supranuclear palsv

case acre/sex dur. stacre svmotoms cause of death
initial later

1 59M 4 V F SBNRCDX pneumonia
2 72F 8 V F SBNRPX pneumonia
3 75M 5 V X BNY+S pneumonia
4 79F 5 V BRF BRFCY -

5 79F 4 V F BRDXNP pneumonia
6 66F 9 - F SBXC -

7 66F 5 V F SBXC pneumonia
8 70M 2 - - - -

9 68F - - - - -

10 55F 6 V F SXBRP pneumonia
11 67F 6 - F SXNRCPD pneumonia
12 71M 6 - - - -
13 59F 4 V F SXBNDCP pneumonia
14 68M 4 — — — —

dur: duration of disease in years
stage: Hoehn and Yahr (1967) stage near death
clinical: B-bradykinesia,

C-cerebellar signs,
D-dementia,
F-falls,
N-axial rigidity,
P-pyramidal signs,
R-rigidity,
S-supranuclear gaze palsy,
T-tremor,
X-dysarthrophonia/pseudobulbar palsy, 
Y- blepharospasm



259
APPENDIX D MORPHOMETRY RESULTS

Dl Neuronal counts 2 60
Dl.l Ageing................................  260
D1.2 Incidental Lewy body cases........... 266
D1.3 Parkinson's disease..................  268
D1.4 Striatonigral degeneration........... 270
D1.5 Progressive supranuclear palsy......  272

D2 Age adjusted counts 274
D2.1 Incidental Lewy body cases........... 274
D2.2 Parkinson's disease..................  275
D2.3 Striatonigral degeneration........... 276
D2.4 Progressive supranuclear palsy......  277



Dl Neuronal counts
260

Nomenclature.
VM- ventromedial DM- dorsomedial
VI- ventro-intermediate DL- dorsolateral
VL- ventrolateral PL- pars lateralis
Counts.
Each region was counted twice and the average in ()

Dl. 1.1 Ageing cell body counts

No. Age VM VI VL DM DL PL
4 21 200 45 190 76 76 91

212 44 210 71 76 91
(206) (45) (200) (74) (76) (91)

24 22 182 53 224 93 111 138
186 55 208 93 105 135
(184) (54) (216) (93) (108) (137)

27 29 195 46 191 69 85 101
189 48 205 74 79 106
(192) (47) (198) (72) (82) (104)

40 31 164 46 171 83 84 87
178 46 185 83 91 95
(171) (46) (178) (83) (88) (91)

12 44 146 44 205 61 58 117
145 44 207 67 58 113
(146) (44) (206) (64) (58) (115)

6 47 172 43 198 46 50 68
180 45 202 50 50 62
(176) (44) (200) (48) (50) (65)

43 53 139 43 196 57 98 90
133 43 179 62 89 93
(136) (43) (188) (60) (94) (92)

44 54 189 44 178 87 85 111
179 45 184 87 83 111
(184) (45) (181) (87) (84) (111)

32 55 183 42 177 82 92 75
193 39 179 86 88 70
(188) (41) (178) (84) (90) (72)

computed.

Total

(692)

(692)

(695)

(657)

(633)

(583)

(613)

(692)

(653)
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5

29

28

30

41

20

34

13

2

18

25

22

35

261
56

58

58

60

61

61

65

65

69

70

70

71

75

75

177 45 189 76 89 85
167 48 186 73 87 90
(172) (47) (188) (75) (88) (88)
136 37 184 67 71 90
144 36 183 74 66 84
(140) (37) (184) (71) (69) (87)
152 36 163 62 56 67
157 37 171 58 59 67
(155) (37) (167) (60) (58) (67)
147 43 212 59 76 96
156 41 217 63 76 96
(152) (42) (215) (61) (76) (96)
152 40 176 69 68 86
148 39 177 69 62 85
(150) (40) (177) (69) (65) (86)
174 44 167 51 58 81
180 48 178 48 58 81
(177) (46) (173) (50) (58) (81)
88 34 148 32 56 49
88 33 146 32 50 49
(88) (34) (147) (32) (53) (49)
128 23 196 50 49 65
134 21 206 50 51 62
(131) (22) (201) (50) (50) (64)
192 53 183 66 92 109
184 49 190 70 100 115
(188) (51) (187) (68) (96) (112)
71 19 147 31 72 63
73 20 145 33 72 65
(72) (20) (146) (32) (72) (64)
149 48 203 68 46 101
155 47 197 74 42 99
(152) (48) (200) (71) (44) (100)
163 42 183 74 48 48
153 39 197 76 48 44
(158) (41) (190) (75) (48) (46)
122 39 169 51 38 75
126 39 170 49 36 70
(124) (39) (170) (50) (37) (73)
110 46 183 47 59 62
108 45 181 43 55 68
(109) (46) (182) (45) (57) (65)

(658)

(588)

(544)

(642)

(587)

(585)

(403)

(518)

(702)

(406)

(615)

(558)

(493)

(504)
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7

31

10
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3

11

36

1

21

8

42
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77

78

79

80

81

81

88 38 158 29 29 45
81 42 162 30 29 48
(85) (40) (160) (30) (29) (46) (390)
103 37 186 36 57 84
104 35 179 37 59 86
(104) (36) (183) (37) (58) (85) (503)
126 47 186 58 44 55
138 51 174 58 44 58
(132) (49) (180) (58) (44) (57) (520)
141 41 169 63 61 66
155 39 189 57 65 66
(148) (40) (179) (60) (63) (66) (556)
145 40 155 64 83 61
133 44 149 72 83 57
(139) (42) (152) (68) (83) (59) (543)
118 34 179 37 53 30
113 32 171 41 57 29
(116) (33) (175) (39) (55) (30) (448)

84 187 40 189 59 62 104
198 40 191 62 60 99
(193) (40) (190) (61) (62) (102) (648)

85 169 39 199 65 59 80
167 40 198 62 65 86
(168) (40) (199) (64) (62) (83) (616)

86 124 36 176 43 38 56
116 38 176 47 39 52
(120) (37) (176) (45) (39) (54) (471)

87 112 46 203 41 47 85
116 46 209 43 49 82
(114) (46) (206) (42) (48) (84) (540)

89 142 35 189 50 56 100
136 35 195 49 62 106
(139) (35) (192) (50) (59) (103) (578)

91 127 38 155 32 41 32
116 44 163 32 37 34
(122) (41) (159) (32) (39) (33) (426)

91 93 45 173 30 34 29
86 39 161 30 36 30
(90) (42) (167) (30) (35) (30) (394)
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31

44
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53

54

55

56

58

58

60
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Ageing nucleolus counts

VM VI VL DM DL PL Total
107 22 99 44 47 39
112 21 95 43 43 37
(110) (22) (97) (44) (45) (38) (356)
91 26 92 52 59 61
85 27 89 56 61 55
(88) (27) (91) (54) (60) (58) (378)
110 23 92 52 50 45
106 23 89 51 45 41
(108) (23) (91) (52) (48) (43) (365)
84 21 80 46 42 62
76 23 74 46 42 57
(80) (22) (77) (46) (42) (60) (327)
58 19 77 42 19 39
56 20 80 36 22 36
(57) (20) (79) (39) (21) (38) (254)
93 22 87 32 34 23
96 22 84 37 35 24
(95) (22) (86) (35) (35) (24) (297)
72 15 77 31 31 30
58 16 74 30 28 32
(65) (16) (76) (31) (30) (31) (249)
72 16 69 35 30 35
69 17 73 29 27 36
(71) (17) (71) (32) (29) (36) (256)
112 22 86 41 53 46
98 22 83 42 50 39

(105) (22) (85) (42) (52) (43) (349)
71 22 84 43 42 28
66 20 80 40 41 28
(69) (21) (82) (42) (42) (28) (284)
70 17 88 37 42 38
69 17 87 40 41 40
(70) (17) (88) (39) (42) (39) (295)
79 19 90 33 36 30
76 19 84 33 32 28
(78) (19) (87) (33) (34) (29) (280)
79 18 81 36 38 38
75 17 83 37 42 37
(77) (18) (82) (37) (40) (38) (292)



30

41
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34
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2

18
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22
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7

31

10
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61

61

65

65

69

70

70

71

75

75

77

78

79

80

70 16 79 46 33 37
66 16 85 41 35 34
(68) (16) (82) (44) (34) (36) (280)
90 23 75 29 28 28
84 24 80 24 29 26
(87) (24) (78) (27) (29) (27) (272)
44 13 67 17 27 14
42 14 63 18 28 16
(43) (14) (65) (18) (28) (15) (183)
85 8 83 35 27 22
83 8 91 34 29 21
(84) (8) (87) (35) (28) (22) (264)
81 27 104 33 46 55
82 26 105 33 50 59
(82) (27) (105) (33) (48) (57) (352)
35 14 66 26 46 28
35 21 63 23 42 27
(35) (18) (65) (25) (44) (28) (215)
68 19 83 43 18 39
69 17 80 43 25 39
(69) (18) (82) (43) (22) (39) (273)
75 15 82 30 20 21
72 13 83 32 23 19
(74) (14) (83) (31) (22) (20) (244)
54 10 61 27 22 26
53 11 60 27 19 26
(54) (11) (61) (27) (21) (26) (200)
59 19 67 23 30 24
52 20 68 25 27 24
(56) (20) (68) (24) (29) (24) (221)
34 15 77 19 21 15
33 16 78 19 15 13
(34) (16) (78) (19) (18) (14) (179)
44 16 71 20 26 33
44 16 71 19 25 32
(44) (16) (71) (20) (26) (33) (210)
70 24 77 29 21 16
70 21 75 32 19 16
(70) (23) (76) (31) (20) (16) (236)

57 12 81 28 29 24
65 12 86 32 26 25
(61) (12) (84) (30) (28) (25) (240)
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14 81 65 20 63 39 39 15

63 19 65 42 39 14
(64) (20) (64) (41) (39) (15)

38 81 84 17 80 18 32 14
80 17 78 25 35 13
(82) (17) (79) (22) (34) (14)

3 84 107 27 95 43 37 49
111 29 98 39 41 52
(109) (28) (97) (41) (39) (51)

11 85 70 23 73 39 28 40
76 22 73 40 30 40
(73) (23) (73) (40) (29) (40)

36 86 55 22 90 24 32 19
56 18 86 22 33 20
(56) (20) (88) (23) (33) (20)

1 87 76 20 84 33 22 49
74 17 85 36 25 48
(75) (19) (85) (35) (24) (49)

21 89 57 14 82 24 29 31
54 12 86 24 28 29
(56) (13) (84) (24) (29) (30)

8 91 45 21 64 17 10 12
46 22 66 17 12 12
(46) (22) (65) (17) (11) (12)

42 91 39 21 72 11 13 7
41 20 73 9 13 6
(40) (21) (73) (10) (13) (7)

(243)

(248)

(365)

(278)

(240)

(287)

(236)

(173)

(164)
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Dl. 2.1 Incidental Levy body case cell body co

No. Age VM VI VL DM DL PL
1 65 152 16 97 57 52 63

152 20 101 52 58 64
(152) (18) (99) (55) (55) (64)

2 78 110 10 73 55 47 55
126 11 78 45 48 56
(118) (11) (76) (50) (48) (56)

3 80 126 19 93 50 46 57
137 20 95 51 47 56
(132) (20) (94) (51) (47) (57)

4 80 118 16 65 42 45 28
110 17 60 39 42 29
(114) (17) (63) (41) (44) (29)

5 81 163 23 74 56 52 59
123 24 70 50 50 62
(143) (24) (72) (53) (51) (61)

6 82 130 16 81 47 44 47
124 18 80 53 37 49
(127) (17) (81) (50) (41) (48)

7 75 148 21 112 55 46 63
163 23 113 55 49 67
(156) (22) (113) (55) (48) (65)

Total

(443)

(359)

(401)

(308)

(404)

(364)

(459)
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Dl.2.2 Incidental Lewy body case nucleolus counts

NO. Age VM VI VL DM DL PL
1 65 90 12 53 34 43 35

89 12 54 33 43 37
(90) (12) (54) (34) (43) (36)

2 78 58 7 41 30 23 19
57 8 39 29 30 20
(58) (8) (40) (30) (27) (20)

3 80 55 8 38 24 24 26
54 9 38 25 23 24
(55) (9) (38) (25) (24) (25)

4 80 47 4 29 22 19 12
49 5 35 20 20 11
(48) (5) (32) (21) (20) (12)

5 81 64 13 38 33 35 26
74 12 42 35 34 25
(70) (13) (40) (34) (35) (26)

6 82 53 9 33 25 24 25
51 9 35 23 22 24
(52) (9) (34) (24) (23) (25)

7 75 87 10 54 35 31 49
87 10 55 35 31 47
(87) (10) (55) (35) (31) (48)

Total

(269)

(183)

(151)

(148)

(218)

(167)

(266)
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Dl.3 Parkinson's disease cell body counts

NO. Age VM VI VL DM DL PL Total
1 62F 67 5 30 33 32 67

67 5 30 35 32 64
(67) (5) (30) (34) (32) (66) (234)

2 68M 134 23 78 65 56 45
132 24 77 68 55 44
(133) (24) (78) (67) (56) (45) (403)

3 73M 73 16 22 38 31 36
67 16 24 38 31 32
(70) (16) (23) (38) (31) (34) (212)

4 73F 125 5 12 51 31 54
138 5 13 57 36 52
(132) (5) (13) (54) (34) (53) (291)

5 81M 121 17 48 42 32 30
125 17 50 43 31 31
(123) (17) (49) (43) (32) (31) (295)

6 78M 29 0 0 26 41 26
30 0 0 27 41 25
(30) (0) (0) (27) (41) (26) (124)

7 80M 18 0 10 14 12 27
19 0 10 14 12 27
(19) (0) (10) (14) (12) (27) (83)

8 76F 15 0 0 21 16 24
16 0 0 22 16 24
(16) (0) (0) (22) (16) (24) (78)

9 78M 30 0 2 16 13 5
36 0 2 16 13 3
(33) (0) (2) (16) (13) (4) (68)

10 77M 6 2 7 25 16 18
6 2 7 25 18 17
(6) (2) (7) (25) (17) (18) (75)

11 64F 9 0 0 19 9 8
16 0 0 17 9 8
(12) (0) (0) (18) (9) (8) (47)

12 71F 7 1 13 18 19 7
8 1 13 18 18 7
(8) (1) (13) (18) (19) (7) (66)

13 74M 34 8 22 37 37 49
38 8 22 40 39 49
(36) (8) (22) (39) (38) (49) (192)
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14 82F 2 0 0 12 11 11

2 0 0 12 11 13
(2) (0) (0) (12) (11) (12) (37)

15 87F 3 0 0 28 17 18
3 0 0 34 16 19
(3) (0) (0) (31) (17) (19) (70)

16 80M 33 0 8 34 29 34
32 0 8 34 30 35
(33) (0) (8) (34) (30) (35) (140)

17 83F 21 2 3 28 23 13
21 2 3 30 23 14
(21) (2) (3) (29) (23) (14) (92)

18 71M 9 0 4 17 22 24
8 0 4 18 22 25
(9) (0) (4) (18) (22) (25) (78)

19 73M 8 2 11 19 21 30
7 2 11 21 24 36
(8) (2) (11) (20) (23) (33) (97)

20 74M 11 0 0 15 15 15
13 0 0 15 15 15
(12) (0) (0) (15) (15) (15) (57)
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D1.4 Striatonigral degeneration cell body counts

NO. Age VM VI VL DM DL PL
1 61F 65 5 11 24 16 16

66 5 10 25 13 15
(66) (5) (11) (25) (15) (16)

2 51M 26 1 2 18 11 15
25 1 2 22 12 15
(26) (1) (2) (20) (12) (15)

3 78M 72 2 4 30 28 34
75 2 3 31 29 34
(74) (2) (4) (31) (29) (34)

4 72F 80 17 14 39 19 18
84 17 14 38 19 18
(82) (17) (14) (39) (19) (18)

5 56F 10 0 0 5 2 2
10 0 0 3 2 2
(10) (0) (0) (4) (2) (2)

6 59F 14 0 0 5 4 3
14 0 0 5 4 3
(14) (0) (0) (5) (4) (3)

7 61F 3 0 1 8 5 4
3 0 1 6 5 4
(3) (0) (1) (7) (5) (4)

8 64F 56 5 3 17 9 12
58 5 3 17 11 13
(57) (5) (3) (17) (10) (13)

9 62M 47 4 1 26 3 4
49 4 1 26 6 4
(48) (4) (1) (26) (5) (4)

10 68M 14 0 0 10 9 4
14 0 0 10 9 2
(14) (0) (0) (10) (9) (3)

11 43M 13 0 2 4 4 7
13 0 2 3 5 9
(13) (0) (2) (4) (5) (8)

12 66M 42 3 4 32 10 24
46 3 4 34 11 23
(44) (3) (4) (33) (11) (24)

13 65M 8 0 10 12 35 29
7 0 11 16 33 31
(8) (0) (11) (14) (34) (30)

Total

(138)

(76)

(174)

(189)

(18)

(26)

(20)

(105)

(88)

(36)

(32)

(119)

(97)
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14 61M 43 0 3 25 29 6

40 0 3 28 24 9
(42) (0) (3) (27) (27) (8) (107)

15 74F 19 0 1 15 20 15
19 0 1 16 20 11
(19) (0) (1) (16) (20) (13) (69)
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D1.5 Progressive supranuclear palsy cell body counts

Total

(152)

(128)

(96)

No. Age VM VI VL DM DL PL
1 59M 14 7 94 9 13 16

13 9 89 11 11 16
(14) (8) (92) (10) (12) (16)

2 72F 10 10 63 7 12 24
11 9 62 7 12 25
(11) (10) (63) (7) (12) (32)

3 75M 32 5 19 11 3 27
30 5 21 11 3 25
(31) (5) (20) (11) (3) (26)

4 79F 3 2 12 3 5 5
3 2 14 3 5 5
(3) (2) (13) (3) (5) (5)

5 79F 15 5 21 3 8 24
15 7 22 5 6 25
(15) (6) (22) (4) (7) (25)

6 66F 26 10 22 12 9 4
30 11 21 12 7 4
(28) (11) (22) (12) (8) (4)

7 66F 7 2 19 9 8 2
8 2 21 9 8 2
(8) (2) (20) (9) (8) (2)

8 70M 29 8 46 14 14 36
34 8 45 16 14 38
(32) (8) (46) (15) (14) (37)

9 68F 9 4 17 14 9 27
9 4 17 15 9 29
(9) (4) (17) (15) (9) (28)

10 55F 3 2 14 6 8 15
3 2 15 6 8 15
(3) (2) (15) (6) (8) (15)

11 67F 18 10 31 7 6 29
18 9 312 7 6 29
(18) (10) (32) (7) (6) (29)

12 71M 10 4 36 10 13 25
10 4 37 10 15 25
(10) (4) (37) (10) (14) (25)

13 59F 33 10 69 11 23 33
34 8 62 11 24 35
(34) (9) (66) (11) (24) (34)

(31)

(79)

(85)

(49)

(152)

(82)

(49)

(102)

(100)

(178)
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14 68M 30 10 38 11 14 19

33 9 40 10 15 20
(32) (10) (39) (11) (15) (20) (127)



274
D2 Age adjusted counts

To correct the neuronal counts for age, the normal total and 
regional counts were calculated for each case using the 
regression equations derived from the 36 control cases, see 
appendix Dl.l and table 3.2. The age adjusted count was 
neuronal count expressed as a percentage of the normal count:

normal count = b - m x age 
age adjusted count = (observed count/normal count) xlOO%

D2.1.1 Incidental Lewy body case cell body counts

No. VM VI VL DM DL PL Total
1 104% 47% 54% 94% 108% 101% 78%
2 89% 30% 43% 78% 112% 102% 68%
3 102% 54% 53% 102% 113% 109% 77%
4 88% 46% 36% 82% 106% 56% 59%
5 111% 65% 41% 108% 125% 119% 79%
6 99% 46% 46% 103% 102% 95% 71%
7 115% 59% 63% 104% 108% 117% 86%

D2.1.2 Incidental Lewy body case nucleolus counts

NO. VM VI VL DM DL PL Total
1 128% 63% 67% 103% 132% 148% 101%
2 92% 44% 52% 105% 96% 102% 75%
3 88% 50% 49% 90% 87% 101% 63%
4 77% 28% 41% 76% 109% 64% 62%
5 114% 72% 52% 124% 128% 141% 92%
6 86% 50% 44% 89% 85% 138% 71%
7 134% 54% 70% 119% 106% 111% 107%
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D2.2 Parkinson1s disease cell body counts

NO. VM VI VL DM DL PL Total
1 45% 13% 16% 57% 61% 101% 40%
2 93% 63% 42% 118% 114% 74% 72%
3 51% 42% 13% 71% 68% 59% 39%
4 96% 13% 7% 100% 74% 93% 54%
5 95% 46% 28% 87% 78% 60% 57%
6 23% 0% 0% 53% 96% 49% 24%
7 15% 0% 6% 28% 29% 52% 16%
8 24% 0% 0% 40% 36% 44% 15%
9 25% 0% 1% 31% 30% 8% 13%

10 5% 5% 4% 46% 39% 33% 14%
11 8% 0% 0% 31% 17% 13% 8%
12 6% 3% 7% 33% 40% 12% 12%
13 26% 21% 12% 73% 84% 87% 36%
14 2% 0% 0% 25% 27% 24% 7%
15 2% 0% 0% 68% 46% 40% 14%
16 25% 0% 5% 68% 72% 67% 27%
17 17% 5% 2% 60% 58% 28% 18%
18 6% 0% 2% 31% 47% 43% 14%
19 6% 5% 6% 37% 50% 58% 18%
20 9% 0% 0% 28% 33% 27% 11%
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D2.3 Striatonigral degeneration cell body counts

No. VM VI VL DM DL PL Total
1 46% 13% 6% 44% 30% 26% 25%
2 16% 3% 1% 30% 20% 20% 12%
3 56% 5% 2% 60% 68% 63% 33%
4 61% 45% 8% 70% 41% 31% 35%
5 6% 0% 0% 6% 4% 3% 3%
6 9% 0% 0% 8% 7% 4% 4%
7 2% 0% 0% 12% 10% 6% 4%
8 39% 13% 2% 29% 19% 20% 18%
9 32% 10% 0% 43% 9% 6% 15%

10 10% 0% 0% 18% 18% 5% 6%
11 8% 0% 1% 6% 8% 10% 5%
12 30% 8% 2% 57% 22% 38% 21%
13 6% 0% 6% 24% 67% 48% 17%
14 28% 0% 2% 44% 51% 12% 18%
15 14% 0% 1% 30% 44% 23% 13%
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D2.4 Progressive supranuclear palsy cell body counts

NO. VM VI VL DM DL PL Total
1 9% 20% 49% 16% 22% 24% 26%
2 8% 26% 35% 17% 26% 42% 24%
3 23% 13% 11% 21% 7% 46% 18%
4 2% 5% 7% 6% 12% 9% 6%
5 11% 16% 12% 8% 17% 47% 15%
6 19% 29% 12% 21% 16% 6% 15%
7 6% 5% 11% 16% 16% 3% 9%
8 23% 21% 25% 27% 29% 61% 27%
9 6% 10% 9% 26% 19% 47% 15%

10 2% 5% 8% 9% 14% 21% 8%
11 12% 26% 17% 12% 12% 46% 18%
12 7% 10% 20% 18% 29% 42% 18%
13 22% 23% 36% 18% 44% 50% 30%
14 23% 26% 21% 20% 31% 33% 23%



APPENDIX E GRAPHS

El Control counts versus Age

E2 Parkinson's disease counts versus Age

E3 Parkinson's disease age adjusted counts
versus Symptom duration



El. Control counts versus Age
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VI REGIONAL COUNT (Cell body) vs AGE
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VL REGIONAL COUNT (Cell body) vs AGE
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DM REGIONAL COUNT (Cell body) vs Age
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DL REGIONAL COUNT (Cell body) vs AGE
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PL REGIONAL COUNT (Cell body) vs AGE
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E2. Parkinson's disease counts versus Age

Parkinson's disease counts- closed circles 
Control counts- open circles
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E3. Parkinson's disease age adjusted counts versus Symptom duration
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