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ABSTRACT

The main lesion in Parkinson’s disease is the loss of the dopaminergic nigrostriatal 

pathway, causing a multitude o f ‘downstream’ changes in neuronal activity within the 

basal ganglia. We set out to investigate this by measuring mRNA expression for 

neurotransmitters or regulatory enzymes within the basal ganglia by quantitative 

autoradiographic in situ hybridisation.

The striatal intemeurons generally express the neurotransmitters GABA, or 

somatostatin and nitric oxide, or acetylcholine. They interact with both striatal afferents 

and efferents and therefore could exert an important integrative role over the activity of 

the basal ganglia. These neurotransmitters are also found in other areas of the basal 

ganglia potentially subject to PD-induced changes in activity but have been little studied. 

mRNA expression for these neurotransmitters or their synthetic enzymes was therefore 

measured within the basal ganglia, including the striatum.

Flash frozen post mortem material from human patients with Parkinson’s disease 

or no neurological disorder, and unilaterally MPTP-lesioned vervets was available for 

study. Using cerebellar pH values as an indirect measure of agonal state, a correlation 

with mRNA preservation was observed which proved to be useful for creating analogous 

patient groups for study.

We detected decreased glutamate decarboxylase (GABA) mRNA in the external 

globus pallidus and increased nitric oxide synthase mRNA within the subthalamic nucleus 

as predicted from animal models. Increased nitric oxide and somatostatin were observed 

within the medial medullary lamina which could interact with the nigrostriatal pathway. 

Striatal intemeuronal neurotransmitter expression varied in a regional manner dependent
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on the neurotransmitter investigated. Decreased GABA was observed in the internal 

globus pallidus in opposition to the predicted increase, possibly due to the patients 

exhibiting 1-DOPA induced dyskinesias.

This study shows that in situ hybridisation can provide important insights into 

neurotransmitter expression in post mortem material and hence the pathophysiology of 

Parkinson’s disease.

3



ACKNOWLEDGEMENTS

The work of this thesis was made possible by the encouragement, guidance and 

support of my supervisor Dr. Oliver Foster and Ms. Ann Kingsbury. I wish to 

acknowledge Ann’s technical guidance in the process of in situ hybridisation, the 

efficiency of her teaching, her photographic ability and her patience.

I wish to thank the co-directors of the Parkinson’s Disease Society Brain Research 

Centre, Professor C. David Marsden and Dr. Andrew Lees as well as those who work 

there for their generosity in welcoming me into their laboratory and making it a most 

enjoyable time, including Hardev Sangha, Joan Pickering, Linda Elliot, Louise Hewson, 

Paul Carter and Rita Nani. I would also like to thank Dr. Susan Daniel for her 

neuropathological confirmation of the patient’s conditions and Susan Stoneham for her 

photographic expertise. I am indebted to Dr. Angus Nisbet for initiating some of the 

studies which I have completed in this work. The statisticans at the Institute of 

Neurology were also invaluable with their guidance on interpretating the data.

The efficient running and collecting of brain tissue within the Parkinson’s Disease 

Society Brain Research Centre meant that there was a good supply of tissue available for 

study from both controls and parkinsonian patients. I would also like to thank Doctor 

James Temlett at the University of the Witwatersrand Medical School, South Africa for 

the provision of MPTP-treated vervet materal as an animal model of Parkinson’s disease.

My thanks go out to Dorrie Parsche for her entertaining discussions and 

sustenance during the long days of this work. I would also like to thank the support of 

my family and friends and their never waning belief in my abilities. I am also indebted to 

The Wellcome Trust for funding this project.

4



TABLE OF CONTENTS

ABSTRACT 2

ACKNOWLEDGEMENTS 4

TABLE OF CONTENTS 5

LIST OF TABLES 14

LIST OF FIGURES 15

LIST OF ABBREVIATIONS 18

Chapter 1: INTRODUCTION 20

1.1 Parkinson's Disease 20

1.2 Neuropathology of Parkinson’s Disease 21

1.3 Possible causes of Parkinson’s Disease 23

1.4 Anatomy of the basal ganglia 28

1.4.1 The striatum 28

1.4.2 The globus pallidus 32

1.4.3 The subthalamic nucleus 33

1.4.4 The substantia nigra 3 5

1.4.5 Basal ganglia loops 38

5



1.5 Possible treatments for PD 42

1.5.1 Chemical intervention 42

1.5.2 Surgical intervention 44

1.6 Animal models of PD 48

1.6.1 6-hydroxydopamine (6-OHDA) 48

1.6.2 MPTP 49

1.6.3 Other models 51

1.7 Neurotransmitters of the basal ganglia: an introduction 52

1.7.1 Dopamine 53

1.7.2 Glutamate 57

1.7.3 Enkephalin and substance P 59

1.7.4 GABA 59

1.7.5 Somatostatin 60

1.7.6 Nitric oxide 60

1.7.7 Acetylcholine 61

1.8 Techniques 61

1.8.1 In situ hybridisation histochemistry (ISHH) 62

1.8.1.1 Why In situ hybridisation? 62

1. 8 . 1.2 How does in situ hybridisation work? 63

1.8.1.3 Factors affecting ISHH 64

1.8.1.4 Types of probes available for ISHH 65

1.8.2 Northern hybridisation (NH) 68

1.9 Rationale for studies 69

6



Chapter 2: MATERIALS AND METHODS 71

2.1 Brain Tissue 71

2.1.1 Tissue Matching 72

2.1.2 Brain Removal and storage 75

2.1.3 Vervet material 76

2.1.4 Pathological confirmation of PD 77

2.2 Sources for chemicals 77

2.3 Preparation of solutions for ISHH 81

2.3.1 Flash-frozen tissue pretreatment 82

2.3.2 Probe preparation 83

2.3.3 Hybridisation solutions 84

2.3.4 Hybridisation wash solutions 85

2.3.5 Histological staining 85

2.3.6 RNA extraction 85

2.3.7 Gel electrophoresis 87

2.3.8 Blot staining 88

2.3.9 Northern hybridisation 89

2.3.10 Pilot studies 90

2.3.10.1 Wax-embedded tissue pretreatment 90

2.3.10.2 Non-radioactive ISHH 90

2.4 General Methodology 92

2.4.1 Subbing of slides 92

2.4.2 Choosing a probe sequence 92

2.4.3 Probe labelling 94

7



2.4.3.1 Choosing a label 94

2.4.3.2 Labelling of probe 94

2.4.3 Flash frozen tissue pretreatment 99

2.4.4 In Situ hybridisation 99

2.4.4.1 Hybridisation solution 99

2.4.4.2 Hybridisation 99

2.4.4.3 Post hybridisation washing 99

2.4.5 Autoradiography 100

2.4.5.1 Autoradiography of section 100

2.4.5.2 Emulsion dipping of slides 100

2.4.5.3 Developing emulsion-dipped sections 101

2.4.5.4 Staining slides (following emulsion) 101

2.5 Validation of probe specificity & northern hybridisation 102

2.5.1 Cold excess 102

2.5.2 Northern hybridisation 103

2.5.2.1 RNA extraction 103

2.5.2.2 Gel electrophoresis 105

2.5.2.3 Blotting 106

2.5.2.4 Methylene blue staining 107

2.5.2.5 Northern hybridisation 107

2.6 Quantitation 109

2.6.1 Image analysis 109

2.6.2 Statistics 111

8



2.7 Pilot Studies 113

2.7.1 Pilot vervet studies 113

2.7.2 Alternative probe separation and purification techniques 113

2.7.2.1 Wizard DNA clean-up system 113

2.1.22 Sephadex gel 114

2.7.3 Use of wax-embedded tissue for ISHH 115

2.7.4 Combined radioactive and non-radioactive ISHH 116

Chapter 3: mRNA PRESERVATION AND AGONAL STATE 119

3.1 Introduction 119

3.2 Methods 121

3.2.1 pH measurement 121

3.2.2 In situ hybridisation 121

3.3 Results 123

3.3.1 In situ hybridisation 123

3.3.2 RNA extraction and northern hybridisation 123

3.4 Discussion 124

3.5 Conclusions 129

Chapter 4: BASAL GANGLIA SOMATOSTATIN mRNA EXPRESSION 131

4.1 Introduction 131

4.2 Application of general methods 137

4.3 Results 138

4.3.1 Distribution of SS mRNA in control basal ganglia 138

9



4.3.2 SS mRNA expression in PD 143

4.3.3 Primate studies 149

4.4 Discussion 149

4.4.1 Putaminal SS mRNA expression 154

4.4.2 RTN expression of SS mRNA 161

4.4.3 MML expression in SS mRNA 162

4.5 Conclusions 167

Chapter 5: BASAL GANGLIA NITRIC OXIDE SYNTHASE mRNA

EXPRESSION 168

5.1 Introduction 168

5.2 Application of general methods 176

5.3 Results 177

5.3.1 NOS expression within the subthalamic nucleus 177

5.3 .2 NOS expression within the putamen 181

5.3.3 NO S expression within the MML 181

5.4 Discussion 184

5.4.1 NOS mRNA expression in the STN 184

5.4.2 NOS mRNA expression in the MML 192

5.4.3 NOS mRNA expression in the striatum 196

5.5 Conclusions 198

10



Chapter 6: BASAL GANGLIA CHOLINE ACETYLTRANSFERASE

mRNA EXPRESSION 199

6.1 Introduction 199

6.2 Application of general methods for studying ChAT mRNA expression

204

6.3 Results 206

6.3.1 Distribution of ChAT mRNA in control basal ganglia 206

6.3.2 ChAT mRNA expression in PD 207

6.3.3 ChAT mRNA in PD patients treated with anticholinergic drugs

213

6.3.4 ChAT mRNA in MPTP-lesioned vervets 215

6.4 Discussion 219

6.4.1 ChAT mRNA expression in the MPTP-treated vervet model of PD

219

6.4.2 Striatal ChAT mRNA in PD 222

6.4.3 Effect of anticholinergic drug treatment on striatal ChAT mRNA

in PD 224

6.4.4 Other potential influences on ChAT expression 225

6.5 Conclusions 231

Chapter 7: BASAL GANGLIA GAD65 AND GAD67 mRNA EXPRESSION

232

7.1 Introduction 232

11



7.2 Application of general methods 238

7.2.1 Glutamate Decarboxylase 65 (GAD65) 238

7.2.2 Glutamate Decarboxylase 67 (GAD67) 239

7.3 Results 240

7.3.1 GAD65 240

7.3.1.1 GAD65 mRNA in control striatum 240

7.3.1.2 GAD65 mRNA in PD striatum 243

7.3.1.3 GAD65 mRNA expression in control globus pallidus

248

7.3.1.4 GAD65 mRNA expression in PD globus pallidus 248

7.3.2 GAD67 250

7.3.2.1 Subthalamic expression of GAD67 250

7.4 Discussion 253

7.4.1 GAD expression in the striatum 254

7.4.2 GAD expression in the GP 257

7.4.3 Role of GABA in dyskinesia 259

7.5 Conclusions 261

Chapter 8: GENERAL DISCUSSION 263

8.1 In Situ hybridisation histochemistry 263

8.2 Interpretation of our data 265

8.3 The MPTP-treated vervet 274

8.4 Implications for models of basal ganglia function 275

8.5 Proposals for further work 277

12



8.6 Overall Conclusions

REFERENCES

PUBLICATIONS ARISING FROM THIS THESIS



IJST OF TABLES

Table 1.1 Melt temperatures for the probes utilised 66

Table 2.1 Patient characteristics 73

Table 2.2 Clinical details for Parkinson’s disease cases 74

Table 4.1 SS mRNA expression within the human basal ganglia 147

Table 4.2 SS mRNA expression within the vervet basal ganglia 150

Table 6.1 ChAT mRNA expression within the human basal ganglia 209

Table 6.2 ChAT mRNA expression within the vervet basal ganglia 216

Table 7.1 GAD65 mRNA expression within the human basal ganglia 244

14



LIST OF FIGURES

Figure 1.1 The synthesis and catabolism of DA 24

Figure 1.2 The anatomy of the basal ganglia 29

Figure 1.3 Simplified wiring diagram of the Basal ganglia 40

Figure 1.4 Simplified depiction of the probable neurotoxic pathway of MPTP 50

Figure 2.1 Example of SS mRNA labelling in vervet tissue 78

Figure 2.2 Effect of 50 x cold excess on ChAT mRNA in the human putamen 104

Figure 3.1 RNA blot demonstrating degree of preservation 125

Figure 3.2 Northern blots for b-tubulin and Aldolase C 126

Figure 4.1 Northern hybridisation of SS mRNA 139

Figure 4.2 Reverse phase autoradiographic image of human SS mRNA expression

141

Figure 4.3 SS mRNA expression at the cellular level in the human basal ganglia 142

Figure 4.4 Schematic diagram of SS mRNA expression in human basal ganglia 144

Figure 4.5 Graphical representation of SS mRNA expression in the human basal ganglia

145

Figure 4.6 Frequency histogram of SS mRNA expression in the human MML 148

Figure 4.7 Schematic diagram of SS mRNA expression in vervet basal ganglia 151

Figure 4.8 Graphical representation of SS mRNA expression in the vervet basal ganglia

152

Figure 5.1 A simplified portrayal of NO synthesis and its potential role in excitotoxicity

170

Figure 5.2 NOS mRNA expression in the dorsal STN 178



Figure 5.3 NOS mRNA expression in putamen 179

Figure 5.4 NOS mRNA expression in the MML 180

Figure 5.5 Frequency histograms of NOS mRNA expression in subregions of the human 

STN 180

Figure 5.6 Frequency histogram of NOS mRNA expression in the human striatum 183

Figure 5.7 Frequency histogram of NOS mRNA expression in the human MML 185

Figure 5.8 Schematic diagram of NOS mRNA expression in the human basal

ganglia 186

Figure 5.9 Graphical representation of NOS mRNA expression in the human basal

ganglia 187

Figure 5.10 Basal ganglia connections in PD patients 191

Figure 5 .11 Tyrosine hydroxylase immunoreactivity in human basal ganglia. 194

Figure 6.1 ChAT mRNA expression in the human basal ganglia 208

Figure 6.2 Schematic diagram of ChAT mRNA expression in the human basal

ganglia 211

Figure 6.3 Graphical representation of ChAT mRNA expression in the human basall

ganglia 212

Figure 6.4 Frequency histogram of ChAT mRNA expression in the human striatum

214

Figure 6.5 Schematic diagram of ChAT mRNA expression in vervet basal ganglia 217 

Figure 6.6 Graphical representation of ChAT mRNA expression in the vervet basall

ganglia 218

Figure 7.1 Synthesis and catabolism of GABA 233

Figure 7.2 GAD65 mRNA expression in putamen 241

16



Figure 7.3a GAD65 mRNA expression in the external and internal globus pallidus

242a

Figure 7.3b GAD65 mRNA expression in the external and internal globus pallidus

242b

Figure 7.4 Schematic diagram of GAD65 mRNA in the human basal ganglia 245 

Figure 7.5 Graphical representation of GAD65 mRNA expression within the human 

basal ganglia 246

Figure 7.6 GAD65 mRNA expression in the striatum 247

Figure 7.7 GAD65 mRNA expression in the globus pallidus 249

Figure 7.8 Schematic diagram of GAD67 mRNA expression in the human basal ganglia

251

Figure 7.9 Graphical representation of GAD67 mRNA expression in the human basal 

ganglia 252

17



LIST OF ABBREVIATIONS

6-OHDA 6-hydroxydopamine
A adenine
ACh acetylcholine
AChE acetylcholinesterase
AMPA a-amino-3-hydroxy-5-methyl-4-isoxazole-4-propionic acid
ANOVA analysis of variance
APES 3-aminopropyltriethoxy silane
ATP adenosine triphosphate
cAMP cyclic adenosine monophosphate
cDNA complementary deoxyribonucleic acid
C cytosine
ChAT choline acetyltransferase
CSF cerebrospinal fluid
dATP 2-deoxyadenosine 5'-triphosphate
DA dopamine
DEPC diethylpyrocarbonate
DOPAC dihydroxyphenylacetic acid
DTT dithreothreitol
EDTA ethylenediamine tetraacetic acid
G guanine
GABA y-aminobutyric acid
GAD glutamate decarboxylase
GC guanosine-cytosine
GPe external globus pallidus
GPi internal globus pallidus
HVA homovanillic acid
IMS industrial methylated spirits
EP3 inositol triphosphate
IPD idiopathic Parkinson’s diesease
ISHH in situ hybridisation histochemistry
MAO monoamine oxidase
MK-801 (+)-5-methyl-10, 11 -dihydro-5H-dibenzo[a,d]cyclohepten-5, 10- 

imine (dizocilpine)
MML medial medullary lamina
MOPS 3-[n-morpholino]propane-sulfonic acid
MPP+ l-methyl-4-phenylpyridinium ion
MPTP l-methyl-4-phenyl-l,2,3,6-tetrahydropyridine
mRNA messenger ribonucleic acid
NH northern hybridisation
NMDA N-methyl D-aspartate
N O nitric oxide (free radical)
NO+ nitrosonium ion
NOS nitric oxide synthase
NPY neuropeptide Y
•OH hydroxyl free radical

18



ONOO peroxynitrite
PBS phosphate buffered saline
PET positron emission tomography
PPE preproenkephalin
PPN pedunculopontine nucleus
PPT preprotachykinin
RMM relative molecular mass
RTN reticular thalamic nucleus
SDS sodium dodecylsulfate/lauryl sulphate
SNC substantia nigra compacta
SNR substantia nigra reticulata
SOD superoxide dismutase
SRIF somatotropin release inhibiting factor
ssDNA salmon sperm DNA
SS somatostatin
ssc saline sodium citrate
STN subthalamic nucleus
T thymine
TA m melt temperature
TE Tris-EDTA buffer
TEA tetraethylammonium acetate
TH tyrosine hydroxylase
TRIS tris(hydroxymethyl)methylamine
U uracil

19



Chapter 1; INTRODUCTION

1.1 Parkinson's Disease

In 1817, Sir James Parkinson, a general practitioner in Shoreditch, drew attention 

to a disorder that included a slowness and poverty of movement (bradykinesia), a muscle 

stiffness known as 'cogwheel' rigidity and a resting tremor within the limbs. He published 

a paper on this disorder which he termed ‘the shaking palsy’(Parkinson, 1817). This 

disorder has now been named after him; Parkinson's disease (PD; also known as 

paralysis agitans). PD is one of the most common progressive neurological disorders 

affecting man, second in incidence only to Alzheimer's disease, affecting 1:2000 of the 

general population with an age-dependent increase in incidence, increasing to 

approximately 1:100 over the age of 80. Both sexes are equally affected, and no ethnic 

nor social bias has so far been conclusively detected.

Clinical diagnosis of this disease is based on the presence of bradykinesia, tremor, 

muscular rigidity and loss of postural reflexes within patients and the absence of 

cortico-spinal, sensory or cerebellar deficits. PD can only be diagnosed with certainty 

following post mortem studies for specific neuropathological lesions (see 1.2). 

However, once fully developed, typical PD is relatively clearly diagnosed due to the 

stooped posture, shuffling gait and masked face as well as resting tremor present in the 

majority of patients. Bradykinesia as a consequence of the slowness of performance is 

also frequently observed.

Some patients initially diagnosed as suffering from parkinsonism, develop
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corticospinal, cognitive or other disorders and then the diagnosis may be redefined as a 

multi-system degenerative disorder such as multiple system atrophy (Shy-Drager 

syndrome or striatonigral degeneration) or progressive supranuclear palsy. A proportion 

of PD patients exhibit dementia with time, whereas conversely some patients diagnosed 

with Alzheimer’s disease have developed parkinsonian motor disturbances as the disease 

progresses suggesting some overlap between the two diseases.

1.2 Neuropathology of Parkinson’s Disease

In 1895, Brissaud (1895) first suggested that lesion of the substantia nigra (locus 

niger; SN) may be the anatomical basis of PD. In 1919, Tretiakoff (1919) noted a 

variety of lesions in nine PD patients including a reduced number of pigmented cells and 

concentric inclusions (as previously described by Lewy circa 1913) in the SN, thus 

supporting Brissaud’s proposal. More complete mesencephalic studies confirmed these 

findings (Foix and Nicolesco, 1925), and the presence of such inclusion or Lewy bodies 

within the SN, other brain stem regions and in the cortex, along with significant cell loss 

within the substantia nigra compacta (Bernheimer et al., 1973) are now 

neuropathological indicators of PD.

The SN can be subdivided into at least 2 regions; the pars compacta (SNC) and the 

pars reticulata (SNR). The neurons of the SNC tend to be large and heavily pigmented 

with neuromelanin. They are dopaminergic (DAergic) and form the nigrostriatal 

pathway. The neurons of the SNR are smaller, inhibitory cells that express GABA 

(y-aminobutyric acid), and project primarily to the thalamus. In conjunction with the 

internal globus pallidus (GPi), they make up the output pathways of the basal ganglia.
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The SNC can be further subdivided into a ventral and dorsal tier, and the lateral 

ventral tier innervates the dorsal putamen. The considerable loss of nigrostriatal neurons, 

particularly within the caudal lateral ventral tier of the SNC, explains the greater loss of 

DA observed in PD within the dorsal putamen (see below). Conversely, the rostral nigra 

exhibits less cell loss, and projects to the less severely depleted caudate (Feamley and 

Lees, 1991; Waters et al., 1988).

It has been suggested that this pattern of cell loss may be due to ageing. Feamley 

and Lees (1991) compared the pattern of cell loss due to ageing, and that observed in 

PD. They found a regional loss which was greatest in the dorsal tier, which is in 

opposition to that observed in PD. This suggests that neither ‘normal’ nor ‘accelerated’ 

ageing are likely to be major contributory factors to PD. A correlation with duration of 

PD symptoms and nigral neuronal cell loss was also observed in this study (Fearnley and 

Lees, 1991).

Detailed analysis reveals a topographic pattern of nigrostriatal cell loss, in that 

caudal areas of the putamen show greater DA depletion than rostral areas (Kish et al., 

1988) and that it is more severely affected than the caudate nucleus, where DA loss is 

greater in the rostral compared to the caudal areas (Bernheimer et al., 1973; Kish et al., 

1988). A decreasing gradient of DA loss was also seen in a dorso-ventral direction 

within both the putamen and the caudate. The most severely affected areas receive 

somatopically organised projections from the cortical regions corresponding to the leg 

(dorsal putamen) and the arm and trunk (intermediate putamen), suggesting that the first 

clinical signs of PD are likely to be deficient motor coordination in the legs, followed by 

the arms and trunk. The topographical loss of DA in the caudate corresponds to

22



frontolateral association inputs from the cortex, suggesting a loss of cognitive function 

could occur, particularly in advanced PD patients. This is supported by findings in other 

parkinsonian disorders, such as postencephalitic parkinsonism, where clinically disabling 

cognitive deficits are observed in tandem with extensive and severe loss of caudate DA 

(Bernheimer et al., 1973).

Neurochemical studies also support nigral DAergic projection degeneration in PD 

since the activity of two enzymes involved in DA production (tyrosine hydroxylase (TH) 

and DOPA decarboxylase; see Figure 1.1) and the concentrations of the DA metabolites, 

dihydroxyphenylacetic acid and homovanillic acid, are severely reduced within the SNC 

and striatum (see Agid et al., (1987)).

1.3 Possible causes of Parkinson’s Disease

The cause of PD is unknown in most cases and hence is termed idiopathic 

Parkinson’s disease (IPD). However, in a small number of cases, the cause of a 

parkinsonian disorder has been identified. Neuroleptic drugs, particularly those which 

block dopamine receptors, have been shown to induce a condition that mimics IPD. This 

condition is normally reversible by decreasing and eventually eliminating intake of the 

causative agent, but reversal may take up to six months (Marsden et al., 1975).

Between 1917 and 1926, a pandemic of encephalitis lethargica resulted in a 

parkinsonian syndrome which is now termed post-encephalitic parkinsonism. Other
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Figure 1.1 The synthesis and catabolism of DA

Tyrosine hydroxylase is the rate limiting enzyme controlling the synthesis of DA. 

As the figure shows, 1-DOPA is the immediate precursor of DA and so its administration 

is expected to restore DA levels in the functionally remaining DAergic terminals within 

the striatum. The catabolism of DA following neuronal or glial uptake by monamine 

transporters can generate free radicals as well as dihydroxyphenylacetic acid (DOPAC) 

and homovamillic acid (HVA). Monoamine oxidase also has a role in the toxicity of 

MPTP (see 1.62 and Figure 1.4).
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causes of parkinsonian syndromes include carbon monoxide poisoning, manganese 

poisoning, severe head trauma, cardiovascular lesions of the basal ganglia and brain 

tumours (Gorell, 1989). None of these methodologies can explain IPD.

No epidemiological studies of IPD suggest a primary genetic cause of this 

disease. However, PET studies on twins who either both have, or one of them has, or 

are related to someone who has, PD, demonstrate some nigral dysfunction by reduced 

fluorodopa uptake in the putamen (Brooks, 1991; Bum et al., 1992; Duvoisin and 

Johnson, 1992). This implies that there may be a genetic involvement to PD in some 

patients. There is evidence for a familial form of PD but this is extremely rare, though 

a recent study has revealed a single familial link in a large Italian family on a highly 

conserved genetic locus on chromosome 4 (Polymeropoulos et al., 1996). The protein 

encoded for by this locus is believed to be a-synuclein (Polymeropoulos et al., 1997), 

but genes for alcohol dehydrogenase, formaldehyde dehydrogenase, and UDP-N- 

acetylglycosamine phosphotransferase have also been identified in the general region of 

the linkage. a-Synuclein is present within Lewy bodies (Irizarry et al., 1998; Spillantini 

et al., 1997), and hence may be important in the pathology of PD. A recent study of 

autosomal recessive juvenile parkinsonism in Japanese patients has also revealed a 

mutation in a gene locus for a large ubiquitin-like molecule now named ‘Parkin’ (Kitada 

et al., 1998). There is also some evidence of a genetic defect in complex I of the 

electron transport chain, from using ‘cybrids’; normal human neuroblastoma cells that 

have had their mitochondrial DNA replaced by that from the platelets of PD patients 

since these cells possess defective complex I (Cassarino et al., 1997; Swerdlow et al., 

1996).
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Epidemiological studies do suggest a preponderance of this disorder in people 

who live in rural areas, use well water and are involved in farming, but no environmental 

evidence can be found to explain this anomaly. The association with PD and farming 

remains even after taking into account occupational exposure to insecticides and 

pesticides suggesting that there is some other factor increasing the risk of PD (Gorell et 

al., 1998).

The search is ongoing for a putative environmental cause, particularly following 

the serendipitous discovery of the neurotoxin l-methyl-4-phenyl-l,2,3,6- 

tetrahydropyridine (MPTP) which is relatively selective for the DAergic nigrostriatal 

neurons that are damaged in PD. This substance was first identified as neurotoxic in the 

early 1980's following an increased number of young patients exhibiting parkinsonian-like 

symptoms. Investigation revealed that all the patients were habitual heroin users. After 

tracing the supplier and analysing drug samples, it was found that the heroin had been 

incorrectly prepared to maximise production, and MPTP was produced as a side reaction 

(Langston, 1985). The parkinsonian syndrome exhibited by these patients included 

subtle features normally exclusive to PD, such as seborrhoea, which are not mimicked 

by other parkinsonian agents. The parkinsonian symptoms responded to 1-DOPA 

treatment, but with only a short duration, and ‘wearing ofF (end of dose deterioration) 

was apparent along with dyskinesias. Neuropathological examination of some patients 

suffering from MPTP-induced parkinsonism revealed substantial loss of DAergic 

neurons within the SNC, but no other cell loss (Ballard et al., 1985).

This discovery led to the development of a new animal model of PD (see 1.6). 

However, MPTP was excluded as being the cause of PD for several reasons, including 

the general absence of other parkinsonian neuropathology, such as the loss of DAergic
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neurons within the ventral tegmental area, along with the scarce likelihood of exposure 

and the absence of Lewy bodies (though see later). The topography of DA depletion is 

also different following MPTP in that the caudate and putamen show an equal depletion 

of DA rather than the reduced severity of loss in the caudate observed in PD (Pifl et al., 

1988). Instead it was proposed that a naturally occurring compound similar in action or 

structure to MPTP may be the culprit. No conclusive evidence of such a compound has 

yet been identified.

MPTP is structurally similar to paraquat and certain other insecticides and hence 

detailed studies have been performed to investigate their potential neurotoxic effect. As 

mentioned earlier an association between PD and occupational exposure to such 

chemicals has been detected (Gorell et al., 1998). There is also some evidence of a 

relationship between paraquat exposure and PD in a small number of patients (Barbeau 

et al., 1987). A recent study of chemicals utilized within an area of Israel, which has a 

statistically higher than normal incidence of PD (Goldsmith et al., 1990), identified a 

compound (Tinuvin 123) that causes nigrostriatal lesions in adult rats following injection 

in a dose dependent manner (Masalha et al., 1997). Tinuvin 123 is structurally similar 

to MPP+ (l-methyl-4-phenylpyridinium ion) and so may selectively target and kill 

DAergic neurons by inhibition of complex I and free radical production. Its use is also 

not confined to Israel. However as with paraquat, this would not explain cases exhibited 

before the advent of these artificial compounds, but they may help in studying potential 

causes of PD.
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1.4 Anatomy of the basal ganglia

The basal ganglia consists primarily of the striatum (caudate and putamen), the 

external and internal globus pallidus (GPe and GPi respectively), the subthalamic 

nucleus (STN), the substantia nigra compacta (SNC) and reticulata (SNR), as well as the 

ventral striatum and GP (see Figure 1.2). The ventral striatum and GP are associated 

with limbic pathways and will not be discussed further. This region is not believed to 

generate movement, but instead acts to promote desired initiation of movements, but 

dampen competing unwanted motor outputs. Defective fine tuning (as seen in PD) 

means that desired movement is inhibited and results in abnormal posture, bradykinesia 

and involuntary muscle activity (Mink, 1996).

1.4.1 The striatum

The striatum consists of 2 regions; the caudate and the putamen, which are 

incompletely bisected by the internal capsule in higher organisms. This bisection is not 

as evident in rodents. Further subdivisions can be made by using either regional 

parameters (dorsal vs. ventral) or chemical markers (acetylcholinesterase;matrix and 

striosomes). Regions known as striosomes have been identified within the dorsal 

striatum, which have a lower expression of cholinergic markers e.g. acetylcholinesterase, 

compared with the surrounding tissue, known as the matrix (Graybiel and Ragsdale, 

1978). Opiate receptors are specifically localised to the striosomes (Herkenham and 

Pert, 1981). Many other transmitter-related markers including somatostatin (SS), 

neurotensin, calbindin, and neurotransmitter receptors have been localised to the 

striosomal patches (Holt et al., 1997). Striosomes are enriched in enkephalin and
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FIGURE 1.2 The anatomy of the basal ganglia

A schematic representation of the basal ganglia showing the approximate positions 

of the relevant structures. The putamen has been subdivided into its six subregions as 

analysed in several of the studies, and the subthalamic nucleus (STN) into dorsolateral 

(DL) and ventromedial (VM) regions.

DM = dorsomedial, GPe = external globus pallidus, GPi = internal globus pallidus, IL 

= intermediolateral, IM = intermediomedial, MML = medial medullary lamina, RTN = 

reticular thalamic nucleus, SNC = substantia nigra compacta, SNR = substantia nigra 

reticulata, VL = ventrolateral.
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substance P, but express less TH, DA, and calbindin than the surrounding matrix (Holt 

et al., 1997). Three specific types of neurons have been identified within the striatum; 

the medium spiny projection neuron and medium or large local aspiny intemeurons. The 

medium spiny neurons possess soma approximately 12-20 pm in diameter with 4-5 

primary dendrites, and they make up 90-95 % of all neurons within the striatum. Their 

axons possess many arborising collaterals which allow local interactions with 

neighbouring neurons. These neurons utilise GAB A as their major neurotransmitter and 

hence are inhibitory. They also express substance P, dynorphin or enkephalin depending 

on their projection site; substance P and dynorphin tend to be localised to the neurons 

of the ‘direct’ striatonigral pathway which project to the SN and GPi, whereas 

enkephalin is localised to the ‘indirect’ striatopallidal neurons which project to the GPe.

The large interneurons possess elongated somata with dendritic trees extending 

over 750 pm and are believed to be cholinergic. The axon also arborises into a dense 

plexus of extremely fine fibres that can project beyond the dendritic domain. These 

interneurons comprise less than 2 % of the neurons within the striatum. The medium

sized intemeuron can be split into 2 groups depending on which neurotransmitters they 

express. One type is GABAergic and also contains parvalbumin. These cells make up 

1 % of the total cell population and possess round soma of 14-15 pm in diameter. They 

have a small dendritic tree in close proximity to their cell body and a short local axonal 

plexus. The second type possess spherical soma approximately 12 pm in diameter, 

express SS, neuropeptide Y (NPY) and nitric oxide (NO), but not GABA, and have 

three or four long (150 pm) straight dendrites. Their axon is short but arborises 

extensively within their locality.
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The projection neurons receive massive innervation from DAergic nigrostriatal 

neurons and glutamatergic thalamostriatal and corticostriatal neurons. These neurons 

also receive ‘minor’ innervations from the pedunculopontine nucleus (PPN), dorsal 

raphe, STN, GP and striatal interneurons.

The cortical input to the striatum is not confined to any one specific area of the 

cortex, with nearly all functional areas contributing from both supragranular and 

infragranular layers, although a topographical map is maintained. Inputs from the 

sensorimotor cortex project to the dorsolateral putamen and caudate (i.e. the 

sensorimotor striatal territory) and form the motor and oculomotor loops. The limbic 

striatal territory comprises the nucleus accumbens and the most ventral extents of the 

striatum, and is innervated by the limbic and paralimbic cortices as well as the 

hippocampus (comprising the anterior cingulate loop). The remainder of the striatum 

comprises the associative striatal territory and receives inputs from the associative cortex 

(producing the dorsolateral prefrontal and lateral orbitofrontal loops) (Alexander and 

Crutcher, 1990).

Electrophysiologically the majority of neurons in the striatum are silent, and only 

discharge in response to excitatory stimulation from the cortex or thalamus.

Generally striatal projection neurons are segregated to either the matrix or the 

striosomes and do not project into the other region. However the interneurons may act 

as a communication bridge between these 2 regions since both SS- and acetylcholine 

(ACh)-containing interneurons can be found at the borders of striosomes. This 

compartmentalisation of the striatum is also observed by its innervation, since neurons 

originating from the thalamus and the supragranular cortical layers project preferentially
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to the matrix and from the cortical infragranular layer project to the striosomes. In rats 

and cats, the striosomes project to the SNC and are innervated by the limbic frontal 

cortex and the ventromedial SNC (Holt et al., 1997). Nigrostriatal innervation is also 

compartmentalised. The projection neurons innervate primarily both segments of the GP 

and the SNR (see 1.4.2, 1.4.4 below). Separated from the putamen by the external 

medullary lamina is the GP, which in conjunction with the putamen is known as the 

lenticular nucleus .

1.4.2 The globus pallidus

This region is bisected by the medial (internal) medullary lamina (MML) into the 

GPe and GPi in primates and humans. The rodent equivalent of the GPi; the 

entopeduncular nucleus, is displaced from the globus pallidus (rodent equivalent of GPe) 

by the fibres of the internal capsule-cerebral peduncle system. In higher primates and 

humans, the GPi is also divided by the accessory medial lamina. Both segments possess 

GABAergic projection neurons and hence are inhibitory in function. They possess large 

neurons with long dendrites that arborise parallel to the lateral borders of the GP 

maximizing their possibility of interaction with perpendicularly oriented incoming striatal 

axons. The topographical pattern is maintained within the GP with the sensorimotor 

input terminating in the ventral two-thirds, and the associative input terminating in the 

dorsal one-third of both segments of the GP (Parent and Hazrati, 1995a).

Originally, it was thought that the GPe projects solely to the STN, acting as a relay 

of the ‘indirect’ striatopallidal pathway. More recently, projections to the striatum, GPi, 

the SNR, reticular thalamic nucleus (RTN) and PPN have been identified (Hazrati and

32



Parent, 1991; Hazrati et al., 1990; Parent et al., 1991). Within the GPi and SNR, the 

GPe projection neurons terminate in large axonal varicosities which in turn surround the 

output neurons of the basal ganglia, suggesting that the GPe may have a major inhibitory 

influence on basal ganglia output (Hazrati et al., 1990). In contrast, other GPe 

projections terminate primarily within the dorsolateral sector of the STN, and adjacent 

to the lateral medullary lamina in the striatum.

The GPe projection to the RTN is likely to result in disinhibition of thalamic nuclei 

including those which relay inputs from the basal ganglia back to the cerebral cortex due 

to its proposed pacemaker role, exerting a powerful GABAergic inhibitory action on 

thalamic nuclei.

The GPi has extensive projections to the specific thalamic neurons in a segregated 

manner (ventral anterior and ventral lateral nuclei) which relay information back up to 

the cerebral cortex. ‘Minor’ projections to the PPN also exist.

Inputs to the GPe primarily consist of the striatopallidal pathway. ‘Minor’ 

projections also exist from the SNC and STN. The GPi receives a greater DAergic 

innervation from the SNC than the GPe, as well as receiving inputs from both the 

striatum (striatonigral pathway) and the STN. The nigropallidal neurons appear to be 

less susceptible to neurotoxic insult from 6-hydroxydopamine (6-OHDA) or MPTP and 

may be unaffected in PD (Parent et al., 1990).

1.4.3 The subthalamic nucleus

The neurons of the STN are similar to nigral and pallidal neurons with thinner 

dendrites. They are long-axonal projection neurons with long sparsely spined dendrites 

(over 750 |im) and soma ranging from 25-50 p.m in diameter and are glutamatergic and
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therefore excitatory. The presence of interneurons within the STN awaits confirmation 

due to inconclusive evidence.

The main targets of the STN are the GPi and the SNR with minor projections to 

the GPe, striatum, PPN, cortex and substantia innominata. Topographically the STN can 

be subdivided into three regions; sensorimotor, associative and limbic territories, 

depending on their projections. The sensorimotor region located dorsolaterally projects 

to the putamen, motor GPe and GPi (Joel and Weiner, 1997; Shink et al., 1996), 

whereas the ventromedial associative region projects to the caudate, SNR and 

associative GPe and GPi (Joel and Weiner, 1997; Parent and Hazrati, 1995b; Shink et 

al., 1996). Originally, it was believed that the dorsal STN did not innervate the GPi 

since anterograde and retrograde tracing studies in primates revealed segregation of 

projection neurons to the GPi that originate from the medial third of the STN (Carpenter 

and Jayaraman, 1991; Carpenter et al., 1981a; Carpenter et al., 1981b; Parent et al., 

1984; Parent and Smith, 1987; Parent et al., 1989b; Smith et al., 1990), but in 1996, 

Shink et al., performed a definitive study by injecting biotinylated dextran amine into 

specific functional regions of the GPe and GPi. Anterograde and retrograde transport 

of this tracer to the STN revealed localisation of these projections to the same functional 

regions of the STN, i.e. injections into motor GPe and GPi led to staining of the dorsal 

two thirds motor region of the STN. This also agrees with the earlier findings of Nauta 

and Cole (1978). A similar study of SN innervation is awaited to determine if there is 

motor segregation here too since the previous studies all show that it is the ventral STN 

which innervates the SN; however these investigations also suggested that the same was 

true for the GPi (Parent et al., 1984; Parent and Smith, 1987; Smith etal., 1990). The 

medial limbic region of the STN projects to the ventral pallidum.



The STN is innervated by the cortex and the GPe. ‘Minor’ projections also exist 

from a number of nuclei including the thalamus, SNC, dorsal raphe and PPN. The 

primary motor cortex projects to the dorsolateral sensorimotor region of the STN 

terminating in a somatotopic organisation mapping the ‘homunculus’ of the specific 

cortical regions, as occurs in the striatum, whereas the premotor cortex projects to the 

associative ventromedial region.

1.4.4 The substantia nigra

As mentioned earlier, this can be subdivided into the compacta (SNC) and the 

reticulata (SNR). The SNC contains a dense network of large fusiform or multipolar 

soma (30-40 p,m in diameter) pigmented with neuromelanin, a polymer of the DA 

precursor 1-DOPA and are oriented into several distinct cell clusters, some of which 

descend into the SNR suggesting that the divisions between SNC and SNR are not rigid. 

These DAergic neurons project to the striatum, forming the nigrostriatal pathway, which 

is lost in PD. These neurons possess long dendrites (over 500 jum) which may cross into 

the SNR, and axons which innervate the striatum. A proportion of the fibres course 

through the MML, which bisects the GP, en route to the striatum.

The SNR comprises part of the outputs from the basal ganglia, and possess a 

sparse population of smaller fusiform or multipolar neurons (20 |im in diameter) some 

of which could be interneurons. These neurons are situated both ventrolaterally to the 

interdigitating SNC clusters and also between them. There is a heavy inhibitory 

GABAergic innervation from the striatum, and excitatory glutamatergic innervation from 

the STN. These neurons terminate in sequentially distributed plexuses in the SNR.
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Long, thin fibres ascend to SNC neurons from these clusters (Parent and Hazrati, 1994). 

A similar innervation is seen by striatonigral neurons suggesting the presence of multiple 

representation at the level of the SN. Tracing studies in rats demonstrate the termination 

of striatonigral and subthalamonigral fibres on the same neurons within the SN (Bevan 

et a l., 1994). An excitatory influence on the SN is also exerted by the glutamatergic 

cortical neurons and the PPN via both cholinergic and glutamatergic projections. 

However, the neurons of the SNR are GAB Aergic and are therefore likely to inhibit the 

thalamus, and its other projections.

In contrast to the innervation of the GPi where the terminal fields of striatonigral 

neurons are segregated, in the SNR the terminal fields overlap suggesting an absence of 

topographical segregation. However, segregation of input rather than convergence may 

still occur at the neuronal level if the terminal fields do not converge on the same neuron 

(Hazrati and Parent, 1993).

Dendritic release of DA leads to inhibition of SNC neurons, but promotes SNR 

activity (see below). This has been shown to occur in a Ca2+, tetrodotoxin-sensitive 

manner (i.e. requires the generation of an action potential (Kalivas and Duffy, 1991)). 

The released DA acts on somatodendritic autoreceptors (D2 and D3 type (Bouthenet et 

al., 1991)) and inhibits the neurons, thus regulating further dendritic release of DA and 

the activity of the nigrostriatal pathway (Kalivas and Duffy, 1991). However, not all 

DAergic neurons appear to respond to dendritic release of DA, as investigated by use 

of DA antagonists. This may be due to the absence of autoreceptors on the unresponsive 

neurons. Alternatively, it has been suggested that neurons located more ventrally, and 

hence likely to have a dendritic tree extending into the SNR, are responsive to 

striatonigral or subthalamonigral projections, whereas the dorsally located neurons are
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more responsive to dendritic DA release from other neurons (see below and Pucak and 

Grace, (1994), for review of SNC neuron regulation). It has been suggested that DA 

itself can be neurotoxic to DAergic neurons due to the potential generation of free 

radicals during the metabolism of DA (Fahn and Cohen, 1992). This is indirectly 

supported by the age-dependent drop out of dorsally situated SNC neurons which may 

be regulated by dendritic DA release. However, this is unlikely to be a cause of PD since 

the neurons preferentially lost are those located ventrolaterally, which are believed to be 

regulated by both dendritic release of DA, and SNR collaterals. The potential generation 

of free radicals led to the hypothesis that 1-DOPA replacement therapy could be 

neurotoxic (Smith el al., 1994a), though the latest study suggests that this is not the case 

(Murer et al., 1998) and even implies a neuroprotective element.

Generally striatonigral and subthalamonigral neurons terminate in the SNR, but due 

to the presence of dendritic arborisations from ventrally located SNC neurons these 

pathways can also directly influence SNC DAergic neurons. An indirect influence by 

their action on the SNR neurons may also exist via axon collaterals terminating in the 

SNC (Damlama el al., 1993) and inhibiting SNC neuronal activity via the release of 

GABA. The striatonigral pathway is GABAergic and so would inhibit SNR neurons and 

thus disinhibition of the SNC neurons would occur. However, if the striatonigral 

pathway acts directly on SNC neurons, then inhibition will occur. It is likely that a 

balance between a direct and indirect influence on these neurons may occur since 

generally DAergic neurons are regulated to maintain a similar degree of activity. The 

inverse is true for the subthalamonigral pathway whereby glutamate will stimulate SNC 

neurons directly, or may inhibit them indirectly via excitation of the SNR neurons. This 

was demonstrated by a study in which biculline, a GABA antagonist, was injected into

37



the STN, blocking the GABAergic inhibition of the STN from the GPe, resulting in 

excitation of the SNR by the disinhibited STN neurons (Smith and Grace, 1992). SNC 

neurons were initially inhibited by the excitation of the SNR, but this was followed by 

increased burst firing. This has been interpreted as meaning that a direct STN stimulation 

of the SNC is unmasked once the SNR inhibition ceases (Smith and Grace, 1992). The 

inverse effects of muscimol, a GABA agonist, supports these findings.

Glutamate released from the subthalamic (or pedunculopontine) terminals in the 

SN may also regulate the activity of the DAergic neurons via increased dendritic release 

of DA which acts on D2 autoreceptors to inhibit further DA release (Mintz et al., 1986).

The basal ganglia are organised into structural and functional ‘circuits’ between 

segregated areas of the frontal cortex and the thalamus. Several distinct loops exist, 

which are structurally similar, but functionally different. The sensorimotor circuit has 

been extensively investigated, and is the most relevant to PD, but the associative and 

limbic pathways may also influence PD. These pathways incorporate the same structures 

as outlined below, but project to specific segregated areas within these structures of the 

basal ganglia.

1.4.5 Basal ganglia loops

The striatum acts as the ‘receiver’ of cortical information, which is channelled out 

of the basal ganglia, to the thalamus and consequently back to the cortex, by the output 

structures of the basal ganglia; the GPi and SNR. The exact connections, their effects 

and neurotransmitters are still under some discussion, but ‘simple’ models of the basal 

ganglia have been proposed. One current hypothesis is that of Alexander and Crutcher
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(1990), whereby there are 2 pathways from the striatum to the output structures of the 

basal ganglia (the GPi and SNR) (see Figure 1.3). One pathway is termed the ‘direct’ 

or striatonigral pathway since it flows directly from the striatum to the output structures, 

whereas the second pathway is termed the ‘indirect’ or striatopallidal pathway. The 

striatonigral pathway was first applied to rodents which possess an entopeduncular 

nucleus as an equivalent of the GPi. This terminology can be used in primates to 

distinguish the two pathways, though it is not strictly accurate since the striatonigral 

pathway projects to both the GPi and nigra. The ‘indirect’ striatopallidal pathway 

projects to the GPe, which in turn projects to the STN, and then onto the output 

structures of the basal ganglia. The nigrostriatal DAergic projection (that is damaged 

in PD) may act as an internal loop to this pathway whereby the SNR communicates with 

the SNC and in turn with the striatum. The nigrostriatal pathway employs opposing 

effects on the ‘direct’ and ‘indirect’ pathway, exerting a net excitatory influence over the 

‘direct’ pathway, but a net inhibitory influence over the ‘indirect’ pathway. This is 

demonstrated within the 6-OHDA-lesioned rat model of PD, in which the nigrostriatal 

pathway (and hence DAergic influence) has been ‘removed’, and decreased substance 

P is detected within the ‘direct’ pathway, and increased enkephalin within the ‘indirect’ 

pathway (Young et al., 1986). Under normal circumstances, the net effect of the ‘direct’ 

pathway is to stimulate the thalamus and cortex by inhibiting the inhibitory outputs of the 

GPi and SNR, whereas the ‘indirect’ pathway inhibits the thalamus and cortex via 

inhibition of the GPe, thus disinhibiting the STN and stimulating the inhibitory 

projections of the GPi and SNR. However, in PD and nigrostriatal lesion models where 

there is decreased substance P in the ‘direct’ pathway and increased enkephalin within 

the ’indirect’ pathway, the net effect of each pathway could be inhibition. The role of the
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Figure 1.3 Simplified wiring diagram of the basal ganglia

This figure demonstrates the interconnections of the basal ganglia as predicted from 

the current hypothesis of basal ganglia connectivity (adapted from Albin (1989) and 

DeLong (1990)). Unless otherwise stated the black (excitatory) projections are believed 

to be glutamatergic, whereas the grey (inhibitory) pathways are GABAergic. Both the 

‘direct’ and ‘indirect pathway linking the striatum to the output structures of the basal 

ganglia are shown. The output structures of the basal ganglia have been combined for 

simplicity and may not exert the same influences.

THAL = thalamus, enk = enkephalin, s-p = substance P
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nigrostriatal pathway therefore may be to balance the influence of these two pathways, 

and ensure overall net effect is not major inhibition i.e. DA acts to reinforce cortical
i

| activation of a specific basal ganglia-thalamocortical loop, by facilitating the ‘direct’
I

pathway, which has a net excitatory effect on the thalamus, and suppressing the net
j

inhibitory ‘indirect’ pathway.

Reciprocal pathways exist between the output structures and the striatum, as well 

as the STN and the GPe (and also from the GPe to the striatum), but the importance of 

these pathways is unclear.

Two theories currently exist for the processing of cortical information:-

a) ‘parallel processing’

b)’information funnelling’

i

‘Parallel processing’ suggests that several independent segregated circuits exist, 

such as the motor, oculomotor, orbitoffontal, dorsolateral prefrontal, lateral orbitofrontal 

and anterior cingulate loops. These are partially ‘closed’ circuits whereby the cortical 

area initiating the circuit receives feedback via specific areas of the basal ganglia and 

thalamus.

In contrast ‘information funnelling ’ proposes that the cortical inputs converge 

along the cortico-striato-pallido/nigro-thalamo-cortical system. Latest studies suggest 

that a combination of these hypotheses may be correct, depending on the specific loop 

involved (Joel and Weiner, 1994; Joel and Weiner, 1997).
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1.5 Possible treatments for PD

1.5.1 Chemical intervention

The current principle treatment for PD is 1-DOPA, the precursor of dopamine 

(DA), with a dopa decarboxylase inhibitor to ensure that 1-DOPA will reach the brain, 

and this was first demonstrated as a reliable treatment in the 1960s by George Cotzias 

etal., (1968, 1969). The revolutionary discovery of this effective treatment for PD has 

been immortalised in a book by Oliver Sacks (Sacks, 1974), and a 1990 film directed by 

Paula Marshall (‘Awakenings’) in which postencephalitic parkinsonian patients, 

previously immobile and wheelchair bound were able to get up and walk. However, due 

to the ‘on-ofF phenomenon, whereby ‘tailing off of the beneficial effects of 1-DOPA 

administration occurs before the next dose is due and the emergence of dyskinesias after 

several years of treatment, additional treatments are required to ‘control’ PD. Currently 

these are predominately DA agonists normally given in combination with 1-DOPA.

Before the discovery of 1-DOPA, anticholinergic drugs were the main treatment. 

They are believed to exert their action primarily within the striatum by blocking 

acetylcholine receptors on striatal neurons and terminals thus blocking the signals of 

cholinergic intemeurons. The beneficial effects may be related to the proposed model 

of McGeer e ta l.,{1961) for the control of movement involving a balance between DA 

and acetylcholine (ACh) innervation of striatal projections. Their hypothesis was based 

on the ability of anticholinergic drugs to reverse the extrapyramidal symptoms induced 

by DA blocking drugs such as phenothiazine. Barbeau (1962) extended this hypothesis 

to PD suggesting the presence of an imbalance in the equilibrium between DA and ACh
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towards cholinergic rather than DAergic tone. The presence of mRNA for both ACh and 

DA receptors within striatal neurons (Bernard et al., 1992) suggests that both DA and 

ACh can influence striatal neurons, thus providing an anatomical basis for the concept 

of a balance between DA and ACh with respect to striatal function. Further support for 

this is provided by the ability of cholinomimetics or acetylcholinesterase antagonists 

(catabolic enzyme for ACh) such as physostigmine, to worsen the severity of 

parkinsonian symptoms (particularly tremor) in PD patients (Duvoisin, 1967). 

Administration of anticholinergic drugs reverse these effects. In neurologically normal 

patients, physostigmine does not induce extrapyramidal symptoms suggesting that there 

is not a specific excess of ACh but rather an imbalance in the equilibrium with respect 

to DA (Duvoisin, 1967). Weintraub and Van Woert (1971) confirmed this in PD 

patients where they showed that before 1-DOPA treatment, physostigmine could 

exacerbate PD symptoms, but did not following 1-DOPA treatment where striatal DA has 

been ‘restored’ to normal. McGeer and McGeer (1971) therefore proposed that the 

cholinergic sensitivity, as demonstrated by the response to physostigmine in PD, was 

secondary to striatal DA loss rather than a primary event.

However, anticholinergic drugs also have deleterious side effects, the most 

important of which is impaired cognition. Other side effects include blurred vision, 

constipation and dry secretions. The latter two effects relate to the non-specific 

peripheral antagonism of cholinergic innervation, and these symptoms can outweigh their 

beneficial effect at suppressing resting tremors.

Recently, it has been suggested that glutamate antagonists may have a role to play 

in the treatment of PD (Klockgether and Turski, 1989). The site of its beneficial effect
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could be within the striatum (Schmidt et al., 1990), or may be related to subthalamic 

innervation of the GPi (Klockgether and Turski, 1989; Klockgether and Turski, 1990). 

Corticostriatal neurons synapse on striatal neurons and their overall effect is related to 

the level of DAergic innervation, which is severely reduced in PD. The STN is believed 

to be overactive in PD and so glutamatergic blockade will reduce the activity of the 

subthalamic innervation.

There are 4 main classes of glutamate receptors; N-methyl D-aspartate (NMD A), 

a-amino-3-hydroxy-5-methyl-4-isoxazole-4-propionic acid (AMPA), kainate and 

metabotropic. These receptors all have varying distributions within the basal ganglia and 

are formed from a variety of different subunits, so there is great potential for obtaining 

a specific drug for targeting a particular region. This type of treatment is still in its 

infancy, but there is some degree of success observed in animal models. 2-deoxyglucose 

studies show attenuation of synaptic changes, particularly within the striatopallidal 

pathway, induced by 1-DOPA treatment of 6-hydroxydopamine (6-OHDA; see 1.6.1)- 

lesioned rodents by NMDA antagonists. L-DOPA-induced dyskinesia in both PD and 

MPTP-treated primates (see 1.6.2) also appears to be attenuated by NMDA receptor 

blockade (Blanchet et al., 1997). However use of weak indirect NMDA antagonists 

demonstrate no significant clinical improvement, though more selective drugs may still 

be beneficial (Montastruc et al., 1997).

1.5.2 Surgical intervention

In the 1950-60's pallidotomies (and thalamotomies) were used to treat PD patients 

with varied success (Svennilson et al., 1960). The discovery of 1-DOPA in the late 1960's 

led to its demise as a treatment. The variability in accuracy of lesioning the correct area



and the side effects inherent in this meant that pallidotomies went out of favour. 

However, in the past decade a resurgence of interest in this technique has occurred 

following major advances in the accuracy of lesioning. Thalamotomies and 

subthalamotomies are also in the investigative stages as possible surgical treatments for 

PD, though the high risk of inducing hemiballism negates the use of subthalamotomies, 

though subthalamic stimulation does not appear to induce hemiballism. Generally 

unilateral lesioning is performed and occasionally the contralateral side will be lesioned 

at a later date. Surgical techniques are not normally considered until the patient suffers 

severe motor fluctuations (including dyskinesia and ‘wearing-ofF) that are no longer 

sufficiently controlled by 1-DOPA treatment to maintain a normal lifestyle. It is 

important to notice that these surgical techniques do not exclude subsequent 1-DOPA 

administration though probably at a reduced dose than before surgery, and so cannot be 

termed cures. They shift the balance of influences on the control of movement in the 

frontal cortex to a new state of equilibrium, which is neither that seen in neurologically 

normal controls nor PD patients.

Two ‘types’ of surgery are currently performed on the GPi; an irreversible surgical 

lesion or reversible chronic stimulation which leads to local inactivation possibly due to 

chronic depletion of neurotransmitters. The net effect of both techniques is to remove 

the affected region from the processing of information relating to movement. The 

reversibility of the latter technique means that adjustments can be made, if the stimulation 

was ineffective or caused side effects.

Many studies have been performed in both man and animal models to determine the 

preferred site of lesioning (or stimulation) to rule out side effects. The patients are 

frequently conscious so that the potential effect of lesioning a particular area can be
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determined and to check for adverse effects on speech, articulation cognition including 

memory and movements. Posteroventral pallidotomy of the GPi has been shown to be 

effective in reducing 1-DOPA-induced dyskinesias, with a moderate effect on tremor, but 

a variable effect on bradykinesia with some studies showing no benefit (Johansson et al., 

1997) whereas others do show a beneficial effect (Laitinen et al., 1992b; Shima et al., 

1996). The surgery allows for increased 1-DOPA treatment to counteract bradykinesia 

without inducing dyskinesia. A positron emission tomography (PET) study on 6 PD 

patients performing volitional movements before and after pallidotomy showed 

improvements in bradykinesia and dyskinesias as well as revealing increased cortical 

activity in motor and association regions (Samuel et al., 1997). This latter finding was 

interpreted to mean that the patients possessed greater control over the planning and 

preparation of movements and therefore were less likely to exhibit dyskinesias.

Chronic stimulation of the thalamic ventrointermediate nucleus or the GPi of PD 

patients had a similar effect to that of pallidotomy in that improvements in akinesia and 

rigidity were observed (Davis et al., 1997). PET analysis also revealed increased activity 

in premotor cortical areas (Davis et al., 1997).

Chronic stimulation of the STN has been shown to also reduce akinesia, rigidity and 

motor fluctuations as a consequence of long term 1-DOPA treatment (Benabid et al., 

1994; Poliak et al., 1996). This is presumed to be due to removal of the excitatory input 

to the GPi, leading to less inhibition of the thalamus and cortex to initiate movement. 

Unlike subthalamotomy, hemiballism does not appear to be a side effect of this 

technique.

In animal models of PD, the potentially beneficial role of this form of treatment is 

depicted by chemical ablation of the GPi or STN using excitotoxins. Primate studies



demonstrate similar improvements in akinesia, rigidity and tremor (Aziz et al., 1991; 

Benazzouz et a l 1993; Bergman et al., 1990; Limousin et a l, 1995). Rodent studies 

mainly provide information on neurotransmitter and neuronal activity following lesion 

of the STN due to the lack of recognisable akinesia, tremor and rigidity in rodents. Delfs 

et al., (1995) have demonstrated a crucial role for the STN in the changes caused by 

nigrostriatal lesions. They unilaterally-lesioned the STN using an excitotoxin and 

observed a reversal of all the changes in neurotransmitter mRNA observed in rodent 

models following DAergic deafferentation. Subthalamic lesion alone had no effect on 

striatal or entopeduncular nucleus neurotransmitter expression and only caused a mild 

decrease in GAD67 mRNA expression in the rodent equivalent of the GPe, thus 

demonstrating that the DAergic nigrostriatal pathway masks the influence of the STN 

on neurotransmitter expression.

A second surgical technique with some degree of success is that of foetal nigral cell 

grafting to replace the nigral cells lost. Some studies have shown the integrating of these 

cells into the existing structures and a subsequent increase in DA concentration. This 

technique appears to be successful in animal models of PD, but is controversial due to 

its requirement for foetal tissue. Human data does show some improvement of PD 

symptoms (Kordower et al., 1995). However, since the cause of PD is as yet unknown, 

replacing the cells may only be a short term solution as the pathological agent, be it a 

pathogen or a ‘process’, will still be present and able to destroy these cells. The chronic 

nature of the disease does however suggest there may be some benefit, since the crucial 

‘greater than 80% level’ of cell death at which symptoms occur may not be reached in 

the remaining lifetime of the patient.
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1.6 Animal models of PD

There are 2 main models of PD which mimic the disease to varying degrees. As 

with any model the characteristics of PD are not mimicked exactly.

1.6.1 6-hydroxydopamine (6-OHDA)

This was the first model of the disorder to become widespread in its use. Similar 

to PD, 6-OHDA treatment results in the death of DAergic nigral neurons culminating in 

loss of the nigrostriatal projection. The neurotoxin can be administered either i.v. or 

intracereberally to rats, mice and cats and acts via its similarity in structure to DA. 

DAergic neurons take up the toxin via DA uptake proteins and are then killed by the 

production of oxidative products such as hydrogen peroxide and subsequent free radical 

production and 0 2' and 6-OHDA-quinone by autoxidation (Zigmond, 1997).

6-OHDA + 0 2 — > semi-quinone + 0 2' + H+

semi-quinone + 0 2' + H20  -----> quinone + H20 2 + OH'

Generally a unilateral lesion is made by an injection into one side of the rat brain and the 

extent of lesioning determined by administration of DA agonists which cause a 

contralateral turning due to DA receptor hypersensitivity. The contralateral side is then 

frequently used as the control. However, in certain situations, there is some evidence of 

bilateral changes from a unilateral lesion, suggesting that the contralateral side may not 

be a suitable control.

In parallel with PD, behavioural changes are not observed within 6-OHDA treated
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rodents until DA depletion exceeds 80%, and even then some recovery of these 

behavioural changes may occur if sufficient DA is still present (Zigmond and Strieker, 

1973). Electrophysiological studies also demonstrate no change in the spontaneous 

firing rate of striatal neurons until greater than 95% DA depletion is observed, and this 

can also be reversible (Nisenbaum et al., 1986).

Ethically and for ease of handling this is the preferred model. However since 

rodents are ‘far’ removed from humans in the evolutionary tree, possess different basal 

ganglia anatomy and do not exhibit the other symptoms and neuropathology of PD (i.e 

Lewy bodies), this model is not ideal, but can provide some information on pathways and 

neurotransmitter expression which may correlate with PD.

1.6.2 MPTP

This neurotoxin appears to be generally ineffective in rats and mice, but this is 

partly due to the way the animals metabolise the toxin and their fast clearance of it from 

the body compared with primates. The toxic moiety is actually a product of the 

metabolism of MPTP by monamine oxidase B to MPP+ within the glia (see Figure 1.4). 

The DA uptake carrier has a high affinity for MPP+ (Javitch et al., 1985) and following 

entry into the cell, MPP+ irreversibly inhibits complex I (coenzyme Q1 reductase) of the 

electron transport chain, thus halting mitochondrial respiration and leading to membrane 

disruption and cell death (Schapira, 1996).

There are significant differences between the MPTP-treated animal models and PD. 

The other neuropathological lesions observed in PD such as cell loss within the locus 

coeruleus, vagal dorsal motor nucleus and the DAergic ventral tegmental area appear to 

be unaffected in 6-OHDA- and MPTP-treated animal models. The pathological hallmark
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Figure 1.4 Simplified depiction of the probable neurotoxic pathway of MPTP

Initially MPTP is taken up by glia where it is oxidised to MPP+ which is the toxic 

moiety. MPP+ is selectively taken up by the DA transporter on DAergic neurons where 

it can inhibit Complex I of the mitochondrial respiratory chain and induce cell death. 

Free radicals are produced by the redox cycling of MPP from MPP+ to MPP- in the 

presence of neuromelanin, DA or other reducing agents as well as the inhibition of 

Complex I.
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of PD, the presence of nigral Lewy bodies, is also not observed in acute animal models. 

Possible reasons for this include species differences, but also the disease duration. PD 

is seen as a progressive chronic disorder, whereas MPTP-treated animal models of PD 

tend to be acute models. A progressive component was observed in humans exposed to 

MPTP, since 2 years following recovery from acute MPTP toxicity, half the patients 

began to exhibit symptoms of early PD (Langston, 1986). The increased incidence of 

PD with age suggests that there may be an aging component in PD. Introduction of an 

aging component and chronic application of MPTP to animal models may also increase 

their similarity to PD. This is supported by studies in chronic MPTP-treated squirrel 

monkeys that were over five years old. Fomo et al., (1986) observed degeneration of the 

locus coeruleus and also eosinophilic intraneuronal inclusion bodies within the SN. The 

latter may be the ‘Lewy body equivalent’ in the squirrel monkey, though this still requires 

verification.

1.6.3 Other models

Other models can also be used whereby DA is depleted within the striatum. An 

example is reserpine treatment, which leads to the displacement of monoamines from 

vesicles. Neuroleptic treatments also have a similar effect and can induce a PD-like 

syndrome in humans Reserpine treatment tends to be a more acute model as it will 

rectify itself with time, whereas the effects of neuroleptic treatment will slowly reverse 

over six months.
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1.7 Neurotransmitters of the basal ganglia: an introduction

There are several criteria a chemical has to meet before it can be defined as a 

neurotransmitter (summarised from Dale’s laws of neurotransmitter criteria)

A. Presence

The putative neurotransmitter must be found within the central nervous system 

and at the proposed synaptic site of action within the terminals.

B. Synthesis

The requisite enzymes or protein precursors should be demonstrated within the 

neuronal group that is believed to express the putative transmitter.

C. Release

The neurotransmitter is released by neuronal stimulation.

D. Action

Once released the putative neurotransmitter should cause a pre or post synaptic 

effect such as an alteration in the excitability of the pre or post synaptic neuron. The 

effect seen following neural stimulation should be physiologically and pharmacologically 

identical to that observed following application of the proposed substance. This criteria 

is probably the hardest to confirm due to its dependence on a single action, whereas the 

majority of neurons are influenced by several different neurotransmitters in vivo at any 

one time and the neurotransmitter of interest may be coreleased with another. A site of 

action should also be detectable, such as a specific receptor on the pre or post synaptic 

membranes.
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E. Removal

Following an effect, a mechanism must be present to terminate the action of the 

neurotransmitter and remove it from the synapse to prevent excessive and continous 

stimulation. This could be a degradative pathway, a short half life or an uptake protein.

As an introduction to the neurotransmitters that influence the basal ganglia, a brief 

account of the neurotransmitters released from striatal afferents and efferents which are 

important in understanding the neurochemistry of PD is given below. Firstly and some 

may say the most important is DA, since this is the neurotransmitter that is expressed 

within the nigrostriatal pathway which is lost in PD. This is followed by glutamate, 

another neurotransmitter which innervates the striatum (in corticostriatal, thalamostriatal 

and subthalamostriatal pathways). The third and fourth neurotransmitters of interest are 

substance P and enkephalin which are colocalised with the fifth neurotransmitter, GAB A, 

within the striatonigral and striatopallidal pathways respectively.

This thesis centres primarily on neurotransmitter expression within two of the three 

populations of striatal interneurons (SS/NP Y/NOS expressing medium aspiny neurons 

and large cholinergic aspiny intemeurons) and indirectly investigates the third 

(medium-sized GABAergic interneurons). These neurotransmitters are also located 

within other regions of the basal ganglia and neurotransmitter expression was also 

studied within these other regions where possible.

1.7.1 Dopamine

No investigation of DA or TH expression was performed in the remit of this thesis
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but due to the importance of this neurotransmitter in PD a background understanding of 

its role is crucial, so some basic information is outlined below.

Expression of this neurotransmitter can be measured using ISHH for the rate 

limiting enzyme for DA production; TH (see Figure 1.1). Once released, DA acts on 

one of five receptors which are described below and is then removed from the synaptic 

cleft by a carrier protein in neurons and glia where it is metabolised by monoamine 

oxidase (MAO, see Figure 1.1). This process, as well as the potential autooxidation of 

DA could generate free radicals and therefore be neurotoxic and this has been suggested 

as a possible cause of PD (Fahn and Cohen, 1992). 1-DOPA treatment could also be 

neurotoxic for the same reason (Smith et al., 1994a). Primary rat striatal cell cultures 

demonstrate that both DA and 1-DOPA are neurotoxic via autooxidation, whereas 1- 

DOPA also appears to promote NMDA receptor activation (Mink, 1996). However, as 

briefly mentioned earlier, the latest studies suggest that 1-DOPA treatment is not 

significantly neurotoxic, but instead may enhance neuronal survival (Murer et al., 1998).

In the past few years 1-DOPA/carbidopa has been administered in tandem with 

MAO inhibitors, such as deprenyl (selegiline) and some benefit has been observed in both 

PD patients and animal models which seems to suggest that the increased turnover of DA 

previously observed in PD patients (Bernheimer et al., 1973) could lead to increased 

production of free radicals, which is blocked by MAO inhibitors. However further 

animal studies suggest that deprenyl may be beneficial in a way independent of blockade 

of MAO due to alterations in mRNA expression of proapoptotic proteins (Tatton et al., 

1996) and so it is still unclear whether the oxidation of DA could be neurotoxic. Free 

radical scavengers and antioxidants show a variety of different effects in animal models
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of PD with some studies being beneficial (Offen et al., 1996; Wu et al., 1994), whereas 

other studies show no protection of DAergic neurons (Gong et al., 1991; Mihatsch et 

al., 1991) and from the limited studies performed they do not appear to be beneficial in 

PD patients (Parkinson Study Group, 1996a, Parkinson Study Group, 1996b; Scheider 

e ta l ., 1997).

The five DA receptors so far identified can be split into two classes; D1 and D2 

receptors. The D1 receptor class includes the D1 and D5 receptor and are believed to 

be coupled in a positive manner to adenylate cyclase. Conversely, the D2 class, including 

D2, D3 and D4 receptors, are believed to be negatively coupled to adenylate cyclase. 

These receptors are situated within the majority of basal ganglia structures due to 

‘minor’ innervation of all areas by the nigra, as well as the ‘massive’ nigrostriatal 

pathway. D2 receptors may function presynaptically as autoreceptors on DAergic 

terminals or as heteroreceptors on other terminals. There is some controversy over the 

exact location of these receptors within the striatum. Confusingly, ISHH studies have 

shown both the colocalisation of D1 and D2 receptors (Ariano et al., 1997) and also 

their segregation (Le Moine and Bloch, 1995) in rat striatum, whereas a volkensin lesion 

study seems to support receptor segregation (Pollack et al., 1993). 

lmmunocytochemical studies also reveal conflicting results. Segregation of D1 and D2 

receptors to separate striatal neuonal populations supports the observed increased 

activity within the striatopallidal enkephalinergic pathway due to the lack of DA acting 

on inhibitory D2 receptors in PD, and also the decreased activity within the striatonigral 

substance P pathway due to the absence of the stimulatory effect of DA on D1 receptors 

and therefore is the easiest distribution of DA receptors to accept. In conjunction with
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electrophysiological studies, it seems that colocalisation on the same neuron is likely with 

the receptors colocalised in proximal dendrites and soma but segregated within distal 

dendrites and axonal terminals (see Surmeier and Kitai, (1994); Surmeier et al., (1993)). 

This is a possible reason for the disparity of studies since electrophysiological methods 

have difficulty in measuring the distal dendrites of neurons and ISHH studies may be too 

insensitive to detect the low levels of receptor mRNA.

A recent study on isolated neostriatal medium spiny neurons from rodents using 

reverse transcriptase-polymerase chain reaction to detect mRNA expression for the two 

classes of DA receptor provides a possible explanation for the debate over distribution 

(Surmeier etal., 1996). Generally studies have focused on the two main DA receptors; 

D1 and D2. Previously little evidence for the presence of ‘minor’ DA receptors (D3, D4 

and D5) has been found leading to the assumption they were not present in the striatum. 

Surmeier et al., (1996) demonstrate that all 5 transcripts of DA receptors are present 

within striatal neurons to varying degrees. They observed that D1 (D l) and D2 (D3, 

D4) class receptors were colocalised in approximately 60% of striatonigral neurons (as 

determined by their expression of preprotachykinin (PPT) but not preproenkephalin 

(PPE) mRNA; the precursor mRNAs for substance P and enkephalin respectively) with 

the remaining neurons only expressing Dl-class receptors. Striatopallidal PPE (but not 

PPT) mRNA-expressing neurons were found to express primarily the D2 class of 

receptors with approximately 10 % expressing both classes (D2, D3, D4, D5). They also 

investigated a subpopulation of spiny neurons (approximately 17%) that colocalised both 

PPE and PPT mRNA and were found to coexpress both classes in 80% of neurons (Dl 

and D2), and only class 1 in the remaining neurons. This group of cells may be a 

subgroup of neurons from both the striatopallidal and striatonigral pathways. Generally
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the most abundant mRNA in each group of neurons was that predicted by the 

segregation studies (i.e. D2 in striatopallidal, Dl in striatonigral) with the other class 

consisting of low expression of the ‘more minor’ transcripts. The isolated neurons were 

shown to respond to agonists of both Dl and D2 class receptors demonstrating that even 

the low expressing ‘minor’ transcripts appear to be functionally active. It has been 

suggested that isolation of neurons could cause changes in receptor number, and this was 

controlled for in Surmeier’s study by the use of an RNA polymerase inhibitor to prevent 

the production of new RNA. Confirmation that the functional localisation of these 

receptors within human material is similar to that within rodents has not yet been carried 

out.

This shows that DA can exert both an excitatory and inhibitory influence over the 

basal ganglia, depending on the predominant class of receptor within a particular 

pathway or region. There are several papers painting contradictory views on the 

expression of DA, or TH mRNA within individual neurons of the SNC of PD patients 

with some studies showing an increased expression (Joyce et al., 1997), others a 

decrease (Javoy-Agid et al., 1990; Kastner et al., 1993) and some show no change in 

individual nigral cells (Kingsbury et al., 1998b).

1.7.2 Glutamate

This is the main excitatory neurotransmitter within the brain and can be found 

within the cortex, thalamus, PPN and STN. Projections from these areas innervate a 

large part of the basal ganglia including the SN. The relevance of this is highlighted by 

the fact that glutamate is believed to cause excitotoxicity within the nervous system when 

overactive, ultimately resulting in the death of local cells (see Chapter 5).
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As mentioned below, there is also an inhibitory neurotransmitter, GABA (see 

1.7.4), and the net effect of the basal ganglia will be dependent on the balance between 

these two neurotransmitters.

Glutamate can be synthesized as an intermediate step in the production of GABA 

or from the deamination of glutamine by glutaminase. The latter process is believed to 

be responsible for the production of the neurotransmitter ‘pool’ of glutamate. Release 

of glutamate is calcium dependent and requires neuronal depolarisation. Three classes 

of glutamatergic receptors have been proposed including NMDA, AMPA (formerly 

consisting of AMPA, kainate and quisqualate subtypes), and metabotropic receptors 

(Watson et al, 1990). Glutamatergic activity is limited by a specific uptake carrier into 

glial cells and nerve terminals of which five have so far been identified. Changes in the 

expression of these carriers has been reported in some neurological disorders where 

excitotoxicity may be involved (Masliah et al., 1996; Rothstein et al., 1995). Within glial 

cells glutamate is metabolised to glutamine by glutamine synthase. This is transported 

to neurons where 'new' glutamate could be produced by the action of glutaminase, which 

is especially active within the mitochondria of nerve terminals.

Glutamate is also involved in metabolic processes such as the production of GABA 

and energy production. This has to be taken into account when detecting the presence 

of glutamate in these studies since we are primarily interested in its role as a 

neurotransmitter and not as a precursor for GABA production or its involvement as a 

metabolic or structural amino acid. A pilot study using 2 different probes for 

glutaminase was attempted (GLUT1 and GLUT2) but no specific labelling was observed.
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1.7.3 Enkephalin and substance P

Enkephalin and substance P mRNA expression have previously been investigated 

in human post mortem brain from PD patients within the Parkinson’s Disease Society 

Brain Research Centre using probes for the precursors PPE and PPT respectively (Nisbet 

eto l., 1995). A pilot study has also been carried out in MPTP-lesioned vervets but no 

significant changes were detected. Enkephalin is localised primarily to the striatopallidal 

pathway whereas substance P is localised to the striatonigral pathway (Gerfen and 

Young, 1988; Young et al., 1986). The human study revealed no changes in mRNA 

expression for PPT within the striatum, whereas PPE mRNA expression was found to 

be increased in the intermediolateral putamen. This would support the proposal of 

increased striatopallidal activity in PD and its animal models (Sirinathsinghji and Dunnett, 

1991; Young et al., 1986; Zhu et al., 1993), whereas the lack of a change in PPT mRNA 

may be explained by the reversal of decreased expression of this neuropeptide by

1-DOPA treatment as predicted by animal models (Zeng et al., 1995).

1.7.4 GABA

The majority of striatal neurons express GABA (y-aminobutyric acid; except for 

the two previously mentioned types of intemeurons) which is generated by an enzyme 

glutamate decarboxylase (GAD) which exists in two forms dependent on its molecular 

weight. GABA is also located within both segments of the GP. It is the main inhibitory 

neurotransmitter of the brain and its almost ubiquitous presence within the basal ganglia, 

including within the striatal projection neurons and output structures of the basal ganglia 

means that understanding its regulation following nigrostriatal loss could be valuable for 

interpreting what happens in PD. Since the excitatory glutamate inputs innervate similar
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areas of the basal ganglia this implies that the net output of basal ganglia neurons is 

dependent on the balance between the excitatory glutamatergic and inhibitory 

GABAergic innervations.

GABA’s presence within both segments of the GP allows the currently proposed 

model of basal ganglia connectivity to be tested.

mRNA of both isoforms of GAD (GAD65 and GAD67) was therefore investigated 

within the basal ganglia as described in Chapter 7.

1.7.5 Somatostatin

The neuropeptide SS is located within a population of medium aspiny interneurons 

and is encoded by the precursor protein preprosomatostatin. SS has also previously been 

demonstrated within the MML and RTN and its expression within these areas was also 

investigated. Evidence of an ability to increase DA release in striatal slices (Chesselet 

and Reisine, 1983) suggests that SS may be able to alter the activity of the nigrostriatal 

pathway in PD and therefore may mediate compensatory upregulation of DA release to 

maintain the integrity of this pathway in PD. mRNA expression of preprosomatostatin 

was therefore measured as an index of SS activity within the basal ganglia as detailed in 

Chapter 4.

1.7.6 Nitric oxide

Nitric oxide has recently been shown to be a major neurotransmitter (or 

modulator) within the brain (Dawson et al., 1992). It is synthesised from arginine by a 

constitutive enzyme nitric oxide synthase (NOS) (Bredt et al., 1991) and is present 

within the medium aspiny neurons, that also express SS (Dawson et al., 1991a; Ferrante
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et al., 1987), as well as within the MML and STN (Nisbet et al., 1994b). There is some 

debate as to the exact effect of NO on neurotransmitters, but it has been shown to alter 

DA release. Its presence within the majority of neurons within the STN provides an 

indirect method of determining whether the STN is overactive in PD. NO has also been 

linked to excitotoxicity and mitochondrial dysfunction and therefore may be involved in 

either the cause or propagation of PD (Albin and Greenamyre, 1992). Consequently 

mRNA expression of the synthetic enzyme neuronal NOS was measured within these 

regions of the basal ganglia as described in Chapter 5.

1.7.7 Acetylcholine

A second type of striatal intemeuron is the large aspiny cholinergic variety. The 

historical use of anticholinergic drugs to treat PD suggests that ACh may have an 

important role in the regulation of DA activity within the striatum. This led to the 

proposal of a balance between DA and ACh innervation of the basal ganglia outputs 

(Barbeau, 1962; McGeer et al., 1961) and it would therefore be of interest to determine 

if changes in ACh expression occur in PD. ACh is also present within the MML.

Acetylcholine is synthesized from choline and acetyl Co A by the enzyme choline 

acetyltransferase. mRNA for this enzyme was therefore investigated within the basal 

ganglia as outlined in Chapter 6.

1.8 Techniques

Principally, in situ hybridisation histochemistry (ISHH) was used in these studies 

to provide qualitative and quantitative analysis of mRNA expression within tissue. ISHH
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is performed in situ and can therefore demonstrate the specific neuronal location of 

mRNA. The technique, northern hybridisation (NH) can also be carried out on RNA 

extracted from tissue to determine the presence of mRNA and confirm the specificity of 

a probe sequence, but provides little data with respect to cellular localisation of mRNA. 

These techniques work via the same principles which are outlined below.

1.8.1 In situ hybridisation histochemistry (ISHH)

ISHH is an extension of techniques used for liquid-phase hybridisation studies and 

was first applied for the detection of ribosomal gene sequences (John et al., 1969; 

Pardue and Gall, 1969). Since then the technique has been refined and used to detect the 

presence of RNA in a variety of tissues including human. The technique has also been 

used to detect the presence of a chromosomal sequence for a particular protein. The 

application of ISHH to detect mRNA in brain material was largely pioneered by Young 

et a l., (1986) and their methodology forms the basis of the majority of all subsequent 

studies. The technique used here (Kingsbury et al., 1996; Nisbet et al., 1994b) was 

adapted from Young et al., (1986) and Wisden & Morris’ review (Wisden and Morris, 

1994) following methodological studies to rule out those steps embedded in historical 

use rather than practical neccessity (Kingsbury et al., 1996).

1.8.1.1 Why in situ hybridisation?

ISHH was used instead of immunocytochemistry because changes in 

immunoreactivity within neurons and terminals could be interpreted as either a reduction 

in the generation of a neurotransmitter or increased release or turnover leading to 

depletion of the neurotransmitter from the tissue. ISHH provides a better insight into
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whether the capability of the tissue to generate a neurotransmitter (or an enzyme that 

synthesises the transmitter) has changed. This can be extrapolated to determine whether 

in the above scenario, there is less neurotransmitter present due to reduced synthesis 

(reduced mRNA expression) or increased release and hence depletion (likely to be 

represented by increased mRNA). The studies were performed on post mortem material 

rather than in vitro studies, so that qualitative data on cellular distributions of the mRNA 

could be obtained. One disadvantage is that dynamic processes or fluctuations in mRNA 

expression cannot be measured by ISHH in post mortem material, however in in vitro 

studies or cell cultures, where this is possible, all the interconnections from outside the 

area of interest that would influence their expression in vivo are likely to be absent and 

therefore do not reveal exactly what is occurring.

1.8.1.2 How does in situ hybridisation work?

Nucleic acid molecules such as RNA and DNA, consist of a combination of four 

base pairs; guanine (G), cytosine (C), adenine (A) and thymine (T; or uracil (U) in RNA) 

whereby G and C, and A and T are complementary. Hybridisation occurs when two 

single-stranded nucleic acid molecules recognise one another due to the complementary 

sequence of their base pairs and they bind via hydrogen bonds; two bonds form between 

bases A and T, but three between C and G. The normal dual stranded formation of DNA 

could be described as the hybridisation of two complementary sequences. Hybrid 

stability and the kinetics of this association have been well defined in solutions and can 

be extended to include the mixed-phase reaction involving ISHH of tissue sections in the 

majority of cases. The major factors involved in the stability of these complexes are 

described by the melt temperature (Tm; see below).
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1.8.1.3 Factors affecting ISHH

Increasing the temperature at which hybridisation is performed, will increase the 

likelihood of the hydrogen bonds between the base pairs breaking and the melt 

temperature signifies that at which 50 % of the dual strands of hybridised bases are likely 

to disassociate. This is therefore dependent on the make up of the probe - the higher the 

GC content and the fewer base pair mismatches, the stronger the bonds between the two 

strands are likely to be.

The ionic strength of the surrounding medium is also important, because it can 

stabilise the nucleic acid duplexes by neutralising electrostatic repulsive forces between 

anionic groups (i.e. the negatively charged phosphates). Increased salt concentration will 

decrease the solubility of these bases and sodium ions will cluster round the phosphate 

groups reducing their repulsive forces. Formamide is normally included in hybridisation 

media to prevent noncomplementary association at the low temperatures required for 

maintaining tissue structure i.e. it lowers the melt temperature by disrupting hydrogen 

bonds and the bonds most susceptible to breaking will be those between 

noncomplementary sequences.

The following equation can be used to determine the temperatures (T ^  at which 

hybridisation and washing should be performed (Davis et al., 1986).

Tm (°C) = 16.6 1 g [M] + 0.419(%GC) + 81.5 - Pm - B/L - 0.65(%F)

M = molecular concentration of Na+ (0.195 for 1 x SSC).

%GC = % of probe sequence composed of guanine (G) and cytosine (C)
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Pm = % mismatch of probe sequence with complementary cDNA 

sequence

B = 675 (for up to 100 bases)

L = probe length

%F = % formamide in buffer

It has been suggested that hybridisation should be performed at temperatures 15°C 

lower than the Tm.

The table overleaf gives the melt temperatures (in °C) for all probes used in these 

studies (see Table 1.1).

The melt temperatures were found to have little impact on hybridisation in the 

cases studied, and this maybe due to its initial derivation for solution rather than tissue 

hybridisations. In some cases hybridisation (or washing) was performed within 3°C of 

the Tm, without any apparent adverse effects.

1.8.1.4 Types of probes available for ISHH

Three different types of probe can be used to investigate mRNA expression. These 

are complementary DNA (cDNA) probes, riboprobes and oligonucleotide probes.

cDNA probes

cDNA probes consist of double stranded DNA with an ‘inserted’ region that codes for 

the complementary sequence to the mRNA of interest enclosed within a plasmid or
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probe % GC L TmlSHH T mNH T1 mist wash T m2nd wash

Aldolase C 19/29 * 100 29 47.3 70 73.3 61.7

13- tubulin 17/30 * 100 30 43.8 67 70.45 58.85

ChAT* 17/30 * 100 30 43.8 67 70.45 58.85

GAD65* 15/30 * 100 30 42 64.75 67.7 56.11

GAD67* 13/30 * 100 30 39 62 65 53.4

GLUT1 13/30 * 100 30 39 62 65 53.4

GLUT2 14/30 * 100 30 40.64 63.4 66.3 54.7

NOS* 17/30 * 100 30 43.8 67 70.45 58.85

PPE 14/26 * 100 26 43.58 66.33 69.29 57.69

PPT 15/30 * 100 30 42 64.75 67.7 56.11

SS* 14/30 * 100 30 40.64 63.4 66.3 54.7

# = probes that are the basis of this study

TmisHH = melt temperature for in situ hybridisation; M = 0.5; %F = 50

= melt temperature for northern hybridisation; M = 0.5; %F = 50 

Tmistwash = me^ temperature for lxSSC wash; M = 0.195; %F = 0

Tm2nd wash = .melt temperature for 0.2xSSC wash; M = 0.039; %F = 0

Table 1.1 Melt temperatures for the probes utilised

The above table gives the theoretical melt temperature values for each step of 

hybridisation. The melt temperature was found to be unimportant with respect to 

hybridisation of the probes used and therefore standard temperatures were used in all 

cases (37°C for hybridisation, 55°C for washing).
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bacteriophage. Extensive knowledge of molecular biological techniques, such as gene 

cloning, are required to generate both cDNA and riboprobes.

The dual stranded cDNA probe requires denaturing by boiling before use to free 

up the complementary strand for hybridisation to the endogenous sequence. 

Consequently there is a competitive hybridisation reaction between the endogenous 

sequence and annealing of the two synthetic sequences back together. It is also possible 

that the vector (plasmid or bacteriophage) could become entrapped within the tissue 

resulting in high background and therefore reducing the sensitivity of the specific 

labelling. However, amplification of the signal could happen when complementary base 

pairing occurs between one hybridising probe with a free end and another.

Riboprobes

Riboprobes are single stranded molecules derived from a cloned cDNA and 

therefore are not prone to re-annealing. RNA-RNA binding is more stable than DNA- 

RNA, so invariably they provide a stronger signal than the cDNA probes. However, 

these probes are ‘sticky’ resulting in higher backgrounds than cDNA probes and so 

posthybridisation RNase treatment is frequently performed to reduce background. Both 

these probes are generally the complete or a major portion of the RNA sequence for a 

protein. This means that poor tissue penetration due to probe size, can occur leading to 

low signal levels.

Oligonucleotides

Oligonucleotides do not require an expert knowledge of molecular biology, but 

instead require access to a published cDNA or mRNA sequence from which the

67



complementary sequence can be determined. They do not need to be the complete 

sequence and so generally tend to be typically 30-50 base pairs in length since this is long 

enough to be specific, but short enough to be easy to use and enables good penetration 

of the tissue.

Oligonucleotides were chosen for these studies due to the ease (and low cost) of 

synthesis, the simplicity of labelling and their greater accessability to cellular RNA.

Once your probe sequence has been chosen (see Chapter 2.4.2), it will need to be 

tagged (or labelled) for visualisation. There are two main classes of tags; isotopic and 

nonisotopic. Generally 35S-dATP is used as the radioactive tag whereas possible 

nonisotopic labels include biotin, digoxigenin, fluorescent and enzyme tags. Both 

radioactive and nonradioactive probe labels were tried in this study, but due to the lack 

of success using nonisotopic probe labels and the ease of analysis for radioactive 

compared with non-radioactive markers, radioactive labelling was used. This involves 

the addition of a chain of [35S]-dATP molecules to the end of the probe sequence which 

can be visualised by the emission of electrons (13 particles) reacting with silver atoms in 

photographic film or emulsion.

Further details on probe labelling for visualisation are discussed in Chapter 2.4.3,

1.8.2 Northern hybridisation (NH)

This technique involves the extraction of mRNA from tissue samples and its 

separation electrophoretically on an agarose gel. This is transferred to a blot, and 

hybridised with the same probe as used for ISHH. It can be used for quantitative 

analysis, but in these circumstances it was primarily used to confirm the specificity of the
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probe sequence. [32P]-dATP was used instead of [35S]-dATP due to it being ‘cleaner’ 

(less ‘sticky’) on blots and greater sensitivity. On the negative side it is considerably 

more hazardous than [35S]-dATP due to its higher ionising energy, and has a much 

shorter half life (14 days compared with 79).

The stringency of the buffers used to apply the probe, and wash off excess is again 

critical. For visualisation the blot will be apposed to photographic film for a requisite 

length of time.

1.9 Rationale for studies

The aim of this study was to obtain a greater understanding of the neurochemistry 

and functioning of the basal ganglia in the control of movement under normal conditions, 

as well as in PD. ISHH is an indirect measure of neurotransmitter expression, 

particularly where regulatory enzymes are detected, nevertheless its interpretation can 

be more informative than that for immunocytochemistry as described earlier.

The current modei of the basal ganglia suggests certain changes within particular 

pathways of the basal ganglia. Animal studies generally confirm these suggestions and 

by using human PD material, the currently accepted proposals can be tested in the 

disease itself. As already mentioned, increased striatopallidal, but decreased striatonigral 

output is predicted by animal models and the current model. Increased striatopallidal 

activity is proposed by our previous observations of increased PPE mRNA expression 

within the striatum of PD patients (Nisbet et a l, 1995) . This increased activity is 

expected to inhibit the GPe and therefore disinhibit the STN. The overactive STN is 

likely to promote activity of the GPi and therefore reduce thalamic stimulation of the
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cortex. Examination of neurotransmitters within these pathways in human material may 

therefore help to verify this.

Striatal intemeurons synapse with both the striatopallidal and striatonigral 

pathways as well as receiving inputs from the nigrostriatal and corticostriatal pathways 

and are likely to have an integrative role in processing cortical information within the 

striatum. Loss of the DAergic pathway in PD (along with 1-DOPA treatment) is likely 

to cause changes in the activity of these neurons, possibly in a compensatory fashion. 

Measurement of mRNA expression within these pathways may be helpful in determining 

the adaptive changes that occur in striatal interneurons in PD.

The results of these studies should provide us with further understanding of the 

basal ganglia which could lead to possible new areas or avenues of drug research in the 

treatment of PD. This greater understanding could potentially extend to other disease 

states.
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Chapter 2: MATERIALS AND METHODS

The first section of this chapter, will discuss the tissue used in this study and its 

collection. This is followed by a list of the chemicals and their sources, and compositions 

of all the solutions used for both in situ and northern hybridisation, before the methods 

themselves are described.

2.1 Brain Tissue

Human post mortem material from normal and PD patients was used instead of 

tissue from animal models of PD due to the discrepancies between the models and the 

characteristics of PD (see Chapter 1.6). The human material was readily available from 

the two sources outlined below (the first source being the site at which this project was 

carried out) it was deemed appropriate to use this material and ISHH is a reliable 

technique for measuring RNA expression on post mortem material.

All the human material used in this study originated from the Parkinson’s Disease 

Society Brain Research Centre’s Brain Bank, Institute of Neurology, London except for 

a few controls which originated from the Alzheimer’s Disease Brain Bank at the Institute 

of Psychiatry, London. Both Brain Banks run a Donor Bequest Scheme whereby people 

who have been diagnosed with a neurological disorder or are neurologically normal can 

bequeath their brain tissue on death. These two sources also have links with local 

hospitals and mortuarys and therefore can receive brains following routine hospital post 

mortems if consent is obtained from the next of kin as legally required.
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2.1.1 Tissue matching

Tissue from 22 PD and 35 control subjects were made available from the Brain 

Bank stores for use in this work, though not all patients were used for every study. Drug 

histories were obtained for all cases and no patients with a recent history of neuroleptic 

use were included in the studies (see Tables 2.1 and 2.2). All parkinsonian patients were 

treated with 1-DOPA up to the time of death.

PD and control cases were matched for sex, age and post mortem brain pH (see 

Chapter 3) which the Parkinson’s Disease Society Brain Research Centre group has 

previously shown to be strongly correlated with preservation of a variety of mRNA 

species (Kingsbury et al., 1995). Post mortem delay of less than 48 hours, which does 

not appear to be an important factor in mRNA preservation (Barton et al., 1993; 

Kingsbury et al., 1995) was less well matched (but not significantly different) between 

the groups in any of the studies undertaken.

This technique is performed on human tissue sections and so the specific 

localisation of mRNA within cells can be visualised. Consequently it is important that 

the integrity of the tissue is not compromised and its morphology is maintained. For this 

reason either flash freezing is required to preserve the internal tissue structure rapidly, 

so that ice crystals do not form, and destroy the cellular integrity, or formalin fixation. 

The methodology of ISHH was adapted from previous studies and perfected within the 

Parkinson’s Disease Society Brain Research Centre for flash frozen material (Kingsbury

Table 2.1 Patient characteristics —»
The table details the characteristics of the patients used in this study. The majority of 
patients were used for the pH study (see Chapter 3) whereas only a subset were used 
for the other studies. The cause of death is that given on the Death certificate
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Case Sex Age PM Delay cause of death pH

Controls
Cl M 51 15 chronic obstructive airways disease 5.94

C2 F 81 16 bronchopneumonia 5.98
C3 F 80 28 left ventricular failure, myocardial infarction 6.08
C4 F 80 31 haemorrhage 6.08
C5 F 85 48 ischaemic heart disease 6.12

C6 F 69 34 ruptured aortic aneurysm 6.12
C7 M 72 13 not recorded 6.16
C8 F 81 19 ruptured thoracic aneurysm 6.21
C9 M 80 50 ischaemic heart disease 6.21
CIO F 81 12 not recorded 6.21
C ll M 82 48 bronchopneumonia 6.23
Cl 2 F 89 30 pulmonary embolism 6.23
C13 F 90 30 myocardial infarction 6.24
Cl 4 F 83 48 pulmonary embolism 6.25
C15 M 84 24 peritonitis 6.26
Cl 6 F 64 48 pulmonary oedema 6.35
Cl 7 M 91 48 ruptured aortic aneurysm 6.36
Cl 8 F 73 28 bronchopneumonia, cancer o f the bronchus 6.38
Cl 9 F 75 51 pulmonary infarction 6.4
C20 M 77 27 cancer of the pancreas 6.49
C21 M 74 5.5 left ventricular failure 6.51
C22 M 63 26 myocardial infarction 6.53
C23 F 68 42 ischaemic heart disease 6.54
C24 M 67 22 myocardial infarction 6.55
C25 M 75 34 myocardial infarction 6.59
C26 M 40 13 cancer o f the lung 6.59
C27 M 43 15 heart attack 6.61
C28 M 70 21 ischaemic heart disease 6.65
C29 F 73 15 congestive heart failure 6.68
C30 F 77 18 not recorded 6.7
C31 M 78 19 left ventricular failure 6.7
C32 M 76 16 ruptured thoracic aneurysm 6.71
C33 M 71 17 ruptured thoracic aortic aneurysm 6.74
C34 M 82 33 pulmonary embolism 6.79
C35 F 84 18 left ventricular failure 6.86

PD Cases
PI F 72 20 myocardial infarction 5.86
P2 F 81 21 bronchopneumonia 6.01
P3 M 82 15 bronchopneumonia; cancer o f the lung 6.09
P4 F 67 35 bronchopneumonia 6.14
P5 M 70 24 bronchopneumonia 6.2
P6 M 70 13 "advanced PD" 6.25
P7 M 75 9 bronchopneumonia 6.3
P8 M 81 30 ischaemic heart disease/myocardial infarction 6.3
P9 M 74 5 bronchopneumonia 6.31
P10 M 80 23 urinary tract infection 6.34
P ll M 73 18 bronchopneumonia 6.34
P12 M 67 20 bronchopneumonia 6.35
P13 F 82 23 mycocardial infarction 6.4
P14 M 83 7 not recorded 6.4
PI 5 M 73 24 bronchopneumonia 6.42
PI 6 M 85 17 "advanced PD" 6.43
P17 F 81 15 bronchopneumonia 6.53
PI 8 M 88 8 Sudden Death 6.56
PI 9 F 75 13 "advanced PD" 6.56
P21 F 78 24 "advanced PD" 6.57
P22 F 72 16 bronchopneumonia 6.6
P23 M 76 26 ischaemic heart disease/myocardial infarction 6.81
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etal., 1996; Kingsbury et al., 1995; Nisbet et al., 1994b) due to a lack of success with 

formalin fixed tissue. Histological examination of the tissue following flash freezing, 

reveals good morphology and structural integrity which allows for detailed specific 

localisation of mRNA within cells.

2.1.2 Brain Removal and storage

As a general policy the cadavers had been refrigerated below 4°C within 4 hours 

of death. Brains were surgically removed by the mortician and brought back to the Brain 

Bank in a chilled ice box, from patients with a post mortem delay of less than 48 hours. 

Whole brains were then divided mid-sagittally, and the SN and pons excised from one 

half, at the level of the mamillary body and the nigra bisected into rostral and caudal 

slices. The opposing slices were rapidly frozen on polished brass blocks pre-cooled to 

-80°C to ensure rapid freezing while preserving anatomical orientation. The remainder 

of this half was cut into 1 cm thick coronal sections, and designated an identifying tag 

such as PI striatal block (level just posterior to the mammillary body) depending on their 

prominent anatomy. The striatal blocks were trimmed of excess cortex to ensure the 

blocks were manageable with respect to cryostating and hybridising. The posterior 

blocks were frozen on their rostral face, whereas anteriorly located sections were 

caudally frozen. The brass block was covered with foil and granular dry ice and replaced 

at -80°C for up to 30 minutes. The other half of the brain was fixed in 10% formalin for 

8 weeks prior to cutting, processing and paraffin wax-embedding of representative tissue

<— Table 2.2 Clinical details for Parkinson’s disease cases.
Details are given for all patients where data could be obtained from the clinical notes. 
Several patients (marked *) were clinically diagnosed as PD and used for pH studies, but 
were later found to be suffering from an alternative parkinsonian disorder e.g. Pick’s 
Disease after neuropathological examination and therefore were not used in further 
studies.
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blocks for neuropathological evaluation. Frozen striatal (PI) blocks at a level just 

posterior to the mammillary body, providing a cross-section of the medial and lateral 

segments of the globus pallidus (GPe and GPi) and a mid-caudal cross-section of the 

striatum where severe dopamine depletion would be expected in PD material, were fixed 

onto cork using mounting medium under cold conditions. The cork was then placed 

within the cryostat to allow equilibration to -15°C. 12 pm2 coronal sections were cut 

from the block, and apposed to gel-coated cooled slides. These were warmed on a hot 

plate to ensure that the sections adhered to the slides and were then stored at -80°C prior 

to use.

ISHH was also performed on 6 pm2 wax-embedded sections which were cut from 

the embedded blocks used for neuropathological examination, on a microtome (see 

2.7.3). Due to the lack of success with these sections all subsequent ISHH studies were 

performed on flash frozen material.

2.1.3 Vervet material

3 male vervets were adminstered 0.6 - 0.8mg/kg MPTP via a left carotid infusion. 

The vervets were observed for 4 months and were found to exhibit unilateral 

parkinsonian characteristics, such as a slow and flexed posture, but no tremor. 1 year 

later the vervets were killed by lethal barbiturate anasthesia. One sham treated, and one 

normal control were also killed at the same time. Following death, the brains were 

removed and cut into 1 cm thick coronal slices in a similar fashion as with human tissue, 

flash frozen on dry ice and stored at -80°C until required. Post-mortem examination of 

the brain stem revealed extensive DAergic cell loss within the SN of the lesioned side.
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The caudate and putamen were examined in these vervets with the right, unlesioned side 

acting as an internal control. Figure 2.1 demonstrates SS mRNA labelling on a film 

autoradiograph of vervet sections.

2.1.4 Pathological confirmation of PD

PD was confirmed by neuropathological examination of haematoxylin & eosin, 

luxol fast blue, Nissl and silver stained sections from striatum, brain stem, cerebellum and 

cerebral cortex. All cases had marked macroscopic depigmentation of the SN and locus 

coeruleus. Light microscopy showed severe cell loss of pigmented neurons within the 

nigra. Lewy bodies were identified in brain stem, nucleus basalis of Meynert and cerebral 

cortex. There were no features indicative of coexisting or alternative neurodegenerative 

conditions. Control brains were screened in a similar fashion to exclude undiagnosed 

neurological disease.

2.2 Sources for chemicals

Chemicals used, but not mentioned below, were either GPR or ANALAR grade 

from BDH laboratory Supplies/Merck Ltd (UK)

Filter paper was 3M: Whatman International Ltd (England)

Absolute alcohol (ethanol): Hayman Ltd (UK)

IMS (for staining): Hayes (UK)

Formamide: Sigma Chemicals Co. Ltd, (UK)
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Figure 2.1 Example of SS mRNA labelling in vervet tissue.

The two film autoradiographs above show SS mRNA labelling within the caudate 

(c) and putamen (p) o f a vervet (a) and the loss o f signal when a 50 x cold excess o f 

probe was used (b). Scale bar = 2.5 mm
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Water sterilisation - 

Diethylpyrocarbonate (DEPC): Sigma

Probe labelling and purification -

Terminal deoxynucleotide transferase, cobalt buffer: Promega Corporation (UK)

[35S] dATP and [32P] dATP: DuPont Ltd, NEN products (UK)

Brewer's yeast tRNA: Boehringer Mannheim (Germany)

Dithreothreitol (DTT): Sigma

Formamide deionization-

Mixed bed resin, 20-50 mesh regenerated, molecular biology grade: BioRad Ltd (UK) 

Hybridisation buffer-

50 x Denhardts solution, single stranded salmon sperm DNA (ssDNA), formamide and 

dextran sulphate: Sigma 

Brewer's yeast tRNA: Boehringer 

"cold" dATP: DuPont NEN

image processing-

X-ray film; hyperfilm MP: Amersham (UK)

K5 nuclear emulsion, Phenisol developer, IN-stop bath and Hypam fixer: Ilford Ltd (UK) 

Glycerol: Sigma

film for northern blots; XOMAT XAR 5: Kodak (UK).
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Staining -

Borax, Toluidine Blue: Sigma 

RNA extraction.-

Phenol, Sodium dodecylsulfate/lauryl sulfate (SDS), sarcosyl (N-lauroylsarcosine) and

2-mercaptoethanol: Sigma

Gel Electrophoresis -

3-[n-morpholino]propane-sulfonic acid (MOPS), bromophenol and methylene blue: 

Sigma

agarose: Pharmacia AB (Sweden)

marker RNA ladder (0.24-9.5 kb): Gibco BRL, Life technologies Inc (UK)

Additional probe separation/purification techniques 

Wizard DNA Clean-up System: Promega 

G50 sephadex: Pharmacia

Wax-embedded sections pretreatment

APES (3-aminopropyltriethoxy silane), TEA (triethylamine), acetic anhydride, protease 

K & Triton X-100: Sigma

Non-radioactive ISHH

DIG-11-dUTP; Anti-digoxigenin-AP, Fab fragments; Nitro blue tetrazolium chloride 

(NBT); X-phosphate: Boehringer Mannheim



Normal sheep serum (for 1 % and 2 % solutions)-reduces non-specific binding; 

Levamisole (blocks endogenous alkaline phosphatase): Sigma

2.3 Preparation of solutions for ISHH

Maximum sterility to prevent RNase contamination was maintained thoughout all 

procedures and preparations. Gloves were worn at all times, and all solutions for 

pretreatment and hybridisation were prepared using DEPC-treated distilled water, except 

for during probe preparation where sterile (autoclaved) water was used. Post 

hybridisation, all solutions were made up from sterile or distilled water. All solutions 

were stored at room temperature unless stated otherwise. Plastic and glassware were 

sterilised by either being washed with DEPC-treated water or 0.1 NaOH and autoclaved 

or baked overnight to 130°C.

DEPC-treated water-

1 ml DEPC (a powerful inhibitor of most types of RNase) was added to 1/ distilled 

water, well mixed and autoclaved.

Slide subbing solution.

2.5 g swine gelatin (150 bloom) was dissolved in 1/ of DEPC water by heating, cooled 

to room temperature and 0.25 g chromic potassium sulphate (CrK(S04)2.12H20 ) added, 

and the solution used immediately.
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Dithiothreitol (DTT)

154.2 mg of DTT (RMM = 154.2 g) were dissolved per ml of 0.01 M sodium acetate 

(pH 5.2), filtered through a 0.2 pm Millipore into a sterile container, and stored at -20°C 

in sterile eppendorfs as a 1 M DTT solution.

1 M  Tris (tris[hydroxymethyl]aminomethane) buffer (pH 8)

60.55 g of Tris (RMM = 121.1 g) were dissolved in 400 mis of sterile water. 21 mis of 

conc. HC1 were added, followed by much smaller volumes to adjust the pH to 8. The 

large initial volume (21 mis) was required to counteract the buffering effect of Tris. The 

solution was made upto 500 mis and autoclaved.

0.5MEDTA (di-sodium ethylenediaminotetra-acetate)

186. lg EDTA.2H20  (RMM= 372.2g) was added to 800 mis DEPC water and pH 

adjusted to 8.

Deionised Formamide

1 g of ion exchange resin was added to 20 mis of formamide in a universal tube, rotator- 

mixed for 30 minutes and then filtered. It was stored at -20°C until required.

2.3.1 Flash-frozen tissue pretreatment 

4% Paraformaldehyde

40 g of paraformaldehyde were added to 600 mis of DEPC water, heated to 

approximately 60°C and 2 drops of conc. NaOH administered to aid solubility. Once 

dissolved, the solution was allowed to cool, filtered and 100 mis 10X PBS added to give
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IX PBS in the final solution. The volume was adjusted to 1/ using DEPC water to give 

4 g /100 ml paraformaldehyde (i.e. 4% solution). This was pH adjusted to 7.2-7.4.

1 OX phosphate buffered saline (PBS)

90 g sodium chloride (NaCl), 1.65 g potassium dihydrogen orthophosphate (KH2P 0 4) 

and 19.52 g of di-sodium hydrogen orthophosphate dodecahydrate (Na2HP04.12H20 ) 

were dissolved in 1/ of DEPC water, and the pH adjusted to 7.4.

70%, 80% & 95% alcohols

Absolute alcohol was diluted as appropriate with DEPC water.

2.3.2 Probe preparation 

Reagent A

10 mis 1M TRIS-HC1 and 0.2 mis EDTA were added to sterile water to give a total 

volume of lOOmls and create a stock solution of 0.1 M Tris-HCl and 1 mM EDTA salt. 

This was pH adjusted to 7.7. 14 pi of reagent grade triethylamine (TEA)/10 mis of buffer 

were added, the pH readjusted to 7.7 and the final solution was stored at 4°C.

TE buffer (10 mM Tris-HCl/10 pMEDTA)

0.0336 g EDTA were dissolved in 1 ml of 1M Tris and 80 mis sterile water. This was 

pH adjusted to 7.6, made up to 100 mis and autoclaved.
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2.3.3 Hybridisation solutions

20 X  saline sodium citrate (SSC)

175.3 g sodium chloride (3 moles) and 88.2 g of tri-sodium citrate (0.3 moles) were 

diluted in 800 mis of DEPC water, pH adjusted to 7 and topped upto 1 I. This was then 

autoclaved.

5 OX Denhardts

This helps the tissue sections adhere to the slides firmly throughout the hybridisation 

procedure, with the reagents present reducing non-specific probe binding to the glass 

slides. When no commercial product was available, this was prepared as follows:- 

0.2 g Ficoll, 0.2 g PVP (polyvinylpyrrolidone) and 0.2 g BSA (bovine serum albumin) 

were dissolved in 20 mis of sterile water, filtered through a 0.2 pm millipore filter into 

sterile eppendorfs and stored at -20°C in 500 pi aliquots.

Hybridisation buffer

The Denhardts, ssDNA and tRNA block non specific binding of the probe, deionised 

formamide acts as a helix destabilising agent, whereas the SSC partially neutralises 

repulsive forces between negative phosphate groups.

10 mis of deionised formamide, 4 mis of sterile 20x SSC, 0.4 mis of 50x Denhardts, 1 

ml of sheared salmon sperm ssDNA (10 mg/ml aliquots - boiled for 5 minutes, followed 

by quenching on ice to separate the DNA strands), 100 pi of yeast tRNA (50 mg/ml 

aliquots), 4.5 mis of DEPC-treated water (diethyl pyrocarbonate), 50 pi of dATP and 

2 g of dextran sulphate were mixed together on a rotator for at least 20 minutes to aid 

solubility of dextran sulphate.
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Once prepared this 20 ml buffer solution was stored in the freezer at -20°C for up to 3 

months.

2.3.4 Hybridisation wash solutions 

IxSSC

Diluted from stock 20xSSC (prepared with distilled water) using distilled water 

70% IMS

diluted with distilled water.

2.3.5 Histological staining

0.05% Toluidine blue/borax staining solution

1 g of toluidine blue was dissolved in 100 ml of distilled water, warmed gently to aid 

solubility and filtered to create a 1 % toluidine blue stock. 1 g of borax was dissolved in 

100 ml of distilled water, aided by warming, to give a 1 % borax stock.

20 mis of 1 % toluidine blue and 20 mis of 1 % borax were mixed with 360 mis of 

distilled water. This solution was generally prepared fresh for each hybridisation.

2.3.6 RNA extraction 

0.75 M  sodium citrate

(0.75 x 29.4) g sodium citrate (RMM= 294 g) were dissolved in a total volume of 100 

mis of sterile water, and pH adjusted to 7. The solution was then autoclaved.
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10% sarcosyl

2 g of sarcosyl was dissolved in 20 mis of sterile water and stored at -20°C.

Solution D

This was the denaturing solution, and was composed of 4 M guanidium thiocyanate, 25 

mM sodium citrate pH 7, 0.5% sarcosyl and 0.1 M 2-mercaptoethanol. It was prepared 

as follows:-

250 g of guanidium thiocyanate was diluted with 293 ml sterile water in its original 

container, thoroughly shaken, and transferred to a larger sterile bottle. 17.6 mis of 0.75 

M sodium citrate (pH 7), and 26.4 mis of 10 % sarcosyl at 65°C were then added, and 

the final mixture was separated into 50 ml aliquots and stored at -20°C. When required, 

the solution is allowed to melt and then 0.36 mis of 2-mercaptoethanol are added to each 

50 ml aliquot required.

Phenol

Liquified phenol, previously stored at -20°C was allowed to come to room temperature 

in the fume cupboard, and then melted at 68°C. An equal volume of sterile water was 

added to the bottle of phenol (100 mis) and the bottle well shaken, and mixed for 15 

minutes using a magnetic stirrer. The solution was allowed to separate into 2 layers 

(aided by heating), and the water-saturated phenol was then stored at -20°C in 50 ml 

aliquots until required.

Chloroform:iso-amyl alcohol

490 mis of chloroform and 10 mis of iso-amyl alcohol were well mixed and stored in a
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foil-covered bottle at room temperature.

20 % SDS

A 20 % solution was prepared by diluting 20 g of SDS in the required volume of sterile 

water to give a final volume of 100 mis. The solution was heated to aid solubility, and 

once dissolved was stored at 4°C.

2 M  sodium acetate

27.216 g of sodium acetate (RMM = 136.08 g) was dissolved in sterile water to give a 

final volume of 100 mis, pH adjusted to 4 using acetic acid, and then autoclaved.

10 mM Tris-HClpH 7.6/0.25% SDS

1 ml of 1 M Tris-HCl was mixed with 1.25 mis of 20% SDS and 97.75 mis of sterile 

water to give 100 mis and was then pH adjusted to 7.6.

2.3.7 Gel Electrophoresis 

1 Ox MOPS

46.26 g of MOPS was dissolved in 20 

acetate (pH 7). This was made up to 

autoclaved.

1%> Gel

Gel was prepared fresh for each electrophoresis. 1 g of agarose was melted in 73.3 mis 

of sterile water using a pierced cling film-covered beaker in a microwave. Once
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dissolved the solution was left to cool but only to about 60°C, so that addition of the 

next chemicals, particularly the formaldehyde, did not cause the gel to set as a result of 

rapid cooling. 10 mis of lOx MOPS, and 16.66 mis of 37% formaldehyde solution were 

added. Once the gel has cooled to hand temperature, the gel is ready to be cast.

Running buffer

This bathed the gel during electrophoresis, ensuring an even voltage gradient across the 

gel bed, and prevented the gel from drying out and was made up as follows 

100 mis of lOx MOPS, 166.66 mis of 37% formaldehyde solution, and 733.33 mis of 

sterile water were mixed together.

Loading solution

This was the RNA and dye vehicle for visualisation of the electrophoretic front. A 50 

% solution of glycerol (e.g. 50 mis of glycerol and 50 mis of sterile water) was prepared 

and autoclaved. 200 pi of 0.5M EDTA and 4 mg of bromophenol blue were added to 

100 mis of the 50 % glycerol solution. The 0.4 % dye/1 mM EDTA/50 % glycerol 

solution was thoroughly mixed and stored in the fridge.

2.3.8 Blot Staining 

5 % acetic acid

25 ml stock acetic acid and 475 ml of sterile water were mixed and stored at room 

temperature.

Methylene Blue



0.5 g methylene blue was dissolved in 50 mis of 0.5M sodium acetate in a foil-wrapped 

container. 4 mis of this was diluted with 96 mis of 0.5 M sodium acetate, to create a 

0.04 % methylene blue solution, and stored in a foil-wrapped bottle.

2.3.9 Northern hybridisation

high stringency Northern Hybridisation buffer

This consisted of 7 % SDS, 0.5M NaP04 at pH 6.8 and 15 % deionised formamide and 

was prepared as follows:-

NaP04 buffer was made up by mixing Na2H P04 (di-sodium hydrogen orthophosphate) 

and NaH^C^ (sodium di-hydrogen orthophosphate) in equal proportions to generate a 

1 M solution of pH 6.8 (see Maniatis Table B. 1 l(Maniatis et al., 1982)):-

46.3 mis of 1M Na2HP04 

53.7 mis of 1M NaH2P 0 4

A 2 x 0.714 M stock solution was prepared by dissolving 5.98 g of NaH2P 0 4 and 4.693 

g ofNa2HP04 in 50 mis of sterile water:-

The RMM ofNaH2P04.2H20  = 156.01 g to give the equivalent of 53.7 mis of 0.714 

M NaH2P 0 4,

156. 01 x 53.7 x0.714 g were required i.e. 8.377 x 0.714 g = 5.98 g 

1000

The RMM of Na2HP04 = 141.96 g /. to give the equivalent of 46.3 mis of 0.714 M 

Na2H P04,
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141.96 x 46.3 x 0.714 g were required i.e. 6.572 x 0.714 g = 4.693 g 

1000

50 mis of 20 % SDS were added, generating a 10 % SDS, 0.714 M N aP04 solution. 

When required, 70 mis of this was combined with 15 mis of deionised formamide and 15 

mis of sterile water to generate the required hybridisation buffer solution.

2.3.10 Pilot studies

2.3.10.1 Wax-embedded tissue pretreatment 

TEA/acetic anhydride

4.625 g TEA and 2.25 g NaCl were dissolved in 250 mis of DEPC-treated water. This 

was pH adjusted to 8.0. 0.625 mis of acetic anhydride were added and the mixture well 

shaken and used immediately.

2.3.10.2 Non-radioactive ISHH 

1M  TRIS-HCl (see earlier..)

lM N aCl

58.44 g of NaCL were dissolved in a total volume of 1/ of sterile water to give a 1M 

solution.

1MEDTA

prepared as described earlier for 0.5 M except 372.2 g were dissolved in sterile water.
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Buffer 1

100 mis of 1M Tris-HCL and 150 mis of 1 M NaCl were mixed with 750 mis of sterile 

water to give a 100 mM Tris-HCl./150 mM NaCl solution which was adjusted to pH 7.5.

Antibody solution

0.3 mis of normal sheep serum, and 60 pi of DIG-antibody were dissolved in buffer 1 to 

give 30 mis of 1% normal sheep serum/1:500 dilution of antibody.

Buffer 2

100 mis of 1 M Tris-HCl and 100 mis of 1 M NaCl were mixed with 800 mis of sterile 

water and pH adjusted to 9.5 to give a solution of 100 mM Tris HC1/100 mM NaCl; pH

9.5.

Substrate-colour solution

1050 pi X-phosphate, 1350 pi of NBT and 72 mg of levamisole were dissolved in 300 

mis of buffer 2 and stored in the dark.

Buffer 3

3 ml of 1 M Tris-HCL and 0.3 ml of 1 M EDTA were mixed with 296.7 mis of sterile 

water and pH adjusted to 8.0, to give a 300 mis of 10 mM Tris-HCl/1 mM EDTA; pH 

8 . 0 .

91



2.4 General methodology

2.4.1 Subbing of slides

Slides were placed in racks and soaked in hot teepol (detergent and hot tap water) 

for 30-60 minutes followed by distilled water for 30 minutes, and then several rinses. The 

slides were allowed to dry, and then baked at 120°C for 5 hours to kill off all RNases. 

Gloves were worn for all subsequent procedures. If the slides were required urgently, 

they could be washed in 0.1 M NaOH, followed by several washes in DEPC-treated 

water, so as to remove all traces of NaOH, instead of baking. Once dry (or cooled) the 

slides were subbed by dipping in the subbing solution for 1 minute, and then drained on 

paper and loosely covered. One hour later this was repeated and once thoroughly dry 

the slides were stored at -20°C wrapped in foil.

Wax-embedded sections required an APES coating. An additional wash in acid 

alcohol (1 % conc. HC1 in 70 % IMS) was inserted before baking, and the slides were 

dipped in a solution of 2 % APES in acetone (in the fume cupboard since APES is highly 

toxic, and will siliconise your lungs if inhaled) for 5 minutes. They were rinsed in 

acetone, washed in distilled water for 5 minutes, and then rinsed in distilled water. The 

slides were dipped in a solution of 4 % paraformaldehyde for 5 minutes to activate the 

APES, followed by 3 washes in distilled water and were then oven-dried at 50°C. Once 

dry the slides were wrapped in foil and stored at -20°C.

2.4.2 Choosing a probe sequence

It is important to remember when choosing a probe sequence that the 

oligonucleotide is not only complementary to the published sequence, but is also a
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reverse orientation of it e.g.

5-AGC CAT TAC TTT CCT AAG GTG-3' Target mRNA (sense strand)

3-TCGGTA ATG AAA GGATTC CAC-5' Probe (antisense strand)

The shortness of the probe sequence means that the specificity is very dependent 

on the accuracy of the published sequence, but this in turn allows it to distinguish 

between individual splice products. With these probes great care must be made in 

choosing the sequence. Reverse palindromic sequences could lead to the probe 

annealing with itself. GC content (and hence number of hydrogen bonds that will form 

between the target and the probe) is relevant in determining the ideal conditions for 

hybridisation as previously mentioned. Sequences of GGG should also be avoided due 

to the potential self assembly of probes into ‘tetramers’ linked by G:G bonds.

The probe length is also important, since the longer the probe, the smaller chance 

there is of a similar complementary sequence within a different mRNA. Searching of 

sequencing databanks (e.g. Genbank) is crucial to determine that your sequence is 

specific to the target mRNA of interest for this reason. A homology level of greater than 

80% (less than 6 base mismatch for a 30mer) in similar sequences warrants choosing 

another sequence! It is best to avoid areas which encode functional regions that overlap 

with other proteins, such as the membrane spanning regions of proteins as they are likely 

to exhibit a high degree of homology across whole families of proteins.

Once a probe sequence has been chosen, a linear DNA synthesiser is required to 

manufacture the probe. Many companies, institutions and universities will do this 

commercially and they can also tag the probe with the necessary label if non-isotopic 

ISHH is to be performed e.g all our probes were obtained from either Oswel DNA
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Service, University of Edinburgh or MRC National Institute for Medical Research, 

Symbicon. The sequences are described in the relevant chapters of this thesis.

2.4.3 Probe labelling

2.4.3.1 Choosing a label

A label is required for visualisation of the hybridised product. The majority of 

studies (including this one) use isotopic labelling since the ease of creating a 5' labelled 

tail and ability to obtain quantitative data outweighs the potential hazards of using 

radioactivity (assuming sensible precautions are taken). Generally 35S is used due to its 

low energy of emission (i.e. low ionizing capabilities), long half life (t,/= 76 days) and 

‘cleaner’ appearance on tissue sections (compared with 32P). This does however extend 

the time for development.

Non-isotopic methods allow for more rapid results, but may not be as sensitive as 

using an isotopic label. Either way, oligonucleotide tagging involves addition of marker 

molecules to one end of the probe sequence. Whereas a longer 35S tail will increase the 

sensitivity of the technique, addition of further non-isotopic markers will not increase 

signal (Emson, 1993).

2.4.3.2 Labelling of probe

8 pi of terminal transferase 5X buffer (500 mM cacodylate buffer) was mixed with 

4 pmols of oligonucleotide (e.g. 10 pi of a 0.4 pmol/pl solution or 12 pi of a 0.33 

pmol/pl solution), 40 pmols of 35S dATP (approximately 4 pi) to give a 10:1 ratio 

between label and probe) and 2.5 pi of terminal deoxynucleotidyl transferase (kept in 

freezer at -20°C until needed). The enzyme catalyses the addition of labelled and
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unlabelled bases to the 5'-end of the oligonucleotide sequence. This solution was made 

up to 40 pi with sterile water.

The volume of 35S dATP required will depend on the specifications of the label 

used, and can be calculated thus e.g.:-

Total activity of label = 0.25 mCi

Activity/mmol = 1380 Ci/mmol 

= 1380 mCi/pmol

pmol label = 0.25 mCi = 1.8 x 10'4 pmol

1380 mCi/pmol

= 180 pmols

This was in 20 pi so the concentration of the label solution was 180 = 9 pmol/pl

20

So to add 40 pmols to the solution, 40 = 4.4 pi were required.

9

This solution was then incubated in a water bath at 37°C for 60 minutes. The 

reaction was stopped by the addition of 400 pi of Reagent A (chelates cobalt and so 

stops reaction) and quenching in ice. 2 pi were removed for counting.

The labelled probe was separated from unlabelled probe using a 'NENSORB'
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nucleic acid purification cartridge. Initially other techniques were also tried (e.g. the 

Wizard DNA Clean-up System and Sephadex gel; see 2.7.2) but this technique was 

deemed the most successful.

2 mis of 100 % methanol were applied to the supported column and flushed 

through using a syringe until the meniscus of the methanol can be seen just above the 

sorbant.

N.B. It is very important to ensure that the column does not dry out at any stage 

since this could prevent the removal of the labelled probe from the column by 50 % 

ethanol.

2 mis of Reagent A were then flushed through the column in an identical fashion 

as for methanol. Disruption of the column or the appearance of air bubbles meant 

repetition of the flush through with methanol and Reagent A so as to ensure even wetting 

of the column. The probe sample was then flushed slowly through the column and the 

effluent collected (fraction 1). This fraction contained any unincorporated nucleotides

i.e. 35S-dATP. 2 flushes with 1 ml of Reagent A were performed and the effluent 

collected as fractions 2 & 3. 0.5 mis of 50 % EtOH were applied to the column to elute 

the radiolabelled probe. 2 drops were collected as fraction 4, 20 drops for fraction 5, 5 

for fraction 6 and the remainder in fraction 7. 2 pi were removed from each fraction, 

diluted with scintillation buffer (Cocktail T) and counted. The majority of the 

radioactivity should be in fraction 5. The probe was further purified by addition of 24 

pi of tRNA (8.33 mg/ml) to fraction 5, and thorough mixing. 1/10 of the total volume 

of 3M sodium acetate (= 40 pi) was added, followed by 2 volumes of absolute EtOH
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(e  0.8 mis) thoroughly mixed and stored at either -70°C for 1 hour or -20°C overnight. 

After 1 hour the solution was transferred to -20°C for approximately 30 minutes to allow 

the precipitation to run its course, since at -70°C the solution will freeze before complete 

precipitation has occurred.

The solution was then centrifuged at 15,000 rpm, -2-(-5)°C for 30 minutes. The 

supernatant was poured off into a tube marked supernatant, and the eppendorf blotted. 

The pellet was washed with ice cold EtOH (250 pi) to remove any excess fluid, and the 

eppendorf inverted onto paper and left to stand for 15 minutes. The pellet was dissolved 

in 100 pi of TE (Tris-HCl EDTA buffer at pH 7.6) and 1 pi of 1 M DTT. After thorough 

mixing, 2 pi were removed for counting to confirm the presence of radioactively-labelled 

probe.

From the counted tubes the % recovery of the probe in fraction 5 and the final 

concentrated solution was determined as follows (e.g. NOS)>

counts in 2 pi of initial solution = 355,626 cpm

counts in total volume of initial solution = 220 x 355,626

= 78,237,720 cpm

counts in 2 pi of fraction 5 =331,213 cpm

counts in total volume of fraction 5 = 331,213 cpm x total volume of fraction 5

2
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= 331,213 x 330 = 54,650,145 cpm 

2

% recovery in fraction 5 = total counts in fraction 5 (54.650.145) x 100

total counts in initial solution (78,237,720)

= 69.85 %

Counts in 2 pi of the final solution = 997,389 cpm

Total counts in final solution = 997,389 x total volume of solution OOP)

2

= 49,869,450 cpm

% recovery from initial solution = 49.869.450 x 100

78,237,720

= 63.7%

% recovery from fraction 5 = 49.869.450 x 100

54,650,145

= 91.3%

For the actual experiments more than 4 pmols of labelled probe were required 

therefore either a bulk labelling was performed e.g. 12-16 pmols instead of 4 or 4 lots 

of 4 pmols of probe were labelled at any one time and pooled together at the end if their
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level of labelling was suitably similar.

2.4.3 Flash frozen tissue pretreatment

The cryostat-cut sections, previously stored in the freezer, were laid section up on 

foil in the fume cupboard for 10 minutes to allow equilibration with room temperature. 

The slides were bathed in 4% paraformaldehyde in PBS (pH 7.4) for 5 mins using coplin 

jars or sterilised autoradiography boxes for large slides, followed by 3 washes in PBS for 

a minute. When the slides were used back to back, the slides were separated during the 

washings. Dehydration through 2 minute washes in 70%, 80% and 95% ethanol (EtOH) 

was performed and then the slides were allowed to dry.

2.4.4 In situ hybridisation

2.4.4.1 Hybridisation solution

The required volume of hybridisation buffer was mixed with 10 pi of 1 M DTT and

2.5 pi of poly A, per ml of buffer. DTT prevents the formation of disulphide bridges 

between the 35S in the labelled probe and the cysteine residues in the proteins of the 

tissue section, and the poly A reduces background. 10 (or 20) pi of probe was added 

per ml of buffer, and the solution thoroughly mixed.

3 sheets of filter paper soaked in copper sulphate were placed in a bioassay dish 

and rows of straws placed in the dish to support the slides above the CuS04. The CuS04 

ensures the sterility of the set-up during incubation.

2.4.4.2 Hybridisation

This was performed as described by Kingsbury et al., (1996). 200 pi of 

hybridisation buffer were pipetted onto each slide, and evenly distributed over the 

section. This was then covered using a parafilm coverslip (3.5 cm x 5 cm) and incubated 

overnight for at least 12 hours at 37°C (dependent on melt temperature of hybridisation).

The radioactivity was determined by mixing 10 pi of the hybridisation buffer with 

a measured volume of scintillation fluid (cocktail T) and then counting the solution.

2.4.4.3 Post hybridisation washing
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2.4.4.3 Post hybridisation washing

The slides were removed from the incubator and the coverslips floated off in 1 x 

SSC aided by tweezers. They were briefly washed twice in 1 x SSC at room temperature 

and placed in a rack. The slides were washed 4 times for 15 minutes each in 1 x SSC at 

53°C followed by 2 x 30 minute washes at room temperature and a brief wash in 2 

troughs of distilled water. To aid drying and to ensure the sections remain clear of 

bacterial contaminants, a 30 second wash in 70% IMS (industrial methylated spirits) was 

performed and the sections were then allowed to dry.

The warmed solutions act as high stringency washes to remove the majority of 

unbound (or non-specifically bound) probe.

N.B. It is vitally important to ensure that the slides do not dry out until after the 

final wash in distilled water (or IMS) so as to reduce background radioactivity.

2.4.5 Autoradiography

2.4.5.1 Autoradiography of section

Once dry the slides were securely fixed to card and apposed to x-ray film under a 

safe light, or no light and stored in a sealed x-ray cassette for the appropriate length of 

time for the probe used. The appropriate length of time was determined systematically 

by the hybridisation of additional slides. These were either used as a trial run by being

a) apposed to film for 7, 10, 14, 21, 28 days before development

b) emulsion developed at 14 days or subsequent 7 day intervals

Where signal was seen on film, increasing the length of time by a factor of 2-2 .5 

often meant a reliable signal was observed in emulsion dipped sections. Once the 

additional slides gave a reasonable signal, the experimental slides were also developed.

2.4.5.2 Emulsion dipping of slides

A suitable quantity of fresh emulsion strands were placed into a sawn-off 

measuring cylinder in a light proof water bath set at 40°C using plastic tweezers, to 

generate 10 mis of solution. Once melted, 15 mis of distilled water and 2 drops of 

glycerol were added. The glycerol is supposed to maintain the plasticity of the emulsion. 

After mixing, the solution was stored in a film pot in the water bath for 30 minutes. The
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emulsion was then stirred using a blank slide or glass rod, and left for a further 30 

minutes.

The emulsion was poured into an appropriately sized dipping cuvette and blank 

slides were used to stir the mixture and test its consistency. Once no air bubbles or 

lumps were seen, the slides were smoothly dipped into the emulsion for 2 seconds, and 

then smoothly removed. They were drained vertically above the cuvette for 5 seconds, 

and the non-section side of the slide wiped with a tissue. The slides were then placed on 

an ice-cooled metal island for approximately 10 minutes. This slow method of drying 

leads to better results. The slides were then stored in a 'paper safe' (light-proof box for 

storing photographic paper) for several hours. Silica gel was placed in the paper safe, 

and the slides left overnight. The slides were placed into slide boxes with silica gel, 

wrapped in foil, and placed in a sealed black bag to prevent exposure to light and stored 

in the fridge for the required exposure time.

N.B. All apparatus used was clean and made from plastic or glass, since metal ions 

could activate the emulsion. After use, the apparatus were thoroughly washed in hot 

water, followed by distilled water to remove any trace of emulsion so as to prevent 

triggering of unexposed emulsion in subsequent use.

2.4.5.3 Developing emulsion-dipped sections

The slides were allowed to equilibrate with room temperature following removal 

from the fridge. The boxes were opened under the safe orange light, racked and dipped 

in developer (Phenisol) for 3.5 minutes, followed by 30 seconds in stop solution and 3.5 

minutes in fixer all at 20°C. Once fixed the slides were bathed in distilled water for at 

least 5 minutes and then stained.

2.4.5.4 Staining slides (following emulsion)

The slides were bathed in the appropriate dye (toluidine blue) for 5-7 minutes, 

followed by a distilled water wash. The slides were then dehydrated through serial 

alcohols:-

70% EtOH for 5 minutes
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95% EtOH for 5 minutes 

absolute EtOH for 3 minutes

and finally bathed in xylene for at least 5 minutes. The exact times may vary 

depending on the freshness of the solutions, but should be standardised for a 

hybridisation. A small quantity of the mounting medium DPX, was applied to the slide 

for coverslipping.

2.5. Validation of probe specificity & Northern Hybridisation

Specificity of probe binding was confirmed in a number of ways including checking 

the sequence on a cDNA database such as Genbank to confirm little overlap with other 

sequences. The following techniques were also used.

2.5.1 Cold excess

A 50-fold excess of unlabelled probe should displace labelled probe binding to 

allow you to determine the specificity of any labelling. In contrast a 50-fold excess of an 

unlabelled probe of similar length but for a different mRNA, should have no effect. The 

method for determining the quantity of unlabelled probe required is outlined below:-

If you assume that during probe labelling, only 50 % of the probe is retained, then 

the probe concentration would be:-

pmols of probe used in labelling e.g. 4

2 x volume of solution 2 x 100

This is equal to 0.02 pmol/ pi for all solutions.

For every 100 pi of buffer, 1 (or 2) pi of probe were required so there will be 0.02 

x 1 (or 2) pmol of probe in the solution. Total labelled probe volume = v pi 

To give a 100 XS, {0.02 x v} xlOO pmols were required.
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The volume of unlabelled probe required was therefore that, that was equivalent 

to {0.02x v}x 100 i.e.

(0.02 x vl x 100 pi = __________ 2v__________pi

[unlabelled probe solution] [unlabelled probe solution]

See Figure 2.1 and 2.2 for examples of cold excess in vervets and humans respectively.

2.5.2 Northern Hybridisation

Alternatively Northern hybridisation can be used to confirm the specificity of the 

probes used to a mRNA of the previously reported size. mRNA was extracted from 

human striatal blocks using the guanidinium isothiocyanate method of Chomczynski and 

Sacchi (1987) as described:-

2.5.2.1 RNA extraction

lg of the required tissue was removed from the frozen blocks, homogenized in 10 

mis of solution D and then mixed with 1 ml of 2 M sodium acetate pH 4, 10 mis of 

water-saturated phenol, and 2 mis of chloroform: iso-amyl alcohol. On each addition the 

mixture was thoroughly vortexed. The final solution was then vigorously shaken for 10 

seconds and left for 15 minutes on ice. The mixture was centrifuged at 4°C for 20 

minutes at 10,000G in corex tubes, the aqueous layer was removed and mixed with an 

equal volume of isopropanol, stored at -20°C for 1 hr., followed by precipitation as 

before. The supernatant was discarded and the pellet redissolved in 1.5 mis of solution 

D per corex tube. Reprecipitation with isopropanol was performed as before, followed 

by a 75% ethanol wash, again requiring centrifugation. The pellet was redissolved in 50 

pi of 10 mM Tris-HCl pH 7.6/0.25% SDS per corex tube. Heating to 65°C aided
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Figure 2.2 Effect of 50 x cold excess on CHAT mRNA in the human putamen.

ChAT mRNA expression in human putamen under normal (A) and 50 x cold 

excess conditions. N ote the lack o f specific grains overlying the large cholinergic 

interneurons. One is arrowed in each picture for clarification.



dissolution of the pellet. 2 corex tubes were then combined into one eppendorf for 

storage.

1 pi of the solution was diluted in 1 ml of distilled water and its optical density 

measured at both 260 and 280 nm. A further 1 pi of the RNA solution was added so as 

to demonstrate reproducability in the absorbances obtained. The ratio between 

absorbance at 280 nm (protein concentration) and 260 nm (RNA) indicated the purity 

of the solution with respect to RNA. From the reading obtained the total RNA 

concentration and RNA/pl was calculated as follows e.g.:- 

E0 260 (lpl) = 0.22 E0 280 (lpl) = 0.11 Ratio = 2 

E0 260 (2 pi) = 0.4

RNA in 2 pi =0.4 x 20 mg 20 = extinction coefFicent

1000 1000 = dilution

RNA/pl = 0.4 x 20 = 4 pg/pl 

1000x2

Total RNA = 4 x  total volume (100 pi) = 400 pg 

The RNA solutions were then stored at -70°C.

2.5.2.2 Gel electrophoresis

100 pi of deionised formamide, 10 pi of lOx MOPS, and 35 pi of 37% 

formaldehyde were mixed well in an eppendorf. 14.5 pi was added to 8 pg of extracted 

RNA solution and the volume topped up to 20 pi using sterile water. After mixing, the 

solution was heated to 65°C for 5 minutes, to unwind the RNA, followed by quenching
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on ice. 2 pi of the loading solution was then added and thoroughly mixed.

The gel was cast into a level sterile gel plate, and the 'comb' inserted to create 

wells, and any air bubbles removed by use of a pipette tip. The 'comb' was carefully 

removed once the gel had set. The gel was then submerged with running buffer up to 

2 mm since more would increase the electrical current and hence heat up the gel. 20 pi 

of the RNA solutions were pipetted into each well and 10 pi of marker RNA in a well 

either side of the gel. 40 volts were passed across the gel and the dye was seen to move 

from the anode (-ve) to the cathode (+ve) of the electrophoretic apparatus. Every 1.5 

hours the leads to the electrodes, and the gel plate were reversed, to prevent overheating 

of the gel. The gel was allowed to run until the front of the dye had moved at least 6-8 

cm.

The RNA could be visualised on the gel by use of ethidium bromide staining, but 

this toxic compound did not generate very good results, compared with blotting and 

methylene blue and so was not used routinely. Staining with ethidium bromide was 

performed by soaking the gel in a solution of lx MOPS and 10 pl/L ethidium bromide 

for 15-30 minutes. The gel was drained, placed on saran wrap (clingfilm) and examined 

under u.v. light (CARE! head gear must be worn in presence of u.v. to reduce radiation 

exposure and possibility of burns). If adequate banding separation was seen, a 

photograph could be taken.

The gel was then rinsed in sterile water, followed by 2 x SSC, and blotted as 

outlined below:-

2.5.2.3 Blotting

A trough, with a cross piece, was filled with 20 x SSC. 3M Whatman paper
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soaked in SSC was draped over the cross piece into the trough, to act as a wick. Another 

sheet of 3M Whatman paper was placed on the cross piece, onto which the gel was laid. 

Evaporation of SSC was reduced by surrounding the gel with saran wrap. Nitrocellulose 

transfer membrane pre-soaked in sterile water and 2 x SSC, was placed over the gel. To 

aid orientation the top right hand corner of the cellulose was removed and the origin 

marked. 3M Whatman paper, soaked in 2 x SSC was placed on top, and covered evenly 

by equal-sized paper towels and a heavy weight. This was left overnight, and the transfer 

membrane was then soaked in 6 x SSC for 10 minutes, blotted on paper, allowed to dry 

and wrapped in saran. The blot was exposed to u.v. light for 5 minutes to 'fix' the RNA 

to the blot and then stained with methylene blue.

2.5.2.4 Methylene blue staining

The transfer membrane was soaked in 5 % acetic acid for 15 minutes followed by 

0.5M sodium acetate/0.04 % methylene blue for 5-10 minutes. The membrane was then 

rinsed in sterile water to remove excess dye. Sharp distinct bands were visible depicting 

the presence of the marker RNA.

The membrane was photographed and a standard semi-log curve of the distance 

travelled from the origin by the marker RNA can be plotted, and from this, the mass of 

the specific RNA species in the samples estimated.

The blot was then stored at -70°C until ready for hybridisation.

2.5.2.5 Northern hybridisation

The marker, 18s and 28s bands were marked on the blot, which was then washed 

in 2 x SSC. The blot was bathed in 10 mis prehybridisation buffer and artifically rotated
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for at least 30 minutes at 50°C. The buffer was poured off and replaced by 10 mis of 

buffer containing 32P labelled probe at approximately 1 x610 dpm/ml. This was 

hybridised by rotation overnight, and washed the following day still at 50°C in 2 x 15 

minutes washes of 1 x SSC/0.1 % SDS followed by 0.2 x SSC/0.1% SDS.

Once washed the blot was saran-wrapped and apposed to film for the required 

length of time. The film was developed using Kodak developer for 3 minutes, followed 

by 3 minutes in Kodak fixer.

The blot(s) could be reused by washing them in distilled water/0.1 % SDS at 90°C 

for 30 minutes. Their 'cleanliness' with respect to label was checked by use of a geiger 

counter (or by apposition to film overnight).

Other methods of confirming the specificity of the probe sequence include 

comparison with previously reported distributions within regions of the brain and within 

particular cell populations. Alternatively an RNase can be applied to the tissue before 

hybridisation to show that the labelling was specific for RNA and not artifactual. This 

was not tried in our laboratory.

These techniques are important because artifacts can be generated by 

chemography during processing or contamination o f ‘particles’ during the procedure.

The reliability of cold XS and irrelevant XS in conjunction with distributional 

comparisons in determining the specificity of the probes meant that it was deemed not 

necessary to perform NH for all probes.
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2.6 Quantitation

Following staining, tissue sections were examined under a x 40 objective and silver 

grain area was determined as a quantitative measure of mRNA expression, using a 

microscope-mounted video camera and the Quantimet Q570 imaging system (Cambridge 

Instruments). In some studies, the putamen was arbitrarily subdivided into six 

approximately equal subregions; dorsomedial, dorsolateral, intermediomedial, 

intermediolateral, ventromedial and ventrolateral regions in order to allow assessment 

of regional variation in specific RNA expression between dorsal and ventral striatum (see 

Figure 1.2). Quantitation of silver grains was performed on an average of 30 neurons 

in each subregion of the areas examined. Results were either expressed as grain area 

(mean area of silver grain overlying each labelled cell body), or grain density (% of cell 

covered by grains or pm2 grain area/pm2 cell area). The relative mean cross-sectional 

area of labelled cell bodies was also measured.

2.6.1 Image analysis

Image analysis was performed using the Quantimet Q570 to measure optical 

density over small, well-defined areas, such as the putamen or caudate.

There are two main types of preparation that can be analysed:-

1) Film autoradiography (macro-autoradiography)

2) emulsion-dipped slides (micro-autoradiography)

Generally emulsion-dipped slides were the preferred medium for analysis.

109



Film autoradiography can be analysed in one of two ways depending on the probes 

used and their appearance on the film. If the probe is sparsely distributed within the 

tissue, but in discrete packets, such as dots e.g. SS, then the following technique can be 

used:-

Initially a xlO magnification image was acquired from the autoradiographic film, 

placed on a light box to provide the only illumination. The camera/imaging settings were 

maximised to enhance the contrast between the background labelling of the film and the 

specific probe labelling. The captured image could be viewed to ensure that the mounted 

camera captured the same real image as we saw. Several such images could be captured 

at the same time. The image was then "transformed" to enhance the borders of labelling 

to make it easier for the program to differentiate the specific labelling from the 

background. The number of labelled regions and their areas can then be calculated.

Film autoradiography of a probe that is abundant throughout a region of the brain 

is analysed in a similar way. The film is acquired and transformed as previously 

described and the area of interest is drawn round manually and any artifacts are manually 

excluded. The area can then be divided into its separate regions as required for analysis 

e.g. dorsal, ventral, medial etc. for putamen. The mean grey area (optical density) of the 

required area can then be computed.

Ideally mean grey area should be calibrated by comparison with 14C calibration 

strips, so the relationship between radioactivity and mean grey area is known. This 

should be done for each film.

Emulsion-dipped slides can be analysed at one of 2 magnifications depending on
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the accuracy of cell size determination required. The calibration (and microscope) can 

be set to either 20 microns (x20) as was done for GAD67 mRNA in the striatum and GP 

and NOS in the striatum and MML or 40 microns (x40) for increased accuracy as was 

performed for all other analysis.

A colour image is acquired via a microscope mounted CCD camera and 

transformed to enhance contrast between grain labelling and back ground so that the 

edges of grains can be clearly delineated. The colour thresholds are set so that only 

grains are highlighted. The labelled cell of interest is drawn around manually and any 

artifacts can be excluded in the same way. Grain area and cell area are measured and 

grain density (either % of cell covered by grains or pm2 grain area/pn? cell area) 

calculated.

Reproducible and repeatable values can be obtained using this analysis.

2.6.2 Statistics

Results were analysed using the unpaired 2-tailed Student's /-test, with values of 

p < 0.05 considered significant, or the non-parametric Mann Whitney test when the 

number of patients was too low to be able to approximate to a normal distribution with 

any certainty (e.g n<6). The subregions of the putamen were compared using a general 

linear model of ANOVA (Minitab, Minitab Inc.) which investigated disease status (i.e. 

control or PD), patients within status, region, and status by region interaction. A 

pairwise comparison of the regions was then performed using the Bonferroni 

transformation to determine significance (p<0.0033 taken as significant due to the 

number of comparisons made).
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region., - regior^.

{[within error/nx] + [within error/riy]}1̂

x and y refer to the 2 populations compared.

degrees of freedom = error model degrees of freedom.

The vervet data was analysed using the non-parametric Mann-Whitney test due to 

the small sample size available. The non-parametric Kruskall-Wallis analysis was also 

performed for putaminal data where sample sizes were smaller than 6 (e.g. vervet and 

ChAT data).

All data was also analysed using the Kolmogorov-Smimov test to compare the 

cumulative distribution of the data rather than just the means (McCarthy et al., 1995; 

Soghomonian and Laprade, 1997). This is a non-parametric test that compares the data 

as a cumulative distribution and in the form used is ideal for sample sizes greater than 40. 

The data is sorted into bins of equal size and the differences (D) between the cumulative 

frequencies for the 2 populations determined for each bin. A significant value (p<0.05) 

for D is determined from the following equation:-

D = 1.36 * ((n„ + n,) (n„ * n,))'4

If D reached significance in any bin, then the cumulative distributions were 

determined to be significantly different. A significance of 0.01 or 0.001 is determined by 

replacing 1.36 with 1.63 and 1.95 respectively .i.e.

D (p<0.001) = 1.95 * ((n* + iiy) (nx * r^))'A
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The specific application of these general methods are detailed in the following chapters.

2.7 Pilot studies

2.7.1 Pilot vervet studies

Pilot studies of all the probes investigated were performed under identical 

conditions on vervet striatal tissue to determine whether the probes derived from human 

cDNA sequences were also specific for primate use. Generally all vervet pilot studies 

proved successful, suggesting that the oligonucleotide probe sequences were specific for 

primate as well as human mRNA (see Figure 2.1 for an example of vervet ISHH).

2.7.2 Alternative probe separation and purification techniques

The following two procedures were tested along with the NENsorb column to 

determine which was best for the separation and purification of labelled probe :-

a) Wizard DNA Clean-up System (Promega)

b) Sephadex gel

2.7.2.1 Wizard DNA Clean-up System.

This setup was tested on old labelled probes, and consisted of a minicolumn and 

a syringe. The probe solution was diluted with sterile water to increase it to the required 

volume and 2 pi were removed for counting. This was then mixed with 1 ml of the 

clean-up resin, in an eppendorf. The slurry produced was pipetted into the barrel of the 

syringe, and flushed into the column. 2 mis of 80 % isopropanol (made up using sterile 

water) were passed through the column. The labelled probe sticks to the resin, while any
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unincorporated nucleotide passes straight through. The minicolumn was then 

centrifuged at 12,000G for 20 seconds within an eppendorf and left at room temperature 

for 5-15 minutes to allow residual isopropanol to evaporate. 50 pi of prewarmed TE 

buffer (or sterile water) was applied to the column, and after 1 minute to allow the 

dissolution of the probe into TE, it was centrifuged as before. The supernatant was 

removed and counted, and stored at 4°C.

2.7.2.2 Sephadex gel

G50 Sephadex was stored under TE pH 8 buffer to ensure that it was pre-swelled, 

and was autoclaved. A 2.5 ml syringe barrel was used as a column, with glass wool 

acting as a plug. The dead volume of a column was determined by addition of CuS04 

until the column became blue.

The probe sample (again an old labelled probe, diluted with sterile water to give 

200 pi and counted) was applied to the column. The displaced TE was collected as 

fraction 1. This was repeated with 200 pi of TE until 15 fractions have been obtained. 

It was very important to ensure that the column did not dry out at any stage.

2 pi of each fraction was then counted. The fractions that contained the majority 

of the probe were combined, and precipitated down using sodium acetate/ethanol as per 

usual.

The probe was too large to enter the beads and be retained, so it will pass straight 

through the column, whereas any unincorporated labelled nucleotides will be retained on 

the column. Due to the dead space of the column, the probe was not eluted until 

approximately the 7th and subsequent five fractions.

114



The results from these alternative methods of purifying the probe, were not as 

effective as for the NENsorb column, so this was used for all labellings.

2.7.3 Use of wax-embedded tissue for ISHH.

Wax-embedded sections have already been formalin-fixed, but require a different 

pretreatment than the flash-frozen sections and were mounted on APES-coated slides.

The slides were dipped in hot xylene (50°C) for 10 minutes, and then 5 minutes in 

a second solution to remove the wax. A quick rinse in xylene at room temperature to 

cool the slides, followed by 10 minutes in chloroform were then performed to remove 

the xylene and defat the section. 2 washes in 100 % ethanol were then performed, at 

which stage the slides could be left in ethanol at 4°C overnight, if necessary. This was 

to improve the probe penetration of the tissue. A 2 minute wash in 70% ethanol, 

followed by a wash in PBS was then carried out. A TEA/acetic anhydride solution may 

be applied for 10 minutes to reduce background, but this step has not been shown to be 

necessary. A further 2 washes in PBS were then required, the second one for 3 minutes. 

A 20 minute incubation at 37°C with protease K (20 pg/ml) made up in 10 mmol TRIS/5 

mmol EDTA occurred to break down protein bonds in the tissue sample and hence 

increase the permeability of the tissue to the probe. This was followed by a PBS wash 

and a 15 minute incubation in Triton X-100 (0.01% by weight) to further permeabilise 

the tissue. A quick rinse in DEPC-water was then required to remove all the detergent. 

The slides were allowed to dry and hybridised as described previously for flash-frozen 

tissue.

This technique proved ineffective in unmasking mRNA and therefore all studies 

were performed on flash frozen material.
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2.7.4 Combined radioactive and non-radioactive ISHH

The hybridisation was primarily the same as for that with radioactive probes except 

the probe was labelled with a protein conjugate (digoxigenin; DIG-11-dUTP) instead of 

35S dATP. An antibody raised to digoxigenin, conjugated to a coloured enzyme system 

was used to identify hybridisation products. In this example the antibody had been 

conjugated to alkaline phosphatase. In the presence of 2 particular substrates; nitro blue 

tetrazolium chloride and X-phosphate, a blue precipitate will be formed. The method 

was adapted from Boehringer Mannheim's product information guide for digoxigenin in 

situ.

Probe labelling

This was theoretically identical to that done for radioactive labelling, except 

quantitation of the degree of labelling cannot be easily determined by counting. The 

effect of the column on digoxigenin was believed to be identical as for radioactive labels, 

but this has yet to be confirmed since the degree of labelling cannot easily be determined.

Section pretreatment & hybridisation

The sections were prepared and hybridised in an identical fashion to that for 

radioactively labelled probes.

Washing

The wash temperature was lowered to 42°C due to the potential denaturation of 

the labelling protein digoxigenin that could occur at 55°C. The concentration of SSC
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was reduced to 0.5 X SSC to ensure that the stringency of the wash was maintained. The 

slides which have been hybridised with non-radioactive probes were not given a 70 % 

IMS wash, but instead underwent immunological detection.

Immunological detection

The slides were equilibrated in buffer 1 for 1 minute followed by 30 minutes in 

buffer 1 containing 2% normal sheep serum, to reduce non-specific binding.

1500 pi of the antibody solution was then applied to the slides as they lay in an 

immunochemistry tray with water covering its base to provide a humid environment. 

The slides were left at room temperature for 4 hours, or left at room temperature for 1 

hour followed by 4°C overnight, depending on time restrictions.

3, 5 minute washes in buffer 1 were performed on an agitator, followed by a 10 

minute wash in buffer 2 for equilibration.

The slides were either dipped into fresh substrate-colour solution or an appropiate 

volume of the solution was applied to the sections. The slides were left in contact with 

this solution in the dark, for between 2 and 24 hours. Slides were periodically removed, 

dipped in a stop solution (buffer 3), followed by distilled water, coverslipped and 

examined under the microscope for any blue precipitation. Once adequate precipitation 

was observed, all the slides would be developed. The slides were mounted and 

coverslipped using the aqueous Apathies' medium. Some sections were counterstained 

with neutral red for 10-15 minutes followed by rapid dips in the ascending alcohol series 

and up to a minute in total in 2 changes of xylene. The slides were then mounted using 

a mixture of 66 % DPX and 34 % xylene.

This was performed once investigating SS and PPE mRNA expression.
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A 2nd attempt was carried out based on Cephalon Inc. study in Boehringer 

Mannheim's Non-radioactive In Situ Hybridisation application manual (Cephalon Inc, 

1992)), whereby the post hybridisation wash was as follows:-

2 x SSC at room temperature for 1 hr, followed by 1 x SSC at room temperature 

for 1 hr, 1 x SSC at 37°C for 30 minutes and a further 30 minute wash at room 

temperature.

Also buffer 2 consisted of buffer 1 with 0 .5% blocking reagent, and buffer 3 was 

100 mM Tris-HCl, 100 mM NaCl and 50 mM MgCl2 at pH 9.5.

Neither the non-radioactive ISHH nor the ISHH on wax-embedded tissue were 

effective, giving no evidence of any labelling. The combined digoxygenin/[35S] labelling 

study only revealed silver grain labelling. The reasons for the absence of the signal are 

unclear, but unfortunately negated the use of this technique.
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Chapter 3: mRNA PRESERVATION AND AGONAL STATE

This work was performed in conjunction with Ann Kingsbury (see Kingsbury et 

al., 1995) to obtain a reliable indicator of expected mRNA preservation within brain 

tissue.

3.1 Introduction

Experiments using human subjects are notorious for considerable variation for 

many biological and pharmacological parameters. Consequently some form of 

standardisation is required to minimise the large interindividual variability that increases 

the number of subjects necessary to perform a statistically relevant analysis. Generally 

post mortem material is limited and therefore only a small sample size is likely to be 

available. This is particularly true with post mortem material wherein a multitude of peri- 

and post mortem differences may confound any findings. Current evidence suggests that 

while post mortem delay is critical in studies of catecholamines and some peptides, it is 

less important for other molecules, including mRNA (Johnson et al., 1986), which is 

preserved for at least 48 hours within brain tissue (Barton et al., 1993; Perrett et al., 

1992). This may therefore not be of particular relevance for in situ hybridisation (ISHH) 

where mRNA expression is studied; nevertheless where possible, variations in post 

mortem delay should be minimised.

The agonal state of the subject before death (peri mortem) may play a greater role 

in the preservation of neurochemical parameters such as mRNA than post mortem delay. 

Studies have shown that under hypoxic conditions, RNA preservation (Harrison et al.,
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1991), neurotransmitter concentrations (including neuropeptides) (Monfort et al., 1985) 

and enzyme activities (Perry et al., 1982; Yates et al., 1990) are all altered. For this 

reason a measure of agonal state or peri mortem condition is required. It is difficult to 

assess the agonal state of a patient before death since the clinical notes of a patient are 

frequently incomplete and not informative. This is further compounded by causes of 

death being cited as ‘advanced PD’ or other non-factual definitions. Consequently some 

other measure is required to either determine or act as an indirect indicator of the agonal 

state and hence likely suitability of tissue for mRNA analysis.

Some studies have devised a scoring system for characterising the agonal state 

(Harrison et al., 1995), or correlate values with the period of coma (Harrison et al., 

1991). However the former can be a subjective value and not all patients lapse into a 

coma, hence a more reliable measure is required. Animal studies suggest a strong 

correlation between hypoxia and the pH of the cerebrospinal fluid (CSF) and brain tissue 

(Bowen etal., 1977; Paschen eta i, 1987) and post mortem studies in demented patients 

reveal a strong negative correlation between the pH value for the CSF or brain tissue and 

lactate concentration (Yates et al., 1990). The low pH is believed to signify anaerobic 

glycolysis with more lactate production under hypoxic conditions, terminal coma or 

prolonged respiratory distress (Hardy et al., 1985). This suggested that measuring pH 

could act as an indirect measure of agonal state that would allow matching of subject 

groups for ISHH studies of mRNA expression.
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3.2 Methods

3.2.1 pH measurement

Approximately lg was removed from flash frozen lateral cerebellar blocks and 

homogenised with 10 volumes of distilled water, pH adjusted to neutral (7.0). pH values 

were then measured in duplicate at room temperature using a standard Coming pH 

electrode. This was initally performed on 52 subjects (32 controls and 20 PD patients).

3.2.2 In situ hybridisation

The effect of post mortem conditions and pH on mRNA expression of four 

different proteins; the glycolytic enzyme fructose-1,6,-bisphosphate aldolase (Aldolase 

C), the structural protein (13-tubulin), and the neuropeptide precursors PPE and PPT, 

were investigated on a subset of the 52 patients whose pH had been determined (10 

controls and 9 parkinsonian cases). The probe sequences are outlined below:-

Aldolase C

5-CGA CGC AGG GCA GTG ACA GTT GCC ATG GC-3'

complementary to nucleotides 2837-2866 of human Aldolase C mRNA (Rottmann et al.,

1987).
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ft-tubulin

5-GAA CAT GGC AGT GAA CTG CTC CGA GAT GCG-3'

complementary to nucleotides 2740-2769 of human p-tubulin mRNA (Lee et al., 1984)

Preproenkephalin (PPE)

5'-TCC ATT GGC CTC TTC TTC TGG CTC CA-3'

complementary to nucleotides 1432-1457 of human PPE mRNA (Comb et al., 1983) 

Preprotachykinin (PPT)

5-AAT CCA AAG AAC TGC TGA GGC TTG GGT CTC-3'

complementary to nucleotides 252-281 of human PPT mRNA (Harmar et al., 1986)

Probe labelling and hybridisation was performed on striatal, cerebellar and midbrain 

sections as outlined in general methods (see Chapter 2). The slides were apposed to film 

for 10-15 days and emulsion-dipped for 4-6 weeks.

Cerebellar RNA was extracted, separated on agarose gels, and blotted onto nylon 

membranes from 4 patients with low pH and 4 with a high pH, as outlined in Chapter

2. Northern hybridisation (NH) was performed with 32P-dATP labelled probes for the
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four mRNAs and exposed to X-ray film for 1-5 days.

3.3 Results

The ISHH and analysis was performed by Ann Kingsbury. My contribution to this 

study was primarily the RNA extractions and subsequent NH to confirm the specificity 

of the probes. I therefore summarise the results below:-

3.3.1 In situ hybridisation

No correlations were observed between pH and post mortem delay, or age in the 

whole series or the separate groups studied, nor for clinical factors such as duration of 

PD or 1-DOPA treatment in the pathological subjects. No significant differences in pH 

(range 5.86-6.86) were observed between control or PD cases. Surprisingly no 

correlation of pH with the recorded cause of death was apparent from this study.

ISHH revealed probe labelling was significantly dependent on pH. Generally, the 

lower the pH, the less hybridisation signal was observed. A significant correlation with 

pH was observed for probe labelling of aldolase C and 13-tubulin on autoradiograms of 

the cerebellum (p<0.001; regression analysis). No effect of disease state, clinical factors, 

post mortem delay or age were apparent on hybridisation signal. Striatal quantitation of 

PPE and PPT and midbrain 6-tubulin mRNA signal revealed the same correlations with 

pH.

3.3.2 RNA extraction and northern hybridisation

Spectrophotometric analysis of extracted RNA revealed a similar quantity of RNA
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in all samples irrespective of the pH (between 300 and 500 pg of RNA were obtained 

in each extraction; see Chapter 2.5.2.1 for sample calculation) . Blotting of mRNA 

extracted from two sets of four typical patients (two with ‘high’ pH and two with ‘low’ 

pH) revealed some degradation of RNA within every patient. However the degradation 

was almost complete in samples from patients with a low pH as shown by almost total 

absence of methylene blue staining within these lanes. By contrast, high pH samples 

were relatively well preserved with clear evidence of methylene blue staining (see Figure

3.1).

Northern hybridisation of these blots confirmed this finding and the in situ results; 

aldolase C and 6-tubulin labelling was almost invisible within the lanes of low pH 

samples but clearly labelled mRNA moieties at 1.6-1,7kb for aldolase C and 2 bands at

1.8 and 2.7 kb for 6-tubulin (see Figure 3.2), correlating with the previously described 

values for these proteins (Lee et al., 1984; Rottmann et al., 1987)

3.4 Discussion

The results of this study demonstrate that pH is a reliable indicator of the degree 

of labelling for ISHH of several mRNA moieties in post mortem human material. The 

absence of a correlation between pH and disease suggests that PD patients are not 

hypoxic to any degree more than control patients. The lack of a correlation between pH 

and the recorded cause of death suggests that the latter may not be a good indicator of 

agonal state for this group of patients or that unrecorded factors may have influenced 

acidosis within these patients, since other groups have shown a correlation between pH 

and agonal state (Bowen et al., 1977; Hardy et al., 1985; Paschen et al., 1987; Yates et
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Figure 3.1 RNA blot demonstrating degree of preservation

N orthern blots for RNA extracted from the cerebellum o f four control patients 

stained with methylene blue. RNA ladder is labelled on the right. All extracts show RNA 

degradation with high pH subjects (lane 2 pH 6.79, lane 4 pH 6.68) demonstrating a 

better RNA preservation than low pH subjects (lane 1 pH 6.21, lane 3 pH 6.08).



Figure 3.2 Northern blots for (3-tubulin and aldolase C.

Northern hybridisation with p 2P]dATP labelled probes for aldolase C (A) and 

P-tubulin (B) reveal specific labelling at their expected sizes. This labelling is nearly 

absent in tissue from low pH brains (lane 1 pH 6.21, lane 3 pH 6.08) compared with high 

pH brains (lane 2 pH 6.79, lane 4 pH 6.68).
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al., 1990). Generally, clinical data before death can be particularly sparse, so a reliable 

and detailed account of terminal illness can rarely be derived. The majority of PD 

patients tend to die from bronchopneumonia which is assumed to be a slow death with 

a long agonal phase, however no significant differences in mean pH were observed 

between these patients (though there was a trend to lower pH values) and those who 

died from myocardial infarction.

The degree of ischaemia or hypoxia of the brain during this agonal state cannot 

clearly be determined from clinical data, partly because not all patients will necessarily 

die within hospital. Lactate accumulation following anerobic respiration in ischaemic or 

hypoxic conditions leads to acidosis and hence low pH values. This may also cause 

membrane damage and lipid peroxidation leading to the release of acid RNases which 

degrade RNA in the acidotic conditions.

Examination of the clinical data of the patients used in this study reveals some 

unknown causes of death or death from advanced PD, neither of which provide any 

information about the agonal state of the patients leading up to death. This highlights 

one of the major problems with clinical data and their potential incompleteness. The 

stated cause of death (on death certificates) may be meaningless terminology such as 

‘advanced PD’ and therefore further data is required before you can obtain comparable 

groups for testing that maximise their statistical significance. Several studies, including 

this one have shown that clinical documentation is a poor indicator of mRNA abundance, 

partly as a result of these inaccuracies (Harrison et al., 1995; Kingsbury et al., 1995).

Possible factors that relate to the preservation of mRNA include the length of 

storage time and freeze-thawing of tissue. Current data suggests storage times of up to 

33 months at -70°C do not have a major influence on mRNA preservation (Harrison et
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al., 1995), though a few studies do suggest a negative correlation (Burke et al., 1991; 

Eastwood et al., 1995). A systematic study is underway to determine this for storage 

of over 5 years at the Parkinson’s Disease Society Brain Research Centre. One 

observation that I (and others) have made is that storage at -20°C results in almost total 

mRNA loss over a period of time (less than a year) highlighting the importance of 

adequate storage. The accidental thawing of tissue once frozen (or repeated freeze- 

thawing as can happen during tissue cutting if care is not taken) is certainly detrimental 

to mRNA preservation, though a study suggests the tissue needs to be thawed for greater 

than 30 minutes for RNA damage to occur (Ross et al., 1992). Rapid freezing can 

rupture membranes releasing many hydrolytic enzymes from lysozymes which can 

become active on thawing. Of particular relevance is the acid RNase which is optimal 

at acid pH as would be observed in acidotic brains with prolonged agonal states.

The intensity of labelling of ISHH, blotting and NH studies was not different 

between control and PD cases, and this finding is further supported by the lack of a 

difference in pH between these two groups, implying that PD patients are not more 

hypoxic than controls.

Several studies agree with the finding of no correlation of mRNA preservation with 

the length of post mortem delay (Barton et al., 1993; Gilmore et al., 1993; Perrett et al., 

1988), suggesting that post mortem effects (under controlled conditions) are minimal. 

General policy at the Parkinson’s Disease Society Brain Research Centre dictates that 

the body of the deceased is refrigerated at 4°C within four hours of death, and the brain 

removed within 48 hours for it to be used in ISHH studies since post mortem delays of 

less than 48 hours have no adverse effects, whereas delays of greater than 48-72 hours 

have been shown to be detrimental to mRNA preservation (Barton et al., 1993). By
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contrast peri mortem factors have a greater influence over mRNA preservation, as 

evidenced by the reduction in signal in more acidotic tissue (which is potentially under 

greater respiratory distress).

The finding that these changes occur in several locations due to the reproducibility 

of these findings in the striatum and midbrain as well as the cerebellum, suggests that the 

pH may act as an indicator of mRNA stability throughout the brain. The stability of 

mRNA for several different functional proteins also appeared to be correlated with pH.

The observation of almost total loss of RNA within low pH subjects from the 

methylene blue staining of blots would appear to contradict the findings of Harrison et 

al. (1991), who find no evidence of a reduction in total RNA in patients who descend 

into a prolonged coma and hence are likely to be acidotic. One possible explanation for 

this, is their use of a poly-dUTP probe to measure total RNA. dUTP is a marker for the 

poly-A tail of mRNA and therefore may label fragmented as well as intact mRNA. 

Evidence for the presence of some fragmented mRNA in all post mortem tissue is 

provided by the streaking (signifying degradation) of the ribosomal bands in the 

methylene blue-stained blots and the almost total absence of staining even though 

spectrophotometric analysis revealed the presence of RNA. The latter observation 

suggests that spectrophotometric analysis did not distinguish between fragmented and 

‘whole’ RNA since values were similar for all cases.

3.5 Conclusions

1. Measuring pH values of brain tissue provides a suitable parameter for matching two 

disease groups for comparable analysis, particularly for mRNA studies.

129



2. Using pH in conjunction with age, post mortem delay and clinical data to match 

patients within disease groups can lead to greater statistical accuracy by minimising the 

potential for inter-individual variations, thus reducing the sample sizes necessary for 

statistical evaluation.

3. Routine measurement of pH for different patients can inform investigators of the 

potential worth of particular tissue for certain studies. Brains with low pH are unlikely 

to be of any use for mRNA investigations. pH may also affect protein expression as 

well and therefore would negate use of such tissue for immunohistochemical, ligand 

binding or enzymatic studies, thereby making the tissue almost useless! In this way, 

space could be conserved within brain banks, and the reliability of their tissue donated 

to other researchers guaranteed and bolstering the reliability of ISHH findings in 

quantitative studies.

4. pH matching has become standard practice at the PDS Brain Research Centre, and 

several other institutions are also following suit.

130



Chapter 4: BASAL GANGLIA SOMATOSTATIN mRNA EXPRESSION

The following three chapters investigate neurotransmitter expression by ISHH 

within two of the three classes of striatal interneurons and other relevant areas of the 

basal ganglia where the respective neurotransmitters are expressed. The first two 

chapters deal with SS and NO expression (measured by preprosomatostatin and nitric 

oxide synthase mRNA respectively) within the same population of medium-sized aspiny 

neuron. The third chapter relates to the large aspiny intemeuron that are believed to 

express ACh and is measured by choline acetyltransferase mRNA expression.

4.1 Introduction

Somatostatin (SS) is a widely expressed tetradecapeptide that has been implicated 

as a regulator of both endocrine and brain function. SS was first identified due to its 

ability to inhibit growth hormone release by a direct negative feedback pathway and was 

originally known as somatotropin-release inhibiting factor (SRTF). It was sequenced and 

synthesised by Brazeau et al., (1973) following its isolation from ovine hypothalamus. 

SS is synthesised from its precursor molecule preprosomatostatin and exists in several 

forms; SS-14, SS-25 and SS-28, all of which feature the same basic sequence of amino 

acids
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1 14

SER-ALA-ASN-SER-ASN-PRO-AEA-MET-ALA-PRO-ARG-GLU-ARG-LYS- 

ALA-GLY-CYS-LYS-ASN-PHE-PHE-TRP-LYS-THR-PHE-THR-SER-CYS 

15 28

SS-14 consists of amino acids 15-28 of the above sequence for SS-28.

Preprosomatostatin exhibits a high degree of sequence homology between species, 

but variations in post-translational modifications to generate the neurotransmitter 

demonstrates variations in structure between some species.

Within the intestine, SS appears to regulate the intake of particular food types by 

its action on acid secretory mechanisms (via receptor-mediated activation of an Na7H+ 

exchanger (Barber et al., 1989)), and modulates the use of carbohydrates by inhibiting 

insulin and promoting glucagon release, by a hormonal action on the pancreatic islet 

cells.

Within the central nervous system, SS has an uneven distribution within the brain. 

Qualitatively different electrophysiological effects on neurons occur dependent on the 

SS concentration present within nerve terminals, and SS is released from brain slices in 

a calcium-dependent manner. Specific receptors have also been detected for this 

neuropeptide in the areas predicted to be innervated by SS-containing neurons as 

determined by immunohistochemistry. In this respect, SS satisfies the criteria for being 

a transmitter as outlined in Chapter 1.7.

Five different receptors have so far been identified by molecular cloning for SS 

(SSTR1-5) (Epelbaum et al., 1994). The different SS receptors function through G
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protein-linked second messenger systems, and are split into two classes dependent on 

their affinity for short synthetic SS analogues; SS1/SRIF1 (SSTR2, SSTR3, SSTR5) 

have intermediate-high affinity whereas SS2/SRIF2 (SSTR1, SSTR4) have very low or 

no affinity for the analogues. Amino acid homology within these groups is between 80 

and 90 % whereas homology between groups is 50-70 % (Hoyer et al., 1995). The 

receptors are coupled to a number of different effector systems by pertussis toxin- 

sensitive guanine nucleotide-binding proteins. All five subtypes have been shown to be 

negatively coupled to adenylate cyclase (Patel et al., 1995), and increase phospholipase 

C with the SS1/SRIF1 class possessing a greater effect on IP3 accumulation (Akbar et 

al., 1994). The SSTR1 receptor is believed to be linked to the Na+/H+ exchanger 

particularly within the gastrointestinal tract (Barber et al., 1989) and hence could be 

involved in the regulation of absorption of particular food types into the bloodstream 

from the gut. The SSTR2 receptor appears to be linked to voltage dependent calcium 

(Ca2+) channels and can diminish intracellular Ca2+ concentration and therefore could act 

to regulate neuronal activity by modulating both the membrane potential and vesicular 

transmitter release. SSTR1 and SSTR2 receptors are also linked to tyrosine phosphatase, 

whereas SSTR4 receptors are linked to phospholipase A2 and MAP kinase (Patel et al., 

1995). Some of the receptors are also linked to a variety of different K+ channels and 

hence can induce cell hyperpolarisation, and reduce intracellular Ca2+ by inactivation of 

voltage-sensitive Ca2+ channels.

SS1/SRIF1 is the most abundant class of SS receptors in the striatum (Krantic et 

al., 1990; Martin et al., 1991b; Raynor and Reisine, 1992). One ISHH study shows the 

absence of mRNA for SS receptors 1, 2, or 3 within the rodent caudate (Senaris et al., 

1994), suggesting SSTR5 may be the main striatal SS receptor. This is unlikely since
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one study suggests that SSTR5 is only expressed in the cerebellum and at low levels 

(Thoss et al., 1996), whereas another study shows the presence of SSTR2 mRNA in the 

striatum of rodents (Kaupmann et al., 1993). Either way this observation does not rule 

out the presence of SSTR1, 2 or 3 on neurons terminating in the striatum e.g. on non- 

intrinsic neurons such as the corticostriatal, subthalamostriatal, pallidostriatal, 

corticostriatal or pedunculostriatal neurons. Low levels of SSTR4 mRNA have also 

been demonstrated in rat striatum (Perez and Hoyer, 1995).

During development, early and transient expression of SS is observed in novel 

neuronal cell types and locations, which do not express SS in the adult. Within the 

immature cortex of rats, a novel population of cells transiently expresses SS which 

vanishes following neuroblast migration. At this stage a second population of cells begin 

to express SS and this remains into adulthood. Leroux et al (Leroux et al., 1992) have 

shown that SS acts during the maturation process of cortical neurons at the moment of 

migration, and hence hypothesized a role for SS as a neurotrophic factor during 

development.

In the adult mammalian brain, SS is abundant within the hypothalamus, from where 

paracrine secretion occurs, and also within all layers of the cortex, the striatum, the GP, 

and the SNC. A role of SS in the cortex and hippocampus in cognitive function has been 

postulated since the levels of both SS protein and mRNA are reduced in these areas of 

patients suffering from intellectual deterioration, such as demented Parkinson’s, and 

Alzheimer's disease patients (Dournaud et al., 1994; Epelbaum et al., 1983).

SS has been demonstrated by immunofluorescence (Kowall et al., 1987), 

immunocytochemistry (Selden et al., 1994) and ISHH (Weiss and Chesselet, 1989) to
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be coexpressed with NPY and NOS within interneurons of the striatum, hippocampus 

and cortex. Colocalisation of these neurotransmitters within GAB Aergic interneurons 

also occurs in the hippocampus and cortex but not the striatum (Schmechel et al., 1984).

Within the striatum, SS-containing neurons are located on the borders of 

striosomes, and so it has been suggested that the SS intemeurons may allow 

communication between the striosomes and matrix of the striatum (Gerfen, 1984). An 

interaction with the DAergic system has also been proposed. Intracerebroventricular 

injection of SS induces increased DA synthesis and turnover in several brain regions, as 

well as regulating DA release from striatal slices (Beal and Martin, 1984; Chesselet and 

Reisine, 1983). Beal et al. (1986) have demonstrated that this is a specific effect of SS 

that is also additive with respect to the colocalised neurotransmitter, NPY. Both D 1 and 

D2 receptor blockade significantly decreases SS content and mRNA within striatal 

interneurons (Augood et al., 1991).

Within the preprosomatostatin gene is a cAMP responsive element which promotes 

SS expression in the presence of cAMP. The D1 receptor is coupled to adenylyl cyclase

in a stimulatory manner, so blockade of D1 receptors present on SS-containing neurons

would result in decreased cAMP and therefore decreased SS. In contrast, the D2

receptor is coupled with adenylyl cyclase in an inhibitory manner, so an increase in SS

expression would be expected following D2 receptor antagonism. However, this is not

seen due to the absence of D2 receptors on striatal SS-containing interneurons 

(MacLennan et al., 1994), implying that the observed result of decreased SS with D2

antagonists is an indirect action of DA via D2 receptors located on other neurons which
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in turn normally stimulate SS-containing interneurons within the striatum.

Nigral innervation of the striatum in normal controls is heterogenously biased 

towards the dorsolateral rather than the ventromedial putamen. However in PD, an 

increasing ventromedial-dorsolateral gradient of DA denervation is observed (Kish et al.,

1988), so if DA modulates SS expression, then it is likely to be altered in the most 

severely denervated regions. PPE expression has been shown to be increased within the 

intermediolateral putamen (Nisbet et al., 1995), and so it is possible that SS expression 

may also be altered in this region. The striatal interneurons potentially play a major 

regulatory role in the activity of basal ganglia loops integrating motor-associated 

information from separate cortical innervations or other inputs (though probably still 

maintaining functional segregation) to balance the activities of the striatopallidal and 

striatonigral pathways with respect to the desired response.

Increased NOS mRNA expression has been detected within the MML of PD 

patients (Nisbet et al., 1994a)(see Chapter 5) and SS may be colocalised within these 

cells. The role of these cells is still to be determined, but we have observed an 

interaction with DAergic fibres, by using immunocytochemistry for TH, that may arise 

from nigral neurons en route to the striatum or GP (Eve et al., 1998b). The expression 

of SS mRNA within these cells was therefore studied.

The presence of SS mRNA within the human RTN has been previously 

demonstrated (Mengod et al., 1992). This region is believed to exert a pacemaker-like 

action over the thalamus and is innervated by the GP (Spreafico et al., 1987). 

Determining SS mRNA expression within this nucleus in PD patients may reveal an 

additonal regulator of thalamic activity along with the inhibitory GPi and SNR.

SS mRNA expression was therefore measured within the striatum, MML and RTN
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to investigate its potential role as a mediator of information within the basal ganglia due 

to its abundance within these areas and possible interactions with several pathways at the 

striatal and pallidal level relating to associative and motor function.

4.2 Application of general methods

SS mRNA expression was investigated within the subdivided putamen (see Figure

1.2) and caudate of both vervet and human sections, whereas expression in the MML and 

RTN was only studied in human sections (Eve et al., 1995; Eve et al., 1997). The probe 

sequence used was complementary to nucleotides 413 - 442 of human SS mRNA (Shen 

etal., 1982) for both SS-14 and SS-28, and a 1 base mismatch with the rat sequence:-

5'-GTC TTC CAG AAG AAA TTC TTG CAG CCA GCT-3'

This sequence has an 8 base mismatch with the structurally similar neuropeptide, 

corticostatin (NIH Basic Local Alignment Search Tool program).

The sections were hybridised for 15 hours at 33°C and after stringent washing 

were emulsion-dipped for 2 weeks at 4°C.

NH was performed as described in 2.5.2.5, on RNA extracted from the human 

striatum to confirm probe specificity.

A total of 10 PD cases and 14 controls were studied, though not all patients were 

used for every area investigated. The patients possessed the following characteristics. 

PD cases: 5 males, 5 females; mean age 76.9 years (range 67-88); mean post mortem 

delay 18.4 hours (range 8.5-30); mean cerebellar pH 6.44, SEM 0.05 (range 6.20-6.60),
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mean disease duration 16.1 years (range 5-25); mean L-DOPA dose at death 1122 mg/ 

24 hours (range 400-3500mg. In all cases, L-DOPA had been given with a peripheral 

decarboxylase inhibitor).

Controls: 9 males, 5 females; mean age 75.9 years (range 40-91); mean post 

mortem delay 28.0 hours (range 5.5-50); mean cerebellar pH 6.45, SEM 0.06 (range 

6.12-6.79) and exhibited no neurological symptoms during life, or neuropathology on 

post mortem.

4.3 Results

The SS hybridised striatal blot was apposed to film and developed 7 days later. 

The probe bound to a mRNA moiety of approximately 1.0 kb in length (Figure 4.1). 

This agrees with the value quoted in the literature (Dournaud et al., 1994). In 

conjunction with the displacement of signal in cold excess experiments and the lack of 

an effect of excess irrelevant probe, this finding confirms the specificity of the probe 

sequence used for SS mRNA.

In the present study, neither age, post mortem delay nor pH showed any 

correlation with detected levels of SS mRNA expression in any of the sites studied in 

either the PD or control group.

4.3.1 Distribution of SS mRNA in control basal ganglia

In control material, scattered subpopulations of neurons labelled with SS probe
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Figure 4.1 Northern hybridisation of SS mRNA

[32P]-dATP labelled SS probe hybridised to a band approximately 1 kb as shown 

on the blot. This agrees with previously published values (Dournaud et al., 1994). In 

conjunction with cold and irrelevant excess protocols this confirms the selectivity o f the 

probe sequence used to SS mRNA. The values represent the position o f an RNA ladder, 

where O is the origin
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were found in all subregions of the putamen, the caudate, the RTN and the MML. No 

labelling was observed within the STN. A reverse phase film autoradiograph (Figure

4.2) demonstrates SS mRNA expression within all regions examined, and examples of 

labelled cells from emulsion autoradiographs are shown in Figure 4.3. The distribution 

of labelled cells within the striatum appeared relatively uniform, though clusters of 

labelled neurons were seen in some areas (see Figure 4.2). The majority of labelled 

striatal cell bodies were medium-sized (approximately 160 pm2) and either bipolar, ovoid 

or fusiform, and therefore not distinguishable histologically from unlabelled cell bodies. 

The mean cross-sectional area of labelled cell bodies in the dorsolateral putamen was 

smaller than that of cells within the ventromedial region of the putamen (dorsolateral 

putamen; 149.49 ± SEM 7.39 pm2 compared with ventromedial putamen; 174.18 ± SEM 

6.35 pm2), but pairwise comparison of cell body cross-sectional area across all putaminal 

regions showed that this difference did not reach significance. Pairwise comparison of 

grain density in the six regions demonstrated the presence of a dorsolateral-ventromedial 

decreasing gradient in SS mRNA expression, with the lateral putamen expressing higher 

mRNA levels than the medial putamen. The intermediomedial and ventromedial regions 

showed significantly lower grain density than the dorsolateral region (p<0.001; 

dorsolateral: 24.89 ± SEM 1.35, intermediomedial: 18.43 ± SEM 0.99, ventromedial:

Figure 4.2 Reverse Phase autoradiographic image of human SS mRNA expression

Reverse phase autoradiographic image demonstrating SS mRNA expression in (A) 
control and (B) parkinsonian human basal ganglia (silver grains showing as white dots). 
Clustering of SSergic neurons within the putamen (p) can be clearly seen. SS mRNA can 
also be seen within the caudate (c) and reticular thalamic nucleus (rtn). Expression 
within the basal forebrain ventral to the striatum (bf) and in the cortex (ctx) dorsal to the 
putamen also is evident. SS mRNA expression can only be clearly seen in the medial 
medullary lamina (mml) of PD patients demonstrating increased expression compared 
with controls.
Scale bars = 2.5mm.
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Figure 4.3 SS mRNA expression at the cellular level in the human basal 

ganglia.

Photomicrographs o f emulsion-dipped sections from a SS hybridisation, 

counterstained with Toluidine blue showing labelled cells from striatal regions; (a) 

putamen (b) caudate (c) reticular thalamic nucleus (d) medial medullary lamina. Probe 

binding is indicated by the presence o f black silver grains in the overlying 

autoradiographic emulsion. Scale bars = 10pm.



17.96 ± SEM 2.63; pairwise comparison following Bonferroni transformation; see 

Figure 4.4 and 4.5).

Cells of the RTN were predominantly of fusiform shape with a mean cross- 

sectional area of 299.63 ± SEM 15.22 pm2 and the majority of these appeared to be 

labelled. Labelled cells within the MML of controls had a mean cross-sectional area of

236.5 ± SEM 29.47 pm2 but overlapping populations of large and medium sized cells 

could be distinguished. The majority of SS-positive cells in the MML tended to be of 

medium size and were bipolar, triangular or ovoid in shape, very similar to unlabelled 

cells, whereas the large SS-positive cells tended to be either fusiform or globular. Within 

the MML of controls, cellular SS mRNA expression appeared to be heterogeneous; the 

majority of cells showed relatively low expression, with a small subpopulation of cells 

showing 10-fold greater levels of expression.

4.3.2 SS mRNA expression in PD

The anatomical distribution of labelled cells within all four nuclei examined, 

demonstrated no gross difference in regional expression between control and 

Parkinsonian cases. Mean cross-sectional area of labelled cells within Parkinsonian 

dorsolateral putamen was significantly smaller than cells within all other putaminal 

subdivisions except the intermediomedial putamen (p<0.0005, pairwise comparison 

following Bonferroni transformation; dorsolateral: 131.2 ± SEM 4.74 pm2; dorsomedial:

175.8 ± SEM 9.19 pm2, intermediolateral: 181.8 ± SEM 8.96 pm2, ventrolateral: 180.7 

± SEM 5.74 pm2, ventromedial: 178.1 ± SEM 11.78 pm2). This significant decrease in

143



A/ " —  

I 37.09

MML =>,

Figure 4.4 Schematic diagram of SS mRNA expression in human basal 

ganglia

The mean grain area of SS mRNA expression (pm2 grains) is shown within the 

basal ganglia of control (A) and PD (B) patients. A significant change in mean 

(#; p<0.05; Student’s t-test) or cumulative frequency distribution (* p<0.05; ** p<0.01; 

Kolmogorov-Smirnov test) of SS mRNA expression is depicted.
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mean cell size was not observed in control cases (see Table 4.1).

Pooling all putaminal data revealed a significant increase in the cumulative 

distribution for SS mRNA expression in PD compared with control cases (p<0.05, 

Kolmogorov-Smirnov test) which was the net effect of a significant decrease in the 

dorsolateral and an increase in the intermediolateral and ventromedial regions, though 

no significant change in mean SS mRNA expression was seen in either pooled putamen 

or any of the 6 putaminal subregions examined (Student's /-test; p>0.1) with respect to 

controls, including the intermediolateral putamen, where we have previously 

demonstrated upregulation of mean PPE mRNA in PD cases (Nisbet et al., 1995).

A significant reduction in the cumulative distribution of SS mRNA expression, 

measured by grain area, and the cell area of SSergic cells was detected in PD RTN 

compared with controls (Kolmogorov-Smirnov test; p<0.05), though the mean values 

were not significantly different (Student's /-test; P>0.1) compared with controls 

(p<0.001; Kolmogorov-Smirnov test). A significant increase (115%) in mean SS mRNA 

expression per cell (measured as grain area) in the MML of PD cases was also observed 

(56.5|um2 silver grain/cell ± SEM 9.3, n=9, compared with controls: 26.3^fm silver 

grain/cell ± SEM 4.5, n=13, p<0.01, Student's /-test). A larger proportion of MML cells 

in PD cases showed very high levels of SS mRNA, particularly in those cells with profiles 

whose cross-sectional area was greater than 180 |Lim2, although a population of cells with 

low expression persisted (Figure 4.6).

The possible relationship between dementia in PD and SS expression was also 

studied by subdividing the PD group into demented and nondemented subgroups (n=3-5 

for each group) but no significant correlation with SS mRNA expression was 

demonstrated in any basal ganglia area examined.
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4.3.3 Primate studies

The three MPTP-lesioned vervets demonstrated parkinsonian-like symptoms and 

almost complete destruction of the SN on the lesioned side at post mortem. Only the 

caudate and putamen were examined due to the difficulty of identifying the RTN and 

MML in all animals due to freeze artefact. However, SS-positive cells were observed 

where these structures could be recognised, and were generally of the fusiform type.

Cells within the vervet striatum tended to be more densely congregated, but their 

appearance was similar to that observed in humans; medium-sized, bipolar, ovoid or 

fusiform. Neuronal clustering was also evident. No dorsolateral-ventromedial putaminal 

gradient was apparent in caudate and lesioned putamen (see Figure 2.1 for an example 

of SS mRNA labelling within the vervet striatum).

The distribution of SS mRNA expression within the pooled putamen showed no 

significant differences between the lesioned and unlesioned side of the vervets, however 

expression in the ventromedial putamen of the vervets was increased on the lesioned side 

(p<0.05; Kolmogorov-Smirnov test). No difference between median SS mRNA 

expression in the caudate, the whole putamen or any of the putaminal subregions 

examined including the ventromedial putamen, was observed (Mann-Whitney test; see 

Table 4.2, Figures 4.7 and 4.8; p>0.05).

4.4 Discussion

The distribution of SS mRNA within the basal ganglia demonstrated in this study 

is compatible with that previously demonstrated in humans by Mengod et al. (1992) 

using ISHH and by Bouras et al. (1987) using radioimmunoassay and
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Figure 4.7 Schematic diagram of SS mRJVA expression in vervet basal ganglia

The median grain density of SS mRNA expression (pm2 grains/pm2 cell area) 

is shown within the basal ganglia on the unlesioned (A) and lesioned (B) side of MPTP- 

treated vervets. Significant changes in the cumulative frequency distribution of SS 

mRNA expression are depicted; * p<0.05 (Kolmogorov-Smimov test).
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Figure 4.8 Graphical representation of SS mRNA expression in the vervet 

basal ganglia

SS mRNA expression, measured as median grain density (pm2 grains/pm2 cell area) 

within the basal ganglia o f MPTP lesioned vervets. A significant increase in the 

cumulative frequency distribution o f SS mRNA expression within the ventromedial 

putamen (* p<0 05; Kolmogorov-Smirnov test) was observed.
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immunohistochemistry. In agreement with these studies, a scattered population of 

heavily-labelled cells was detected within the putamen, caudate, and RTN, the GP was 

devoid of signal, and the MML, intercalated between the GPe and GPi showed an intense 

hybridisation signal. Where cerebral cortex was present in the tissue section, signal could 

also be clearly observed in the deep cortical layers (see Figure 4.2).

Alteration of SS mRNA expression within the basal ganglia in human neurodegenerative 

disease has not previously been reported. SS mRNA has previously been shown to be 

decreased within the hippocampus of Alzheimer's disease patients (Doumaud et al., 

1994) and the cell size of SS-immunoreactive neurons in the striatum was reduced, 

though levels of SS peptide expression were unaffected in Alzheimer’s disease (Selden 

et al., 1994). Mufson and Brandabur (1994) have demonstrated no significant 

morphological alteration of these neurons in Parkinson’s and Alzheimer's disease. 

Studies of post mortem tissue from patients with Huntington's chorea demonstrate 

sparing of intemeurons expressing SS, NPY and NOS mRNA in the damaged striatum; 

No alteration in the mRNA expression of these neurotransmitters has been detected 

within the striatum of patients with Huntington's chorea (Mengod et al., 1990), but 

radioimmunoassay studies on extracted SS from the caudate, putamen, and both 

segments of the GP demonstrate a significant increase in SS peptide expression in 

Huntington's disease, implying that SS turnover has been altered (Aronin et al., 1983). 

Alterations in SS expression within the cortex has been linked to dementia, so the 

possible influence of dementia on SS expression in the basal ganglia was studied in PD 

patients, half of whom had shown signs of dementia at the time of death. No correlation 

between dementia and SS mRNA expression was detected in any region of the basal 

ganglia investigated.



No correlation between drug treatments, such as dose of 1-DOPA administered, was 

observed. This suggests that any changes observed are symptomatic of PD rather than 

some confounding factor.

4.4.1 Putaminal SS mRNA expression

Our observations concerning clustering of SS-containing neurons in the striatum 

correspond to similar findings of SS-positive cell clustering in the matrix around the 

striosomes of rodent striatum (Augood et al., 1991). Gerfen (1984) and Rushlow et al. 

(1996) have shown that in rodents, SS intemeurons do occasionally project fibres from 

the matrix to striosome, are frequently situated at the matrix-striosome border, and 

propose that SS cell clusters around striosomes may act as a communication between the 

striosome and matrix. Combined SS ISHH and acetylcholinesterase labelling might shed 

further light on whether the clustering we observed reflects a similar striosome-related 

distribution in human striatum.

In control material, a dorsolateral-ventromedial gradient of decreasing mean SS 

mRNA expression was observed in control patients, but was absent from PD cases. This 

finding was supported by cumulative distribution analysis which demonstrated increased 

expression in the intermediolateral and ventromedial and decreased expression in the 

dorsolateral putamen of PD patients compared with controls.

No significant difference in mean SS-positive cell size across the subregions of 

control putamen, using pairwise comparison and Bonferroni transformation was 

observed, but there was a trend towards the dorsolateral cells being smaller than 

ventromedial cells. This trend towards a decrease in mean cell size from ventromedial 

to dorsolateral striatum reached significance in PD cases (p<0.0005; pairwise comparison
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following Bonferroni transformation).

Variations in DAergic innervation of the putamen are likely to contribute to the 

regional differences in SS mRNA expression observed in this study. Zones of low TH 

immunoreactivity comparable with striosomal regions have been identified in human 

striatum (Graybiel et al., 1987); patches of enhanced TH immunoreactivity in 

dorsolateral and a more uniform innervation of the ventral striatum have been detected 

in rodents (Doucet et al., 1986). This pattern of innervation could underlie the 

dorsolateral-ventromedial gradient in expression of SS observed in controls. Continuous 

stimulation with both D1 and D2 agonists increases striatal SS immunoreactivity in 

rodents previously lesioned with 6-OHDA (Engber et al., 1992), whereas DA receptor 

antagonists suppress SS mRNA expression (Augood et al., 1991). The implication from 

this evidence is that DA exerts an excitatory influence on expression of SS in a 

population of striatal aspiny intemeurons. Kubota et al. (1988) demonstrated that in rat 

striatum, there are soma and proximal dendritic synaptic connections between 50 % of 

NPY-immunoreactive neurons and TH-immunoreactive axon terminals. The 

colocalisation of NPY with SS and NOS within these intemeurons supports the existence 

of a direct synaptic connection of the soma and proximal dendrites of SS-containing 

neurons, which coexpress NOS and NPY, with nigrostriatal DAergic terminals.

The loss of the dorsolateral-ventromedial gradient of SS mRNA expression in PD 

may be explained by the heterogeneous loss of DAergic fibres innervating the striatum. 

Cell loss in the nigra is greatest in areas which innervate the dorsolateral putamen (Kish 

et al., 1988), and removal of DAergic innervation of this region is likely to reduce SS
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mRNA expression and hence remove the gradient.

A further possibility is that this effect is due to 1-DOPA treatment. The loss of the 

heterogeneous and presumably specific influence of DAergic innervation on SS mRNA 

expression present in control cases, and its replacement by a potentially homogenous 

influence of exogenous 1-DOPA in PD might explain the loss of the SS mRNA 

expression gradient in PD.

The decrease in SS-positive cell size observed in the dorsolateral putamen of PD 

cases, may result from the reduced innervation by DAergic nigrostriatal neurons, leading 

to shrinking of these cells. A reduction in SS cell size has also been observed in the 

putamen of Alzheimer's disease patients (Selden et al., 1994), possibly due to reduced 

cholinergic innervation of these neurons.

The significant decrease in the dorsolateral putamen, and increase in the 

intermediolateral and ventromedial putamen observed following comparison of the 

distribution of SS mRNA expression (Kolmogorov-Smimov test) in PD compared with 

control cases supports the loss of the SS mRNA expression gradient in PD observed 

when mean values were compared (general linear model of ANOVA), and demonstrates 

that changes in expression within the same structure occur depending on the specific 

location and connectivity of nerve cells.

Rodent studies concerning the effects of nigral lesions on striatal SS mRNA 

expression have demonstrated either an increase in the number of cells expressing SS 

mRNA (Lindefors etal., 1990), or a decrease (Soghomonian and Chesselet, 1991) in SS 

gene expression per cell, though others have shown no change (Salin et al., 1990) in SS
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immunoreactivity. All these studies were carried out in acute models where the animals 

have been killed 2-3 weeks after lesioning and hence may not accurately reflect changes 

in mRNA expression in PD, where nigral damage has been present for many years.

Alternatively, the relatively subtle changes in SS mRNA expression within the 

striatum of the PD cases examined here, may be due to exogenously administered 

1-DOPA mediating partial reversal of any denervation-induced changes (all PD cases 

were taking 1-DOPA prior to death). It has previously been shown (Asanuma et al.,

1990) that 1-DOPA treatment reverses any changes seen in SS concentration within the 

striatum following MPP+-lesion of the nigrostriatal pathway in an acutely-lesioned mouse 

model.

In our preliminary studies of MPTP-lesioned vervet in which no 1-DOPA was 

administered, a significant increase in the distribution of SS mRNA expression in 

lesioned ventromedial putamen was apparent, compared with the unlesioned side, but no 

alteration in mean values or in the dorsolateral putamen were evident. In view of the 

small sample size of the vervet study (n=3), this result requires confirmation by repeating 

the study using a larger group.

A number of lines of evidence support the possible colocalisation of SS with NOS 

and NPY within neurons of the striatum, hippocampus and cortex of humans, primates 

and rodents (Kowall et al., 1987; Selden et al., 1994; Weiss and Chesselet, 1989). 

Rushlow et al. (1996) have demonstrated 100 % colocalisation of SS with NPY in rat 

striatum, and 100 % colocalisation of NOS with SS, except for the putaminal region 

bordering the globus pallidus, but only 84 % colocalisation of NPY with SS, implying 

some heterogeneity of striatal SS neurons. Our previous finding that mean NOS mRNA 

expression within the striatum of PD cases treated with 1-DOPA was unchanged
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compared with controls (Nisbet et al., 1994a) is consistent with our current results for 

SS mRNA, and compatible with coregulation of NO and SS neurotransmitter systems 

in human striatal intemeurons. However, cumulative distribution analysis of NOS mRNA 

in PD putamen (see Chapter 5) reveals a decrease in expression, which would appear 

to be in conflict with our findings for SS. This may be explained since the NOS analysis 

was performed only in one area of the putamen which loosely correlates with the 

dorsolateral to intermediolateral portion, and SS mRNA expression was reduced in part 

of this area. Further evidence for the colocalisation (and possibly coregulation) of SS and 

NOS mRNA within the same striatal intemeurons is provided by the depletion studies 

of Tinhofer et al. (1987). Application of cysteamine to rat striatum led to reversible 

depletion of SS-like immunoreactivity and NADPH-diaphorase activity, as well as a 

decrease in the number of expressing cells. However, NPY immunoreactivity was not 

affected.

A recent study suggested that DA may stimulate SS activity via an increase in SS 

receptor number and consequently potentiate SS ability to inhibit adenylate cyclase via 

secondary messenger system-linked guanine nucleotide binding regulatory proteins which 

are not altered by DA application (Rodriguez-Sanchez et al., 1997). Increased SS-like 

immunoreactivity was also observed, and this effect was specific for the striatum. DA 

antagonists of both D1 and D2 receptors were found to reduce receptor number. 

L-DOPAmay replace this effect of DA in PD, thereby leading to consistent short term 

increases in SS in putaminal areas where DAergic terminals are still functional and can 

release DA. The increased expression observed in the ventral striatum, where DA 

depletion is less severe would appear to support this suggestion. SSergic intemeurons 

express D1 receptors which are positively coupled to adenylate cyclase which suggests
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that the potentiation of SS activity is unlikely to be due to a direct action of DA on D1 

receptors located on the intemeurons as they instigate contradictory effects on adenylate 

cyclase by their second messenger systems i.e. D1 and SS receptors probably use 

separate pools of adenylate cyclase within striatal intemeurons and these neurons do not 

possess the D2 receptors which are inhibitorily coupled to adenylate cyclase (MacLennan 

et al., 1994). DA may cause the upregulation of SS receptors either by a secondary 

effect via other striatal neurotransmitter systems, or via its action on protein kinase C. 

DA agonists decrease particulate but increase soluble protein kinase C (Giambalvo and 

Wagner, 1994), and this inhibition of the Ca2+ activated phospholipid dependent protein 

kinase C would reduce its ability to decrease SS receptor number (Matozaki et al., 

1986).

SS inhibits DA mediated stimulation of adenylate cyclase in rat striatum, however 

the site of action of this inhibition is unknown since the studies were performed on 

homogenised membrane protein. The absence of an effect following 6-OHDA treatment 

(Moser eta i, 1986) suggests that an intact nigrostriatal pathway may be required. This 

could be due to the requirement of DA acting on DA receptors - possibly D2 receptors 

as they are linked to adenylate cyclase in an inhibitory fashion. These receptors are not 

present on SS neurons (MacLennan et al., 1994), and there is some debate on their 

localisation to projection neurons, though they are certainly present on striatopallidal 

neurons (see Chapter 1.7.1), Since D2 receptors may act as autoreceptors they are also 

present on nigrostriatal neurons, and therefore this is another potential site of action. 

Cortical lesioning (Moser el al., 1987) did not affect SS inhibition of adenylate cyclase 

suggesting that the site of action is not on corticostriatal neurons. Application of 

sulpiride, aD2 receptor antagonist, had no effect on the ability of SS to inhibit adenylate

159



cyclase but did upregulate SS receptor number in the striatum (Rodriguez-Sanchez et al., 

1994), whereas combined SCH 23390 (D1 antagonist) and spiperone (D2 antagonist) 

treatment decreased SS receptor number (Rodriguez-Sanchez et al., 1997), though 

single application of SCH 23390 or raclopride (another D2 antagonist) was without 

effect (Izquierdo-Claros et al., 1997). Both D1 and D2 receptor agonists promote the 

ability of SS to inhibit adenylate cyclase (Izquierdo-Claros et al., 1997). This suggests 

that increased receptor number is not the primary cause of potentiated inhibition of 

adenylate cyclase by SS, which seems to be mediated by both D1 and D2 receptors, 

though due to the inhibitory action of D2 agonists on adenylate cyclase, D1 agonists 

appear to be more potent at potentiating SS inhibition (Izquierdo-Claros et al., 1997).

In PD the DAergic influence over SS receptors is lost, which may lead to a 

reduction in the number of SS receptors present. However, application of 1-DOPA 

should replace this DAergic influence, thus stabilising SS receptor number. Since 

1-DOPA is normally administered in a pulsatile fashion, then the short term increases in 

receptor number previously described could become more stable. However the increased 

SS mRNA expression in the intermediolateral and ventromedial putamen, if it translates 

to increased SS protein, could in turn cause receptor downregulation, thus maintaining 

SS receptor expression at a ‘normal’ level. Reduced SS in the dorsolateral putamen may 

allow for further upregulation of SS receptors within this region of the putamen. 

Receptor studies (ISHH, immunocytochemistry or autoradiography binding studies) are 

necessary to reveal the full potential of the observed findings.
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4.4.2 RTN expression of SS mRNA

Hazrati and Parent (1991) have demonstrated in the squirrel monkey, the presence 

of fibres projecting from the pallidopallidal, pallidosubthalamic and pallidonigral 

pathways to the RTN, where colocalisation of SS and GABA may occur (Spreafico et 

al., 1987), since this colocalisation has been shown within neurons of the hippocampus 

and cerebral cortex (Schmechel et al., 1984). The RTN is believed to exert an inhibitory 

pacemaker-like influence on thalamic activity via a GABAergic pathway to other 

thalamic relay neurons and inhibitory intemeurons (Spreafico et al., 1987), potentially 

resulting in disinhibition of the thalamus or inhibition of thalamic main projection to the 

cerebral cortex.

The cumulative distribution of SS mRNA expression (as measured by grain area) 

was demonstrated to be reduced in PD cases, with a concomitant decrease in cell area, 

but no changes in mean SS mRNA expression were observed. The lack of a change in 

grain density suggests that the decreased grain area in the RTN is due to atrophy of the 

cells as revealed by the significant decrease in cell size. This means that this 

intemeuronal pathway may be affected in PD, whereby shrinkage of the SS-positive cells 

occurs, but further investigation of SS expression within 1-DOPA naive vervets is 

required to determine whether the alterations observed are due to 1-DOPA treatment or 

a consequence of PD. The SS mRNA is colocalised with GABA (Oertel et al., 1983) and 

this implies reduced inhibitory drive of thalamic neurons. This finding is in some respect 

surprising since the GP innervations appear to be both reduced in PD (see Chapter 7) 

and so less inhibition of the RTN is expected to occur. This would lead to greater 

inhibition of the thalamus, thus counterbalancing the reduced inhibitory drive of the GPi 

on the thalamus. However, this is an oversimplification due to cortical innervation of the
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RTN as well as the RTN neurons acting on inhibitory thalamic interneurons and on each 

other via collaterals, so the net effect on the thalamus will be dependent on the balance 

between these inhibitory and excitatory inputs to the RTN as well as the projections of 

the intemeurons. Collaterals from excitatory corticothalamic, thalamocortical, 

thalamostriatal and inhibitory pallidothalamic and nigrothalamic fibres all terminate in the 

RTN, and therefore can act as a negative feedback loop to reduce thalamic innervation 

depending on the net effect of these innervations. 6-OHDA-lesioned rats demonstrate 

an increased GAD mRNA in the RTN (Delfs et al., 1996). This can be explained by our 

findings of reduced GAD in the GPe (see Chapter 7) leading to reduced inhibition of the 

RTN, but does not correlate with the predicted reduced excitatory thalamic innervation 

of the RTN due to increased thalamic inhibition by the overactive entopeduncular 

nucleus, though we detected an underactive Gpi (as measured by GAD mRNA 

expression) which does support this finding (see Chapter 7).

4.4.3 MML expression in SS mRNA

In this study, SS mRNA expression per cell and the number of cells expressing SS 

mRNA were found to be increased within the MML in PD. This might be due to a 

significant upregulation of SS mRNA expression in PD of cells normally expressing 

undetectable levels of SS or a phenotypic change whereby large MML neurons develop 

expression of SS mRNA following the onset of PD.

Soghomonian and Chesselet (1991) demonstrated a significant (300%) increase in 

the number o f labelled cells and in the intensity of labelling per cell of SS in the 

entopeduncular nucleus of the rat following a nigrostriatal lesion by 6-OHDA. This area 

is buried within the internal capsule, but is believed to be equivalent to the GPi of
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primates, and possibly may contain cells forming a rodent equivalent of the MML. Our 

recent studies of NOS mRNA expression show a similar increase in mRNA expression 

to that demonstrated here for SS mRNA within the MML (Nisbet et al., 1994a) (See 

Chapter 5). NOS mRNA expression was observed primarily in ventrally located cells 

of the MML whereas SS mRNA expression was observed throughout the MML (Nisbet 

A, personal communication). This finding is compatible with coregulation of colocalised 

NOS and SS mRNA within the ventral MML and is the first evidence for such 

coregulation of these 2 neurotransmitters in any species. Our data also suggests that the 

dorsally located MML cells are a separate population of cells with respect to 

neurotransmitter expression. The absence of SS mRNA expression within the STN, 

where NOS mRNA has previously been demonstrated (Nisbet et al., 1994b) confirms 

that 100% colocalisation of NOS and SS mRNA is not observed in humans.

Recently using tyrosine hydroxylase immunohistochemistry we have demonstrated 

that the human MML is particularly rich in DAergic fibres (Eve et al., 1998b; Nisbet et 

al., 1994a; see Figure 5.11); this has also been demonstrated in primate studies (Lavoie 

etal., 1989). In primates, these fibre tracts form part of the nigropallidal projection, but 

may also contain nigral axons en route to the striatum via the MML (Parent et al., 1990). 

Thus SS containing neurons could interact with the DAergic system within the MML 

itself. Using lesion studies, Widmann etal. (1987), have shown that not all SS within the 

striatum is located within intrinsic neurons, but also within terminals o f ‘pallidostriatal’ 

neurons in rats which terminate in the ventral striatum, thus presenting another potential 

way for SS to interact with the DAergic system. Immunohistochemical and retrograde 

tract tracing studies demonstrate the presence of projections from the MML to the 

striatum in cats (Jayaraman, 1983). The rat does not possess an MML as such, due to
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the disparate locations of the GP and entopeduncular nucleus, therefore it is possible that 

this observed projection is the rodent equivalent of a MML-striatal projection and this 

may also be present in man. Application of SS increases DA release from striatal slices 

in vitro (Chesselet and Reisine, 1983) and this effect is additive with respect to the 

colocalised neurotransmitter NPY (Beal et al., 1986) providing a potential mechanism 

for a compensatory interaction between DA fibres and SS-positive cells in the striatum 

and MML in PD. An increase in SS production in the MML in PD might therefore 

reflect a compensatory change to potentiate the release of DA from the surviving 

nigrostriatal terminals.

As previously mentioned, SS mRNA can also be detected within the cortex and 

hippocampus, where it is believed to be linked to memory and cognition. Evidence for 

this proposal is the finding that SS mRNA and protein levels are reduced in both PD and 

Alzheimer’s disease where intellectual deterioration has occurred (Dournaud et al., 1994; 

Epelbaum etal., 1983). Both classes of SS receptors can also be found in these regions.

SS receptors, but not SS mRNA has also been detected within the SN (Mengod 

et al., 1992), as well as SS immunoreactivity within terminals (Bouras et al., 1987), 

implying the presence of a SS-containing projection terminating in the SN. However the 

origin of this projection is unknown. SS-positive striatal neurons are believed to be 

totally intrinsic and therefore are not the source of nigral SS. Numerous pallidal 

projections to the SN are observed and it is possible that some of these may originate 

from the MML, which is overactive with respect to SS and NOS mRNA expression. SS 

mRNA is also observed within the human PPN (Mengod et al., 1992), which projects 

to both the striatum and the SN, thus providing another putative source of SS. The
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receptor distribution within the SN appears to be specific since the SNR expresses SRIF2 

receptors, whereas the SNC expresses SRIF1 receptors (Martin et al., 1991b). This 

suggests that SS could influence the activity of DA in the striatum at the nigral level as 

well.

The ability of SS to block Ca2+ channels suggests a potential ability to inhibit 

excitotoxicity involving excess Ca2+. An example of this would be glutamate 

excitotoxicity induced by excess influx of Ca2+ following activation of NMD A receptors. 

Rodent cortical cell culture revealed that SS could inhibit NMD A (but not kainate) 

induced necrotic cell death (Forloni et al., 1997). This process was found to be mediated 

via a G protein linked cGMP dependent protein kinase due to its inhibition by pertussis 

toxin and cGMP dependent protein kinase inhibitors (Forloni et al., 1997).

A role for SS in apoptotic cell death has also been proposed in line with its ability 

to inhibit tumour cell growth. The inhibition of cancerous cell growth is mediated by 

blockade of mitogenic signalling, preventing cell growth and leading to cell death due to 

lack of growth factors stimulating the cell to maintain its proliferation. This is linked to 

the translocation and stimulation of phosphotyrosine phosphatase from the cytoplasm to 

the cellular membrane (Patel et al., 1996) and may be signalled by SSTR2 receptors. In 

the absence of growth factors, the tumour suppressor protein p53 induces Bax and 

apoptosis. SS acting via SSTR3 receptors induces a dephosphorylation-dependent 

conformational change in p53 by phosphotyrosine phosphatase stimulation and can also 

induce Bax in cultures of the cell line CHO-K1 (Sharma et al., 1996). The SNC 

expresses the SRIF1 class of receptors which includes SSTR2, 3 and 5 (though SSTR5
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appears to be limited to the cerebellum). These receptors may therefore be able to 

induce apoptosis if the right G proteins are present and functionally linked to the 

receptors and their other effectors such as phosphotyrosine phosphatase. The decreased 

expression in the dorsolateral putamen implies that this is not a terminal effect, but may 

relate to the interaction of the MML with the nigral projections. This may therefore be 

a possible cause of PD; however it is a contentious issue as to whether apoptosis is 

involved in PD. Several studies have shown a link between PD and apoptosis (Anglade 

et al., 1997; Hartley et al, 1994), but two recent studies within the Parkinson’s Disease 

Society Brain Research Centre demonstrate no significant difference in the number of 

apoptotic cells as determined by TUNEL/DNA fragmentation labelling in PD cases 

compared with controls (Banati et al., 1998; Kingsbury et al., 1998a). This could also 

relate to cell loss in Alzheimer’s disease within the cortex, though the concomitant 

decrease in SS suggests that this is not the case.

SS mRNA has been demonstrated within the human PPN (Mengod et al., 1992) 

and this could the source of SS-containing projections to the SN. The majority of these 

cells also express glutamate and possibly NOS and therefore could exert both an 

excitotoxic and a proapoptotic influence. However, cell loss has been observed within 

the PPN of PD patients so this is unlikely to exert an excitotoxic or proapoptotic 

influence unless neurotransmitter upregulation or selective survival of neurons has 

occurred. Further studies are required to investigate neurotransmitter expression within 

the PPN and to determine the origin of the SS-containing innervation of the SN.
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4.5 Conclusions

1. SS mRNA expression is increased in MML neurons, which can interact with the 

DAergic nigrostriatal/nigropallidal pathways and promote DA release in their target.

2. Apoptotic cell death may be induced in the nigra due to the potential interaction of 

MML cells with nigral projections or via pedunculopontine projections.

3. A net increase in SS mRNA expression was observed in the putamen due to a greater 

increase in ventral SS expression than the observed decrease in dorsolateral SS mRNA.

4. A concomitant decrease in SS mRNA expression and cell size in the RTN may result 

from atrophy, suggesting a reduced stimulation of this area.



Chapter 5: BASAL GANGLIA NITRIC OXIDE SYNTHASE mRNA

EXPRESSION

This study was performed in conjunction with Dr. Angus Nisbet with the STN 

ISHH being performed by me at a later date to that of the striatal and MML ISHH (see 

Nisbet et al., 1994a, 1994b; Eve et al., 1998b). The final data analysis using the 

Kolmogorov-Smirnov test was carried out simultaneously on all areas.

5.1 Introduction

Nitric oxide (NO) was only really identified as an important mediator in the body 

approximately 10 years ago following experiments on vascular smooth muscle, where 

ACh stimulation caused relaxation rather than the expected muscle contraction. The 

hypothesis arose that ACh was causing release of a chemical named endothelial derived 

releasing factor which mediated vascular relaxation (Furchgott and Zawadzki, 1980). 

Endothelial derived releasing factor was eventually identified as the noxious and unstable 

polluting gas NO (Palmer et al., 1988). Since then an explosion in the study of NO has 

occurred, leading to it being linked in some way with almost every process in the body 

in both physiological and pathological capacities including cardiovascular, 

endocrinological and both the periphereal and central nervous systems (Moncada et al.,

1991). Its role as a neurotransmitter (or neuromodulator) and its possible contribution 

to cell death is the main focus of this study.

The existence of NO as a neurotransmitter or neuromodulator within the brain was
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first realised following the discovery that cerebellar neurons synthesized NO in response 

to glutamate (Garthwaite et al., 1988) and this was shown to be mediated by the 

neuronal form of NOS (Bredt et al., 1991).

NO acts as a neurotransmitter/modulator within the central and peripheral nervous 

systems (Dawson et al., 1992) and is synthesised from arginine in neurons by a 

constitutive NOS (see Figure 5.1) which is structurally related to cytochrome P450- 

oxido-reductase in that it possesses an electron-transferring/accepting carboxy-terminal 

sequence. NOS exists in three different forms dependent on its location. These are the 

constitutive endothelial and neuronal forms and the inducible macrophage form. They 

differ in their protein sequences and the activity of the constitutive isoforms is dependent 

on the presence of calcium and calmodulin.

The endothelial form is also present within the brain, but is associated with the 

vascular system.

The inducible form is involved in responding to traumatic or pathological insult 

including ischaemia and stroke. Following stimulation by cytokines such as y-interferon, 

rapid induction of NOS occurs which generates excessive NO production, that in turn 

mediates destruction of microorganisms and tumours.

NO is released from the guanidine nitrogen of L-arginine via an oxidative-reductive 

pathway resulting in L-citrulline and the consumption of 5 electrons. NADPH and 

oxygen are also needed as substrates. Prior to the discovery of NOS, NADPH 

diaphorase activity was observed in the same areas that NOS has now been detected and 

therefore they are believed to be the same enzyme, at least in the basal ganglia (Dawson 

et al., 1991a). Five cofactors are also required; flavin adenine dinucleotide, flavin 

mononucleotide, calmodulin (not for the inducible form), tetrahydrobiopterin and heme.
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Figure 5.1 A simplified portrayal of NO synthesis and its potential role in 

excitotoxicity

The influx of calcium following activation of NMDA receptors by glutamate will 

result in stimulation of NOS and therefore NO production. Under oxidising conditions, 

the nitrosonium ion (NO+) is believed to be formed preferentially, which can inhibit the 

NMDA receptor by S-nitrosylation of the redox modulatory site. Under reducing 

conditions, the free radical NO’ is produced and the reaction is likely to proceed to 

peroxynitrite (ONOO') formation by reacting with endogenous superoxide radicals 

( 0 2” ). ONOOr has been shown to inactivate several complexes of the mitochondrial 

respiratory chain, nitrosylation of many crucial proteins and generate hydroxyl radicals 

(*OH). These processes initiated by NO’ production could eventually lead to cell death.
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Unlike classical neurotransmitters, NO has been shown to act both anterogradely 

following release from presynaptic terminals and retrogradely following release from 

postsynaptic structures, producing presynaptic physiological changes (ODell et al.,

1991). In contrast to conventional neurotransmitters, NO is not stored in vesicles, but 

following synthesis, rapidly diffuses across cell membranes and synapses into 

neighbouring neurons where its principal target is guanylate cyclase (Dawson et al.,

1992).

The function of neuronal NO in basal ganglia circuitry remains unexplored 

although NO has been shown to increase DA release from striatal slices in vitro (Lonart 

et al., 1993). NO is believed to mediate long term potentiation in the hippocampus 

(Schuman and Madison, 1991), and long term depression in the cerebellum (Shibuki and 

Okada, 1991), and it could therefore play a role in motor learning.

NO has also been implicated in excitotoxicity, which in turn has been linked to a 

number of pathological conditions including Huntington’s and Alzheimer’s disease 

(Lipton and Rosenberg, 1994; Meldrum and Garthwaite, 1990), motor neuron disease 

(Shaw, 1994) and ischaemia (Choi and Rothman, 1990). A potential role for 

excitotoxicity in PD has also been suggested due to the reported ability of NMDA 

receptor antagonists, such as MK-801, to reduce MPTP-induced nigral degeneration 

when administered either prior to, or at the same time as MPTP in mice (Turski et al.,

1991) or primates (Zuddas et al., 1992), though there are also studies demonstrating no 

protective effects in mice (Kupsch et al., 1992). Conflicting evidence also exists for the 

ability of NOS inhibitors to prevent MPTP toxicity. The selective neuronal NOS 

inhibitor, S-methylthiocitrulline prevents striatal DA depletion in rats when administered 

with MPTP (Matthews et al., 1997), whereas 7-nitroindazole prevents DA depletion and
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nigral cell loss in both MPTP-treated mice and baboons (Hantraye et al., 1996; 

Przedborski et al., 1996). By contrast the non-selective NOS inhibitor 1-NAME was 

found to be ineffective against MPTP-induced neurotoxicity in the marmoset 

(MacKenzie et al., 1997).

Activation of NMDA receptors results in an increase of intracellular Ca2+ which 

can initiate a number of deleterious processes (see Figure 5.1). The constitutive neuronal 

NOS is Ca2+ dependent and could therefore be stimulated by this activation. The newly 

synthesised NO may then interact with free radicals such as superoxide (0 2 ) generated 

by the mitochondria to form peroxynitrite (ONOO ), which can diffuse to neighbouring 

cells, where it may ‘decompose’ to form highly reactive hydroxyl radicals (OH ) and 

nitrogen dioxide, as well as initiating lipid peroxidation, hydroxylation, nitration and 

sulfhydryl oxidation of proteins and DNA damage (Schulz etal., 1995a). Irreversible and 

destructive inactivation of iron-sulphur clusters present within enzymes is also believed 

to occur. This includes inhibition of enzymes involved in the electron transport chain 

(complex I and II) and ribonucleotide reductase, thus preventing the generation of ATP 

and DNA synthesis. In this way, ONOO and NO can destabilise the mitochondria 

compounding the generation of OH .

As a consequence of DNA damage, induction of the nuclear enzyme 

poly(ADP-ribose)synthase may occur, which will reduce the availability of intracellular 

NAD and ATP culminating in impairment of energy production and therefore energy 

dependent processes such as regulation of membrane potential via ion pumps (Zhang et 

al., 1994). NO also can deplete intracellular glutathione levels and a reduction in 

glutathione has been observed in PD (Sian et al., 1994). NO indirectly effects glutathione 

levels via activation of a cytosolic ADP-ribosyl transferase which ADP-ribosylates
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glyceraldehyde-3-phosphate dehydrogenase thus inhibiting glycolysis and the hexose 

monophosphate shunt, affecting NADP+ synthesis and maintenance of intracellular 

reduced glutathione levels.

Generally NOS containing cells tend to be resistant to excitotoxicity, as well as 

vascular stroke, Huntington’s and Alzheimer’s disease, suggesting that these cells 

contain some protective element, so it seems likely that NO or ONOO diffuses via its 

extensive processes into other cells to exert their toxicity. This protective element could 

be manganese superoxide dismutase (MnSOD) according to the studies of Gonza 

Zuluetalez etal. (1998). They have shown that the pheochromocytoma-derived cell line 

is normally resistant to NO toxicity, however antisense MnSOD treatment makes the 

cells susceptible to NO toxicity. NOS positive neurons in cortical cell cultures were also 

shown to be enriched with MnSOD and became sensitive to excitotoxicity following 

antisense treatment.

As mentioned earlier, NO is believed to be the retrograde messenger involved in 

induction of long term potentiation. This means that the release of NO due to excessive 

glutamatergic stimulation would in turn promote further release of glutamate thus 

compounding the probability of excitotoxic cell death occurring.

Pathological diseases such as Parkinson’s, Alzheimer’s, Huntington’s and motor 

neuron disease are all chronic conditions that evolve over time. Consequently ‘slow’ 

excitotoxicity has been proposed which may occur due to a defect in energy metabolism 

that is compounded over time (Albin and Greenamyre, 1992; Beal, 1992). This defect 

could arise due to a toxic insult, a genetic mutation or some other cell injury. The 

impaired maintenance of cellular energy levels could result in partial neuronal 

depolarisation, and an inability to repolarise following stimulation culminating in the loss

173



of the voltage-dependent magnesium block of NMDA receptors. This would lead to 

‘excessive’ stimulation by ambient glutamate and compounding increases in calcium 

influx, which cannot be controlled due to the impaired generation of ATP. Uncontrolled 

increases in intracellular calcium will switch on many processes, some of which could be 

deleterious, such as excessive NO production.

A previous study from this laboratory (Nisbet et al., 1994b) has demonstrated 

neuronal NOS mRNA expression in a scattered subpopulation of neurons in the medial 

segment and MML of the GP, in approximately 2% of all striatal neurons (which 

correspond to a subpopulation of aspiny intemeurons (Dawson et al., 1991a; Ferrante 

et al., 1987)) and in almost all neurons of the STN. No neuronal NOS mRNA 

expression has been observed in the SN (Nisbet et al., 1994b).

As previously described (see Chapter 1.4), inhibition of the GPe by the 

striatopallidal pathway appears to be enhanced in PD, thus reducing inhibition of the 

STN, implying that the STN may be overactive (Sellal et al., 1992). This is supported 

by studies of subthalamotomies in animal models of PD (Butler et al., 1997; Guridi et al., 

1996; Sambrook et al., 1994). The segregated projections of the STN allow it to be 

subdivided into a dorsal two thirds which innervate the sensory motor territories; 

dorsolateral putamen, GPe and GPi (Joel and Weiner, 1997; Shink et al., 1996), and a 

ventral one-third which innervate associative sensory territories of the caudate nucleus, 

GPe and SNR (Joel and Weiner, 1997; Parent and Hazrati, 1995b). Similar segregated 

innervation of the STN is also observed. The presence of NO within subthalamic 

neurons provides a means of investigating the potential overactivity of this structure in 

PD.
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The response of striatal interneuron neurotransmitter systems to DAergic 

denervation has been little studied. There are conflicting reports of DA depletion 

induced changes in SS and NPY expression in rodent striatum (Kerkerian et al., 1986; 

Lindefors etal., 1990; Salin etal., 1990; Soghomonian and Chesselet, 1991), which are 

coexpressed with NOS in this subpopulation of striatal aspiny intemeuron (Dawson et 

al., 1991a; Ferrante et al., 1987). However there are no studies of NOS 

immunoreactivity or NOS mRNA expression following nigral denervation. The 

integrative role of the interneurons within the striatum between the striatopallidal and 

striatonigral pathways whereby the activity of these pathways can be further modulated 

with respect to striatal inputs to interneurons suggests that important compensatory 

changes may occur within these cells. Neuronal NOS mRNA expression was therefore 

examined in the striatum to see if NO production is altered within striatal interneurons 

in parallel with the colocalised transmitter SS in PD patients.

The previously observed increase in SS mRNA within the MML suggests that 

changes in NOS mRNA may be observed within these cells and as previously mentioned, 

NOS can be detected within the majority of cells in the STN. This could provide 

evidence of upregulation of neurotransmitters within the STN implying overactivity in 

PD as predicted by animal studies and the current model of the basal ganglia. NOS 

mRNA expression was therefore also measured within these regions to provide an insight 

into the activity of the MML and STN in PD.

NOS was therefore measured within these regions to determine the role of this 

neuromediator in neuronal activity in PD within the MML, STN and striatal 

intemeurons.
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5.2 Application of general methods

ISHH was performed on human striatal and MML sections by our group (Nisbet 

et al., 1994b), as well as on sections including the STN, which was subdivided into 

dorsal (primarily sensory motor input) and ventral (associative sensory input) regions, 

and the expression in these subregions was compared (see Figure 1.2; Eve et al., 1997).

The probe used was complementary to nucleotides 3055-3084 of human neuronal 

NOS mRNA (Nakane etal., 1993).

5'-ACT GAG AAC CTC ACA TTG GCC AGG GGT CCA-3'

This sequence has a 10 base mismatch with the human endothelial constitutive 

NOS mRNA (Marsden et al., 1992) and is noncomplementary to the mRNA for the 

macrophage inducible form of NOS (Lowenstein et al., 1992). The probe was applied 

to the sections under the standard conditions (16 hours at 37°C). No discernible 

labelling could be determined from apposition to film even after 28 days, so the slides 

were exposed to emulsion at 4°C and developed after 21-24 days.

Image analysis was performed at x20 for all but the STN in this study.

A total of 11 PD cases and 16 controls were studied, though not all patients were 

used for every area investigated. The patients exhibited the folllowing characteristics. 

PD cases: 6 males, 5 females; mean age 76.3 years (range 67-88); mean post mortem 

delay 17.9 hours (range 8.5-30); mean cerebellar pH 6.42, SEM 0.04 (range 6.20-6.60), 

mean disease duration 15.0 years, SEM 2.0 (range 4-25); mean L-DOPA dose at death 

1050 mg/24 hours (range 400-3500mg. In all cases, L-DOPA had been given with a
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peripheral decarboxylase inhibitor). 9 out of 11 patients suffered L-DOPA associated 

dyskinesia in life. Controls: 10 males, 6 females; mean age 75.5 years (range 40-91); 

mean post mortem delay 29.0 hours (range 5.5-51); mean cerebellar pH 6.46, SEM 0.06 

(range 6.12-6.79) and exhibited no neurological symptoms during life, or neuropathology 

on post mortem.

PD and control cases were matched for sex, age and post mortem brain pH. Post 

mortem delay was less well matched between the 2 groups (controls 29.0 hours +/-SEM 

3.5; PD 17.9 hours +/-SEM 2.1), but no significant differences were evident between the 

two groups.

5.3 Results

The distribution of NOS mRNA expression observed within this study was 

comparable with previously reported findings (Nisbet et al., 1994b). NOS mRNA was 

expressed by less than 2% of all striatal neurons, the majority of cells within the STN and 

scattered neurons within the MML (Figure 5.2, 5.3, 5.4).

5.3.1 NOS expression within the subthalamic nucleus.

The human subthalamic sections were exposed to emulsion for 24 days before 

development. Within the STN, medium-large fusiform cells frequently orientated in 

parallel bands were observed. Low level expression of NOS mRNA was observed in 

both regions and the ratio between the 2 regions was compared for PD and 

controls.
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Figure 5.2 NOS 111RNA expression in the dorsal STN

A. Control

B. PD

Photomicrographs o f  the dorsal STN in control and parkinsonian brain showing 

a small increase in cellular NOS mRNA in PD as determined by Kolmogorov-Smirnov 

analysis.

Scale bars = 10pm. Counterstain: Toluidine Blue.
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Figure 5.3 NOS mRNA expression in putamen

A) Control

B) PD

Photomicrograph o f  an emulsion-dipped, hybridized section o f  control and PD 

putamen. Silver grains indicate NOS probe binding to putaminal neurons (arrowed) 

surrounded by unlabelled neurons and smaller cells that are glia.

Scale bars = 10pm. Counterstain: Toluidine Blue.
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Figure 5.4 NOS mRNA expression in the MML

A. Control

B. PD

Photomicrographs of the MML of the globus pallidus in control and parkinsonian 

brain showing an increase in cellular NOS mRNA expression in PD.

Scale bars = 10pm. Counterstain: Toluidine Blue.



In control patients the average cross sectional area o f cells was approximately 320 pm2 

in both regions. In PD cases, the average cross sectional area was similar (approximately 

330 pm2) in the ventral region, but significantly larger in the dorsal region (approximately 

380 pm2; p<0.01; Student's /- test). Comparison of the cumulative distribution of NOS 

mRNA in dorsal STN revealed a significant increase in neuronal expression of NOS in 

PD cases (p<0.001; Kolmogorov-Smimov test; Figure 5.5), but only a trend towards 

an increase in mean grain area in the dorsal region (PD: 29.5 pm2 /cell; control: 21.2 pm2 

/cell; p>0.05 Student’s /-test). No significant changes in mean or the cumulative 

distribution o f NOS mRNA expression was observed in ventral STN. The ratio between 

dorsal and ventral grain area was also significantly greater in PD compared with control 

patients (PD: 1.24; control: 0.91; p<0.05, Mann Whitney test).

5.3.2 NOS expression within the putamen

A significant difference in the cumulative distribution o f NOS expression in the 

putamen was observed between PD and control cases (p<0.05 Kolmogorov-Smimov 

test) with lower expression in the PD cases (Figure 5.6), though mean expression was 

not significantly reduced (PD: 41.1 pm2 silver grain/cell, SEM 4.6, n=l 1; controls: 49.4 

pm2 silver grain/cell, SEM 4.9, n=16; p>0.05; Student's /-test). The mean number of 

NOS mRNA-positive cells was also lower in PD cases (PD: 10.8 cells/cm2 +/-SEM 1.5, 

n = ll; controls: 13.5 cells/cm2 +/-SEM 0.8, n=16), but this did not reach statistical 

significance (p>0.1, Student's /-test).

5.3.3 NOS expression within the MML

In PD, there was a significant increase (+44%) in mean NOS mRNA expression
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Figure 5.5 Frequency histograms of NOS mRNA expression in subregions of the 

human STN

Frequency histograms o f NOS mRNA expression in the dorsal and ventral STN 

in controls and in PD. There was a statistically significant increase in the cumulative 

distribution o f  NOS mRNA expression in PD in the dorsal but no change in the ventral 

STN.
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per cell in the MML (56.0 pm2 silver grain/cell, SEM 5.1, n=9 cases) compared with 

controls (38.8 pm2/cell, SEM 4.8, n=12 cases, p<0.05, Student's 7-test). This increase 

in MML neurons in PD cases was due to an increase in the proportion of very large 

NOS-positive neurons and an increase in the expression of NOS mRNA per unit cell area 

in this subpopulation (Figure 5.7). Although there was an increase in the mean number 

of NOS-positive cells in the MML in PD (controls: mean 8.7 cells, SEM 2.2; PD: 14.4 

cells, SEM 2.7), this did not reach statistical significance (p>0.1, Student's 7-test). The 

results are depicted anatomically and graphically in Figures 5.8 and 5.9. 

NOS-positive cells were only seen infrequently in the GPi and cell numbers were 

insufficient for quantitation.

5.4 Discussion

5.4.1 NOS mRNA expression in the STN

There are no previously reported studies of NOS or NOS mRNA expression in PD. The 

increase in expression of NOS mRNA in STN reported here, is the first evidence from 

human post mortem studies of increased activity of the STN in PD as predicted by animal 

models (Sambrook et al., 1994). It is interesting that this change was localised to the 

dorsal two thirds of the STN, which has been shown in primates, to innervate the 

dorsolateral putamen, GPe and GPi (Joel and Weiner, 1997; Shink etal., 1996), rather 

than the ventral region which innervates the associative GPe and GPi as well as the SN 

(Joel and Weiner, 1997; Parent and Hazrati, 1995b). Increased expression within the 

dorsal STN is predicted by the 'indirect' pathway hypothesis (i.e. GPe inhibition leading 

to STN disinhibition and GPi stimulation) and due to projections from this area to the
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Figure 5.8 Schematic diagram of NOS mRNA expression in the human basal 

ganglia

The mean grain area of NOS mRNA expression (pm2 grains) is shown within the 

basal ganglia of control (A) and PD (B) patients. A significant change (p<0.05) in mean 

(#; Student’s /-test) or cumulative frequency distribution (*; Kolmogorov-Smirnov test; 

** p<0.01) of NOS mRNA expression is depicted.
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Figure 5.9 Graphical representation of NOS mRNA expression in the 

human basal ganglia

NOS mRNA expression (measured as grain area (pm2)) within the basal ganglia 

of human control and PD subjects. A significant increase in the cumulative frequency 

distribution within the dorsal subthalamic nucleus (STN; *** p<0.001; Kolmogorov- 

Smirnov test) but not ventral STN and in mean mRNA expression within the medial 

medullary lamina (MML; # p<0.05; Student’s /-test) was observed. The cumulative 

frequency distribution of putaminal NOS mRNA was significantly reduced (p<0.05; 

Kolmogorov-Smirnov test).
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GPi supports the proposed enhancement of the GPi in PD. The uncertainty over the STN 

innervation of the SN (see Chapter 1.4) means that it is unclear whether this innervation 

is enhanced and therefore likely to be neurotoxic to nigral neurons. Since the 

subthalamic fibres do interact with the DAergic neurons that interdigitate within the 

SNR, then this projection could be a possible cause of cell death. It seems likely that this 

potential neurotoxic effect could exaggerate cell death within the SN, which in turn may 

further enhance the glutamatergic STN innervation, via the reduced DAergic inhibition 

of the striatopallidal pathway, compounding excitotoxicity, or it may possibly have a role 

in the initiation of cell death. This is probably a slow chronic process due to the chronic 

nature of PD and lack of clinical symptoms of PD before at least 80% of the DAergic 

innervation of the striatum is lost. Support for a role of NO in nigral cell death is 

provided by the demonstration of protein nitration (measured by nitrotyrosine 

immunoreactivity) in the SN (Shergill et al., 1996), in Lewy bodies and in amorphous 

deposits within melanised cells (Good et al., 1998). This provides evidence of a link 

between excitotoxicity and oxidative stress in the vulnerable DAergic melanised cells of 

the SNC. A similar mechanism of cell death has been proposed in motor neuron disease 

and Alzheimer’s disease (Albin and Greenamyre, 1992). However, there is conflicting 

data from animal models of PD as to whether NO is involved, with some studies showing 

inhibition of MPTP-induced degeneration of the nigrostriatal pathway in rodents and 

primates (Hantraye etal., 1996; Przedborski et al., 1996; Schulz et a l, 1995b; Smith et 

al., 1994b), whereas other studies imply no NO involvement in primates (MacKenzie et 

al., 1997). The main difference between these studies is the use of different inhibitors of 

NOS activity as well as a variety of different parameters to determine nigral cell death.

NMDA receptor activation either by glutamatergic activity, or the removal of the
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receptor’s magnesium block due to mitochondrial dysfunction (the ‘weak excitotoxic’ 

hypothesis (Albin and Greenamyre, 1992)) results in increased free intracellular calcium, 

which would stimulate NO production via NOS activation and also 0 2‘ production via 

the arachidonic acid cascade (Lafon-Cazal et al., 1993). These products react together 

very rapidly to generate peroxynitrite, which in turn will nitrate the phenol ring of 

tyrosine residues under the catalysis of iron or superoxide dismutase (SOD) (Beckman 

et al., 1992). An increased presence of iron within melanised cells of the SNC has 

previously been shown (Dexter et al., 1991) thus demonstrating the increased presence 

of a catalyst of this process. However, the lack of neuronal NOS mRNA within the SN 

(Nisbet et al., 1994b) would seem to suggest that this must be occurring within other 

neurons terminating in the SN (such as the subthalamonigral pathway) and the 

peroxynitrite (or possibly NO) diffusing across to the melanised neurons. This is 

supported by our finding of NOS mRNA in the majority of subthalamic neurons (Nisbet 

et al., 1994b). However, a recent immunocytochemical study has demonstrated the 

presence of neuronal NOS protein within human nigral neurons and that cell death in PD 

patients was seen more in NADPH diaphorase negative neurons than positive ones 

(Hunot et al., 1996). The disparity between our ISHH study of NOS mRNA expression 

and their immunohistochemical demonstration of NOS protein may be explained by 

undetectable levels of mRNA being present that translate to functional levels of protein. 

This finding of apparent protection of NOS containing neurons has been observed in 

other brain regions within several studies including those for Huntingtons disease (see 

5.1). They also detected the inducible form of NOS within glia, which resembled 

activated macrophages, within the SN. It is unclear whether this is in response to cell 

death, or whether it could be a cause of cell death.
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Increased NOS expression in neurons of the dorsal STN, which also project to the 

dorsolateral putamen, may result in a compensatory increased release of DA from the 

remaining nigrostriatal DAergic terminals in the dorsolateral putamen (which are 

preferentially depleted in PD), due to the stimulatory effect of NO on striatal DA release 

(Lonart etal., 1993). A dorsolateral striatum-GPe-dorsal STN negative feedback loop 

may therefore regulate STN activity in conjunction with a GPi-STN negative feedback 

loop (see Figure 5.10).

There is evidence of a synergistic relationship between NOS and glutamate activity 

in rat striatal slices (Knott and Davies, 1995). This is of particular interest in view of the 

probable colocalisation of NOS and glutamate in the majority of STN neurons and 

possibly in other glutamatergic neurons such as those of the pedunculopontine nucleus.

Recently it has been suggested that the predicted model of basal ganglia 

connectivity is a major oversimplification, underplaying the importance of the GPe, 

excitatory inputs to the STN and the nigral DAergic innervation of the GP and STN 

(Levy et al., 1997; Parent and Cicchetti, 1998).

Our finding that NOS mRNA is increased in the STN, predominantly in the region 

which projects to the motor GPe, supports their proposal suggesting that the GPe is not 

just a relay station for the ‘indirect’pathway. The increased excitatory activity of the 

STN-GPe pathway would be expected to stimulate the GPe, however our finding of 

decreased GAD65 and GAD67 mRNA within this structure does not appear to support 

this proposal (see Chapter 7). However, if the STN-GPe projection also impinges on 

the MML, then this pathway may contribute to the increase in both NOS and SS mRNA 

expression we have observed within the neurons of the MML (see below & Chapter 4).
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Figure 5.10 Basal ganglia connections in PD patients

Schematic depiction of the basal ganglia pathways and the current knowledge of 

pathway activities as determined by changes in neurotransmitter mRNA expression in 

PD. Increased striatopallidal activity (‘indirect pathway’) leads to greater disinhibition 

of the subthalamic nucleus, which in turn may regulate its own activity by the 

subthalamopallidal negative feedback pathway, and indirectly via the subthalamostriatal 

pathway. The latter may increase dopamine release from the remaining nigrostriatal 

terminals which in turn inhibits the ‘indirect’ striatopallidal pathway. The thick lines 

demonstrate pathways in which neurotransmitter related mRNA expression has been 

shown to be elevated in PD, whereas the dotted lines represent a decrease in 

neurotransmitter expression. Within the STN it is currently not clear whether the 

increased NOS observed in this study is localised to both the subthalamostriatal and 

subthalamopallidal pathways.
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5.4.2 NOS mRNA expression in the MML

The increase in NOS mRNA expression in neurons of the MML in PD is 

intriguing. The connections of MML neurons have only been partially elucidated and 

their function is unknown. Anterograde tract tracing studies of subthalamic efferent 

pathways demonstrate dense bands of subthalamic terminal fields along the inner and 

outer borders of the MML in primate (Parent et al., 1989a; Smith et al., 1990) and a less 

dense terminal field within this structure in primate and cat (Nauta and Cole, 1978). The 

increased NOS mRNA expression in parkinsonian MML neurons demonstrated in this 

study may thus be mediated via increased excitatory drive from the subthalamopallidal 

pathway. A similar increase in both cell number and SS expression was also detected in 

the MML (see Chapter 4) (Eve et al., 1997), suggesting that there may be coregulation 

of SS and NOS in this region. There is also evidence for the presence of cholinergic 

neurons within the MML as demonstrated by immunoreactivity for ChAT (Everitt et al., 

1988; Mesulam et al., 1984) as well as mRNA (see Chapter 6). In a number of brain 

regions, NOS and ChAT are colocalised, including the substantia innominata (Sugaya 

and McKinney, 1994) These cells form an anatomical continuation of those in the MML 

(Everitt et al., 1988; Mesulam et al., 1984) and therefore the NOS positive cells in the 

MML may also coexpress ChAT mRNA. Cholinergic projections from the MML to the 

striatum have been demonstrated by combined immunohistochemical and retrograde tract 

tracing studies (Everitt et al., 1988; Jayaraman, 1983) and lesion studies suggest the 

presence of a SS-containing pathway (Widmann et al., 1987). Colocalisation studies will 

show whether these neurotransmitters are colocalised or whether two or more MML- 

striatal pathways exist

Increased striatal NO release from terminals of MML neurons in PD could occur
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if NOS-positive cells in the MML share the same pallidostriatal projection as the 

proposed somatostatinergic or cholinergic pathway (as well as from subthalamostriatal 

projections {see 5.4.1}). Both NO (Lonart et al., 1993) and SS (Chesselet and Reisine,

1983) increase DA release from striatal slices in vitro and the NO precursor, L-arginine 

induces increased DAergic locomotor and feeding behaviour in rats in vivo, which is 

blocked by NO inhibitors (Calignano et al., 1993). Therefore increased NOS mRNA 

expression in the parkinsonian MML and hence activity in the MML-putaminal 

projections could play a role in increasing striatal DA release from remaining terminals 

to compensate for their decrease in number, as has been inferred from human post 

mortem neurochemical studies, which show an increased ratio of DA metabolites to DA 

in striatal PD tissue (Bernheimer et al., 1973).

Studies of primate brain, using tyrosine hydroxylase immunocytochemistry (Lavoie 

et al., 1989), have shown that the MML is particularly rich in DAergic fibres and we 

have obtained similar findings in human material (Figure 5.11). Some of these fibres 

form part of the nigropallidal projection while others may be nigrostriatal fibres en route. 

Therefore MML NOS containing neurons could also interact with the DAergic system 

within the MML itself.

NO may also have other influences within the basal ganglia. The effect of NO on 

glutamate-induced neurotoxicity is still controversial; NO has been shown to mediate 

glutamate-induced neurotoxicity in cortical cell cultures of non-NOS positive neurons 

(Dawson etal., 1991b) and NOS inhibition is neuroprotective against injury arising from 

ischaemia (Kahn et al., 1996) and exposure to quinolate (Santamaria et al., 1996). 

However, there is also evidence for a neuroprotective role for NO against

193



Figure 5.11 Tyrosine hydroxylase immunoreactivity in human basal ganglia

Low magnification photograph of a section o f  human putamen and globus pallidus 

showing immunoreactivity for tyrosine hydroxylase (from our laboratory, performed by 

Louise Hewson). There is strong staining of the putamen as expected, but the presence 

of tyrosine hydroxylase immunoreactivity within the MML (arrowed) o f  the globus 

pallidus is also clearly visible. Scale bar = 1,4cm.

A polyclonal rabbit tyrosine hydroxylase antibody (Pelfreeze) was detected using 

a biotinylated second antibody and streptavidin-peroxidase complex visualised with 

diaminobenzidine.
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glutamate-induced toxicity in cortical cells (Forloni et al., 1997) or iron-induced 

oxidative stress in nigrostriatal neurons (Chiueh et al., 1996; Rauhaula et al., 1996). In 

the light of the conflicting evidence, it is not clear whether subthalamostriatal NO 

pathway overactivity may be neurotoxic or neuroprotective in the dorsolateral striatum. 

Several studies have investigated whether NO is neuroprotective or neurotoxic and it has 

been suggested that this is dependent on neuronal activity and the redox state of the 

tissue (Lipton et al., 1993). The reason for these differential effects relates to the type 

of NO that is formed. Under reducing conditons, NO will be predominantly of the free 

radical NO*, which will react with the 0 2* anion to generate peroxynitrite (ONOO') and 

in turn other neurotoxic agents including the hydroxyl radical. However, under oxidising 

conditions, the nitrosonium form of NO (NO+) is preferentially created. Nitrosonium 

ions can react with the thiol group of the NMDA receptor inhibiting glutamatergic 

neurotransmission (Lei et al., 1992) and therefore is neuroprotective.

This is further supported by the observation that certain NO-generating compounds 

(nitroglycerin and sodium nitroprusside) are also able to inhibit NMDA receptor- 

mediated neurotoxicity and they do not spontaneously generate NO*. The presence of 

SOD and catalase will remove 0 2* ions from the surrounding tissue thus preventing the 

formation of ONOO' , but also change the redox potential of the tissue towards 

oxidation by removal of the electron donating 0 2* ion culminating in NO+ formation 

which indirectly inactivates NMDA receptors. A recent study partly supports the effect 

of redox state on NO production, suggesting that NO* is only formed in the presence of 

SOD since under other conditions, the reaction proceeds through to ONOO' production 

due to the presence of 0 2* and is therefore neurotoxic (Schmidt et al., 1996).

This means that any state in which reducing agents (electron donating compounds
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such as 0 2* ions) are formed could lead to NO-mediated neurotoxicity. As mentioned 

above, current thinking suggests that there is ‘weak excitotoxicity’ in many diseases due 

to incomplete mitochondrial regulation leading to excessive free radical generation and 

membrane depolarisation. This would create a reducing environment and lead to the 

production of neurotoxic NO* moieties. The generation of ONOO' has been shown to 

disrupt the mitochondrial respiratory chain by inhibiting several complexes, though this 

varies from study to study, including complexes I and II (Brookes et al., 1998), II and 

IE (Bolanosetal., 1995) and IV (McNaught and Brown, 1998) creating an endless self 

perpetuating neurotoxic effect which eventually could lead to neuronal cell death. 

Increased proton leak has been proposed to be the cause in one study due to lipid 

peroxidation or some other membranoeus effect (Brookes et al., 1998). Another study 

demonstrates that inhibition of mitochondrial complexes (particularly complex IV) 

potentiates glutamate release due to reversal of the Na+-glutamate transporter as a 

consequence of reduced energy production to maintain the Na+ gradient via the Na7K+- 

ATPase (McNaught and Brown, 1998). All these effects will be self perpetuating 

eventually culminating in cell death due to severely impaired ATP production. It has 

been unequivocably shown that complex I is deficient in PD patients within only the SN 

(Schapira et al., 1990) and such a deficit is also seen following MPTP treatment (Mizuno 

et al., 1987). However, there is no evidence of inhibition of other mitochondrial 

complexes so the potential role of NO in mediating this deficiency is unclear.

5.4.3 NOS mRNA expression in the striatum

A recent study of post mortem parkinsonian brain (Bockelmann et al., 1994) 

reported a significant reduction in the number of striatal neurons staining for NADPH
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diaphorase, a marker for NOS (Dawson et al., 1991a). In the present study, although 

there was a modest reduction in the number of NOS mRNA-positive putaminal neurons 

in PD, this was not statistically significant. Animal studies suggest that all NADPH 

diaphorase-positive neurons are immunoreactive for SS (Vincent et al., 1983) and no 

difference in the number of putaminal neurons expressing preprosomatostatin mRNA 

between controls and PD cases was demonstrated in another study (see Chapter 4 and 

Eve etal. (1997)).

However, NOS mRNA expression within individual striatal neurons was found to 

be significantly reduced in PD suggesting that NOS expression is down-regulated as a 

result of damage to the DAergic nigrostriatal pathway. Opposing changes in overall 

striatal SS mRNA expression were observed (see Chapter 4 and Eve et al. (1997)). The 

presence of excitatory D1 but not inhibitory D2 receptors on these interneurons 

(MacLennan etal., 1994) suggests that the decreased NOS is probably a direct effect of 

DA depletion due to loss of D1-mediated stimulation.

The effect of DAergic denervation on striatal NOS expression has not been studied 

in animal models of PD, though there is conflicting data concerning the effect of such 

lesions on the expression of the two neurotransmitters; SS and NPY, that are believed 

to be colocalised with NOS in the same population of aspiny interneurons in rodent 

striatum (Dawson et al., 1991a; Ferrante et al., 1987). Some studies have reported 

either increases in NPY-immunoreactivity per cell (Kerkerian et al., 1986), or increases 

in the number of NPY or SS-positive neurons (Kerkerian et al., 1986; Lindefors et al., 

1990); while other studies have reported either no change (Lindefors et al., 1990; Salin 

et al., 1990; Thai etal., 1983) or a decrease (Soghomonian and Chesselet, 1991) in gene 

expression for one or other of these neuropeptides. Despite these conflicting data in
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untreated models of nigral injury, in rodents already lesioned with 6-OHDA (to remove 

possible confounding effects of endogenous DA), the effect of continuous stimulation 

with both D1 and D2 agonists was to increase striatal levels of SS and NPY 

immunoreactivity above values in lesioned, untreated animals (Engber et al., 1992). The 

balance of evidence supports an excitatory influence of DA on the expression of both SS 

and NPY in this population of striatal aspiny intemeurons, and our data is compatible 

with a similar excitatory influence on NOS expression in putaminal intemeurons.

5.5 Conclusions

1. Increased activity of subthalamic neurons, which project to the dorsolateral putamen, 

GPe and GPi has been demonstrated in PD patients by the increased NOS mRNA in the 

dorsolateral STN.

2. Increased NOS mRNA is observed in the MML where increased SS mRNA 

expression has previously been shown. These neurons may interact with DAergic 

nigrostriatal or nigropallidal projections promoting DA release at the target sites.

3. The observed increases in NOS expression in the STN and MML could exert a self- 

perpetuating neurotoxic effect over nigral neurons by inhibition of mitochondrial 

complex I under reducing conditions .

4. Reduced NOS mRNA expression in the striatum in PD may result from the loss of the 

normal direct excitatory effect exerted by DA via D1 receptors on these neurons.

198



Chapter 6: BASAL GANGLIA CHOI,INF, ACETYLTRANSFERASE

mRNA EXPRESSION

6.1 Introduction

Acetylcholine (ACh) was the first neurotransmitter to be identified following the 

famous frog vagus nerve experiments of Loewi (1921). He demonstrated that vagal 

stimulation of one frog heart released a chemical into the bathing medium which could 

attenuate the beating of a second isolated frog heart. The distribution of ACh in the 

central nervous system was only determined recently, and it is abundant within giant 

aspiny neurons of the mammalian striatum (Fibiger, 1982; Mesulam et al., 1992), as well 

as in cortical, thalamic and amygdalal projections originating from the nucleus basalis 

magnocellularis and pedunculopontine projections to the striatum (Mesulam et al.,

1984). ACh exhibits primarily a slow excitatory influence via these neurons.

ACh is synthesized within nerve terminals by acetylation of choline, a blood borne 

substance. A high affinity uptake protein ensures the specific neuronal uptake of choline 

into cholinergic neurons. This affinity is enhanced following neuronal activity. Choline 

reacts with mitochondrial bound acetylcoenzyme A (generated by glucose metabolism 

and therefore normally abundant) via the catalysis of the cytoplasmic enzyme ChAT. 

Active transport of ACh into vesicles occurs under the action of the vesicular ACh 

transporter, which is encoded by the first exon of the ChAT gene (Erickson et al., 1994).
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choline
aceXyltrantferase

choline + acetyl CoA <—v

acetylcholinesterase

-> acetylcholine ----- '

Following release at the synapse by depolarisation, ACh interacts with specific 

receptors that are termed nicotinic or muscarinic after an effective agonist of the 

respective receptor. Nicotinic receptors are of the classical five subunit variety that forms 

a Na+-permeable ion channel. Within the central nervous system, these receptors are 

believed to act in a modulatory fashion enhancing calcium entry into cells, 

neurotransmitter release and are located presynaptically (Wonnacott, 1997).

Muscarinic receptors act via stimulation of a guanine nucleotide-binding (G) 

protein, which is initially bound to the receptor, disassociates on stimulation and interacts 

with a variety of effector molecules and modulates the activity of second messenger 

systems. Five different receptor subtypes have so far been identified, designated ml-m5. 

The m l, m3 and m5 receptors are believed to act via stimulating adenylate cyclase, 

phospholipase A2 and phospholipase C, increasing internal calcium concentrations, which 

in turn causes activation of calcium dependent K+ and Cl' channels, whereas m2 and m4 

receptors directly regulate K+ and Cl channels via inhibition of adenylate cyclase, 

mediated by pertussis toxin-sensitive G proteins.

The distribution of muscarinic and nicotinic receptors within the striatum does 

reveal some form of segregation, though there is a variety of conflicting historical data 

with respect to their exact location. It is now generally believed that the majority of 

projection neurons express the ml form of muscarinic receptor whereas there is a 

subpopulation which also express m4 receptors. This latter population is primarily
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striatonigral neurons, though a proportion are striatopallidal neurons (Bernard et al., 

1992). A recent study in which the striatonigral neurons destroyed by nigral injection 

of volkensin, a retrograde suicide protein that inactivates ribosomes, supports the 

preferential localisation of m4 receptors to these neurons in that a greater depletion of 

m4 compared with ml receptors was observed (Harrison et al., 1996). However, this 

technique involves the uptake of the toxin by receptor-mediated endocytosis followed 

by axonal transport to the cell body. For this reason all neuron terminals in the substantia 

nigra will potentially take up the applied neurotoxin. This means that other pathways 

(such as the subthalamonigral) could also be affected and the lesion of these other 

neurons could have indirect effects on receptor number in the striatum. If axonal 

collaterals also take up the neurotoxins then there is also potential for nigrostriatal cell 

loss. Further to this, the majority of the m4 expressing striatonigral neurons have been 

shown to also express D1 receptors (Ince eta l., 1997), though there is also evidence for 

the colocalisation of mRNA for m4 and D2 (Bernard et al., 1992).

The activity of ACh on receptors following neuronal release is regulated by the 

action of the synaptically located acetylcholinesterase (AChE) or similar enzymes, which 

deacetylate the compound to regenerate choline which can then be taken up by the 

transporter proteins and reacetylated to form 'new' ACh.

Studies determining the presence of the degradative enzyme, AChE were initially 

used as a marker for the presence of ACh within neurons, but recent studies suggest that 

the locality of the synthetic enzyme, ChAT, is a better indicator of cholinergic neurons, 

though there is considerable overlap of labelling between the two markers.
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The striatal cholinergic neurons are of the giant aspiny variety and are believed to 

be intemeuronal due to the lack of axonal projections to striatal target structures (Phelps 

et al., 1985). They possess stout radially branching dendrites that can extend for 750 pm 

and thus may integrate neurons that are anatomically disparate within the striatum. 

These large extensive arborizations allow for synaptic contact with a variety of striatal 

neurons including the medium-sized spiny GABAergic neurons (Izzo and Bolam, 1988), 

GABA intemeurons (Chang and Kita, 1992), SS/NOS/NPY intemeurons (Vuillet et al., 

1992) and nigrostriatal DA neurons (Chang, 1988). On the other hand, these same 

neurons, (Bolam etal., 1986; Chang, 1988; Vuillet et al., 1992), as well as thalamic and 

corticostriatal glutamatergic projection neurons (Lapper and Bolam, 1992), synapse with 

cholinergic interneurons.

As previously mentioned (see 1.5.1), anticholinergic drugs were originally the 

mainstay treatment for PD and it has been suggested that they act by changing the 

balance between DA and ACh innervation of projection neurons (Barbeau, 1962; 

McGeer et al., 1961). The presence of mRNA for both ACh and DA receptors on 

striatal neurons (Bernard et al., 1992) support the hypothesis of a balance between DA 

and ACh innervation at the neuronal level.

Amelioration of the bradykinetic-rigid elements of PD occurs to some extent with 

anticholinergic drug treatment, possibly as a consequence of blockade of the overactive 

(with respect to DAergic) cholinergic tone (Gorell, 1989).

Historically it has been said that DA inhibits ACh release (Agid et al., 1975) and 

normally, the DAergic nigrostriatal pathway exerts a direct tonic inhibitory input on 

striatal ACh in the striatum, which is compatible with the hypothesis of a DA/ACh 

balance (Barbeau, 1962; McGeer et al., 1961). However, the use of specific D1 and D2
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receptor agonists and antagonists, reveal that this is an oversimplification. Whereas D2 

receptor stimulation will inhibit ACh release, D 1 receptor activation stimulates release 

(Damsma et al., 1991). This suggests that under basal conditions, a mutually 

antagonistic symmetrical equilibrium is reached between these receptors, particularly 

since acute inhibition of DA synthesis has no effect on ACh release (Bertorelli et al., 

1992). The higher affinity of DA to D2 receptors may mean that under basal conditions, 

D2 receptors are saturated with substrate and therefore any increased DA release is likely 

to act via D1 receptors, thus promoting ACh release. This is supported by application 

of indirect DA agonists which promote ACh release (Consolo et al., 1992).

Microsuperfusion of ACh into cat caudate nucleus demonstrates that ACh 

facilitates long term DA release in the striatum from striosomal regions and short lasting 

release in the matrix (Kernel et al., 1992).

Previous studies examining markers for ACh, including ChAT and AChE 

immunoreactivity and muscarinic or nicotinic binding, demonstrate no changes in the 

striatum, but decreased ACh activity in cortical and hippocampal regions of PD patients 

(Lange et al., 1993; Rinne et al., 1991; Sirvio et al., 1989). However, changes in the 

cholinergic system are suggested by the observation that a significant increase in 

expression of the high-affinity choline uptake carrier, the rate limiting factor in ACh 

synthesis, is observed in PD (Rodriguez-Puertas et al., 1994), and the ability of 

anticholinergic drugs to treat tremor and rigidity in PD.

The wide variety of synaptic connections of cholinergic interneurons mentioned 

earlier suggests they may act as a complicated regulatory network between afferent and 

efferent striatal neurons and hence considerable importance with respect to basal ganglia
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output could be attached to these interneurons. They potentially integrate information 

to regulate the overall activity of the striatopallidal and striatonigral pathway and 

therefore, in conjunction with the other interneurons, can adjust the balance between the 

inhibition of undesired motion and the promotion of desirable movement. It is therefore 

of interest to investigate their activity in PD.

The limited benefits of anticholinergic drug treatment and the hypothesized 

DA/ACh balance means that changes in ACh activity are likely in IPD. Investigation of 

ChAT mRNA expression by ISHH can provide an insight into how DA deafferentation 

affects ACh production within striatal interneurons and as to how anticholinergic drug 

treatment mediate their effects. The MML has been shown to express increased SS and 

NOS mRNA (see Chapters 4 and 5) and ChAT protein has previously been 

demonstrated within this region (Mesulam et al., 1992). It is therefore possible that 

ChAT mRNA is altered within the MML in PD patients. Consequently ISHH for ChAT 

mRNA was performed in posterior striatal sections that included the MML from 

controls, PD patients and PD patients treated with anticholinergic drugs as well as 

unilaterally-lesioned MPTP-treated vervets, to determine the role of ACh in the basal 

ganglia and the effect of PD.

6.2 Application of general methods for studying ChAT mRNA expression

The probe sequence used in this study for ChAT was complementary to 

nucleotides 4953-4982 of human (Toussaint et al., 1992) and 346-376 of rat ChAT 

mRNA (Brice et al., 1989).
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5'-CAC AAT GGC CTG GCT CTT CCT GAA CTG CTC-3'

This probe was hybridised on striatal sections obtained from both human (13 

controls and 5 patients with PD) and MPTP-treated vervet material (n=3) as described 

in general methods (see Chapter 2; 0.4 pmol 35S -ChAT/ml hybridisation buffer at 37°C 

for 16 hours). The lack of a measureable signal with film autoradiography after 28 days 

meant that all analysis was performed at the microscopic (emulsion) level. Slides were 

exposed to emulsion for 7 weeks at 4°C before being developed as described (see 

Chapter 2). The putamen (subdivided; see Figure 1.2) and the caudate were examined 

in both humans and vervets, whereas the MML was only investigated in humans due to 

difficulties in identifying cells in the vervets from artifacts overlying the pallidal area. 

The nucleus basalis of Meynert was evident in some sections, but the numbers were too 

low to allow for any meaningful analysis. A small subset of PD patients who had been 

treated with anticholinergic drugs (n=3) was also investigated.

Statistical analysis was performed as previously described (see Chapter 2) on the 

grain area, cell area and grain density obtained from 30 cells for each patient (or vervet) 

using the non-parametric Mann Whitney test, and the Kruskal-Wallis One Way ANOVA 

to test differences between median values for the treatment groups or subregions of the 

putamen and the Kolmogorov-Smimov non-parametric distribution test, to compare the 

cumulative distribution curves. The small sample size of the vervet and anticholinergic 

drug-treated PD group necessitate the use of these non-parametric tests and so median 

values rather than means are quoted for all data.

A total of 8 PD cases (3 of whom had received anticholinergic drug treatment) and
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13 controls were studied, though not all patients were necessarily used for every area 

investigated. The patients exhibited the folllowing characteristics. PD cases: 3 males, 

2 females; mean age 74.2 years (range 67-81); mean post mortem delay 18.6 hours 

(range 9.25-24.5); mean cerebellar pH 6.39, SEM 0.07 (range 6.20-6.57), mean disease 

duration 17 years (range 11-22); mean 1-DOPA dose at death 1320 mg/24 hours (range 

400-3500mg. In all cases, 1-DOPA had been given with a peripheral decarboxylase 

inhibitor).

PD cases treated with anticholinergic drugs: 1 male, 2 females; mean age 80.7 

years (range 72-88); mean post mortem delay 16.0 hours (range 8.5-23.5); mean 

cerebellar pH 6.52, SEM 0.06 (range 6.40-6.60), mean disease duration 19.3 years 

(range 13-25); mean 1-DOPA dose at death undetermineable.

Controls: 8 males, 5 females; mean age 75.6 years (range 40-91); mean post 

mortem delay 26.3 hours (range 5.5-48); mean cerebellar pH 6.47, SEM 0.07 (range 

6.12-6.71) and exhibited no neurological symptoms during life, or neuropathology on 

post mortem.

6.3 Results

No correlation between age, disease duration or post mortem delay was observed 

with detected levels of ChAT mRNA expression in any region studied in either the PD 

or control groups.

6.3.1 Distribution of ChAT mRNA in control basal ganglia

Scattered subpopulations of neurons labelled with ChAT probe were found in all
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subregions of the putamen and the caudate (Figure 6.1). The distribution of labelled 

cells within the striatum, appeared relatively uniform, though clusters of labelled neurons 

were seen in some areas of the putamen. These clusters were frequently surrounded by 

small unlabelled cells of approximately 100 pm2.

The majority of labelled striatal neurons were of a large size (median cross 

sectional area: approximately 450 pm2) and tended to be ovoid or fusiform. No 

significant differences were found in cell sizes between the subregions of the putamen. 

In controls, putaminal cells were generally slightly larger (median cross sectional area: 

approximately 460 pm2) and expressed higher levels of ChAT mRNA than caudate cells 

(18 % covered compared with 16%; see Table 6.1), and their ChAT mRNA expression, 

as measured by grain density, did not appear to vary to any great extent between the 

subregions of the putamen examined (p>0.05; Kruskall Wallis One Way ANOVA).A 

dorsolateral-ventromedial gradient of decreasing cholinergic cell number was apparent 

across the putamen in the control patients (p<0.05 Kruskall Wallis One Way ANOVA).

ChAT mRNA expression was observed in a small number of large fusiform cells 

(median cross-sectional area 341 pm2) within the MML, primarily in a ventral location. 

A heavily labelled nucleus of large globular and fusiform cells (the nucleus basalis of 

Meynert) was also seen on some sections located ventrally to the GP, and in some cases 

appeared to extend into the ventral regions of the MML and GP. The nucleus basalis of 

Meynert was only present in a small number of sections precluding further analysis.

6.3.2 ChAT mRNA expression in PD

The anatomical distribution of labelled cells within the striatum of both controls
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and Parkinsonian cases appeared to be identical. No significant differences in cell size 

were observed between control and Parkinsonian cases within the putamen. A 

decreasing dorsolateral-ventromedial gradient in the number of ChAT positive cells was 

also apparent in PD patients (p<0.05; Kruskall Wallis One Way ANOVA). PD 

cumulative grain density was significantly reduced compared with controls within the 

putamen as a whole (p<0.05; Kolmogorov-Smirnov test), although again no significant 

changes in median grain density were apparent (17.98% compared with 18.07%; see 

Table 6.1, Figures 6.2 and 6.3). Regional analysis showed that this was primarily due 

to a cumulative decrease within the dorsolateral putamen in PD patients (p<0.01; 

Kolmogorov-Smirnov test). The cumulative distribution was also significantly increased 

in the ventrolateral putamen of PD patients, compared with controls (p<0.05; 

Kolmogorov-Smirnov test), although no significant changes in median values were 

detected. No other significant changes were apparent within the other subregions of the 

putamen. A significant decrease in the cumulative distribution of cell area, compared with 

controls, was observed in the caudate (median cross-sectional area 432 pm2 compared 

with 449 pm2; p<0.05; Kolmogorov-Smirnov test). The cumulative distribution of 

ChAT grain density in the caudate was unaltered in PD patients compared with controls.

No significant change in cell size or ChAT expression was observed within labelled 

neurons of the MML (see Table 6.1), but there was a non-significant increase in the

Figure 6.2 schematic diagram of ChAT mRNA expression in the human basal 
ganglia —»

The median grain density of ChAT mRNA expression (pm2 grains/pm2 cell area) is 
shown within the basal ganglia of control (A), PD (B) and PD patients treated with 
anticholinergic drugs (C). Significant changes in the cumulative frequency distribution 
of ChAT mRNA are depicted. * p<0.05 compared with controls; & p<0.05, &&p<0.01 
compared with PD patients (Kolmogorov-Smirnov test).
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number of labelled cells in the PD group compared with controls (PD: 13.4 labelled cells; 

control: 8.2 labelled cells).

6.3.3 ChAT mRNA in PD patients treated with anticholinergic drugs 

Within the subgroup of PD patients treated with anticholinergic drugs there was a trend 

towards a decreasing number of ChAT-positive cells along a dorsolateral-ventromedial 

gradient within the putamen, but in contrast to the other groups, this did not reach 

significance. Taking the putamen as a whole, the cumulative grain density was 

significantly reduced compared with both control (p<0.001; Kolmogorov-Smirnov test) 

and PD patients (p<0.01; Kolmogorov-Smirnov test); see Figure 6.4. Regional analysis 

revealed this was due to a significant reduction in cumulative mRNA expression within 

the ventrolateral and ventromedial putamen in patients treated with anticholinergic drugs 

compared with both control and PD patients (p<0.01; Kolmogorov-Smirnov test), 

although no significant changes in median values were detected. No significant changes 

were observed in the dorsolateral putamen compared with controls or PD cases. No 

other significant changes were apparent within the other subregions of the putamen.

The cumulative distribution of ChAT grain density in the caudate was significantly 

increased in PD patients treated with anticholinergic drugs compared with PD and 

controls (P<0.05; Kolmogorov-Smirnov test), although there was no significant change 

in median values (16.5% covered compared with 16% for controls and 13% for PD).

The trend towards an increased number of ChAT-positive cells within the MML

Figure 6.4 Frequency distribution of ChAT mRNA in human putamen ->
The frequency distribution of ChAT mRNA expression within the putamen in control, 
PD and PD patients treated with anticholinergic drugs. The figure shows a greater 
number of highly expressing cells in the controls than either of the PD groups.
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of PD patients was not observed in those patients treated with anticholinergic drugs (7.3 

labelled cells compared with 13 .4 in PD patients not treated with anticholinergic drugs 

and 8.2 in controls).

6.3.4 ChAT mRNA in MPTP-lesioned vervets

The three MPTP-lesioned vervets demonstrated parkinsonian symptoms and 

destruction of the SN on the lesioned side at post mortem. In general, cells positive for 

ChAT mRNA tended to be more densely congregated within the vervet striatum, but 

their appearance was similar to that observed in humans; giant-sized and ovoid or 

fusiform with a similar mean cross-sectional cell area.

No putaminal subregion examined demonstrated any change in the frequency 

distribution for median cell area from the unlesioned side (p>0.05, Kruskal Wallis 

ANOVA test); see Table 6.2. Total putaminal cumulative ChAT mRNA expression 

shows a highly significant increase on the lesioned compared with the unlesioned side 

(p<0.001; Kolmogorov-Smirnov test; Figures 6.5 and 6.6.) although no significant 

difference in median expression could be determined (p>0.05, Mann-Whitney test). 

Regional analysis shows that this increase is within the dorsolateral and intermediolateral 

putamen, although no significant difference in median expression was determined 

(p>0.05, Mann-Whitney test).

The unilaterally MPTP-lesioned vervets demonstrated no significant difference in 

cell size within the caudate (see Table 6.2, Figure 6.5 and 6.6), but the cumulative 

distribution for grain density was significantly reduced on the lesioned side (p<0.001; 

Kolmogorov-Smirnov test), although no significant change in median expression was 

detected.
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Figure 6.5 Schematic diagram of ChAT mRNA expression in vervet basal 

ganglia

The median grain density of ChAT mRNA expression (pm2 grains/pm2 cell area) 

is shown within the basal ganglia on the unlesioned (A) and lesioned (B) side of MPTP- 

treated vervets. Significant changes in the cumulative frequency distribution of ChAT 

mRNA expression are depicted; *** p<0.001 (Kolmogorov-Smirnov test).
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Figure 6.6 Graphical representation of ChAT mRNA expression in the 

vervet basal ganglia

ChAT mRNA expression, depicted as median grain density (pm 2 grains/pm2 cell area) 

within the basal ganglia o f MPTP lesioned vervets. A significant increase in the 

cumulative frequency distribution o f ChAT mRNA expression was observed in the 

putamen which was due to increased expression in the dorsolateral (DL) and the 

intermediolateral putamen (IL; *** p<0.001; Kolmogorov-Smirnov test) on the 

lesioned side o f vervets. Reduced expression was observed within the caudate 

(p<0.001, Kolmogorov-Smirnov test).
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6.4 Discussion

The distribution of ChAT mRNA and hence cholinergic neurons within the basal ganglia 

demonstrated in this study is compatible with that previously seen in humans by Mesulam 

et al. (1992) using immunohistochemistry. A scattered population of giant labelled 

neurons were detected within the caudate and putamen, a few cells within the MML and 

a collection of cells within the nucleus basalis of Meynert. A significant decreasing 

dorsolateral-ventromedial gradient in cell number was apparent in the PD and control 

group. Studies on the presence of cholinergic neuropil using ChAT immunoreactivity and 

AChE activity demonstrate greater staining in the lateral than medial striatum (Graybiel 

and Ragsdale, 1978; Hirsch et al., 1989) and thus indirectly support this observation.

6.4.1 ChAT mRNA expression in the MPTP-treated vervet model of PD

We observed increased ChAT mRNA expression within the dorsolateral and 

intermediolateral putamen of 1-DOPA-naive MPTP-treated vervets, which agrees with 

microdialysis experiments using the 6-OHDA-treated rat model of PD. Lapchak et al. 

(1991) and DeBoer et al. (1993) demonstrate an increased basal output of ACh from 

6-OHDA-treated striatal rat slices, and microdialysis of 6-OHDA-treated rats, 

respectively, whereas Lee etal. (1991) found no change in neostriatal 6-OHDA-treated 

rat slices. Conversely Herrera-Marschitz et al. (1994) observed reduced basal ACh 

release in adult rats who had been neonatally lesioned with 6-OHDA. However, MPTP- 

treated rats demonstrate no change in basal ACh (Kurstjens and Cantrill, 1989), nor in 

parameters of cholinergic expression (ChAT and AChE) within the striatum (Curti et al.,

1994).
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The observed increase in ChAT mRNA expression in MPTP-treated vervets is 

concordant with the historical proposal of a DA/ACh balance (Barbeau, 1962; McGeer 

et al., 1961) whereby DA and ACh exert a reciprocal influence over their targets. 

Indirect evidence for this is provided by the presence of both muscarinic and DAergic 

receptors on the same projection neuron as well as synaptic connections between the 

nigrostriatal pathway and cholinergic interneurons (Lehmann and Langer, 1983). 

Electrophysiological investigations suggest that cholinergic neurons cause depolarisation 

and/or enhanced neuronal firing, whereas the nigrostriatal DAergic neurons attenuate the 

effect of cortical stimulation (Freund et al., 1984). In this way, the ability of the 

normally quiescent, striatal projection neurons to be stimulated by the cortex, is 

modulated.

Further studies suggest that this is an oversimplification, since stimulation of 

striatopallidal, but inhibition of striatonigral neurons has been observed following 

cholinergic activation (Lucas and Harlan, 1995). The preferential localisation of 

inhibitory muscarinic m4 receptors to striatonigral neurons may explain this effect (Di 

Chiara et a l., 1994). Removal of DAergic inhibition by nigrostriatal lesion in animal 

models show increased PPE mRNA and enkephalin within the striatopallidal pathway 

and reduced PPT mRNA and substance P within the striatonigral pathway (Young et al., 

1986). Administration of the muscarinic antagonist scopolamine attenuates increased 

PPE mRNA following nigrostriatal lesion suggesting a potential role for cholinergic 

interneurons in striatal peptide changes (Pollack and Wooten, 1992).

Surprisingly, a significant reduction in expression was observed within the lesioned 

caudate. DAergic depletion by nigral lesion is less severe within the caudate suggesting 

that this may be an indirect effect of nigrostriatal cell loss and striatal DA depletion.
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Extrastriatal projections such as the PPN may also be involved. This nucleus projects 

to the caudate to a greater extent than the putamen (Smith and Parent, 1986), as well as 

projecting to the SN, GP, thalamus and STN (Lavoie and Parent, 1994b). This means 

that the PPN is able to influence basal ganglia activity at every level. The projections are 

cholinergic and may colocalise glutamate and NOS. They therefore could exert a 

neurotoxic influence on their projection sites, which includes the DAergic nigrostriatal 

neurons lost in IPD (Lavoie and Parent, 1994a). In IPD, particularly in those patients 

that are also demented, decreased expression of ChAT and a reduction in cell number 

is observed within the PPN (Zweig et al., 1989). Muscarinic receptor ligand binding is 

increased in the GP of PD patients implying underactivity of cholinergic projections such 

as the pedunculopontine-pallidal pathway in PD (Griffiths et al., 1990). The 

pedunculopontine-striatal pathway may synapse on glutamatergic terminals, where it 

normally exerts an excitatory influence via presynaptic cholinergic (or glutamatergic) 

receptors, but due to the loss of this projection in PD, glutamate release from 

corticostriatal terminals will not be promoted by this pathway, and therefore less 

stimulation of cholinergic intemeurons may occur. However enhanced glutamate activity 

within the striatum has been proposed. Retrograde tracing studies so far only provide 

evidence that the PPN projection may terminate on DAergic neurons (at least in the nigra 

if not in the striatum) (Charara et al., 1996). The loss of this pathway in PD is therefore 

likely to lead to a further reduction in DA release culminating in less inhibition of 

cholinergic striatal interneurons, but this is in opposition to our observations of 

decreased ChAT mRNA.
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6.4.2 Striatal ChAT mRNA in PD

Reduced ChAT mRNA expression was observed within the putamen when taken 

as a whole, due to a greater decrease in the dorsolateral putamen, where nigrostriatal 

denervation is greatest, than the opposing increase in the ventrolateral putamen. This 

finding contrasts with that in MPTP-treated vervets and the majority of animal data, but 

may be due to the therapeutic application of 1-DOPA to all the PD patients within this 

study. While previous studies of ChAT activity in PD have demonstrated no significant 

changes in ChAT protein expression within the striatum (Lange et al., 1993; Sirvio et al., 

1989), the significant increase in the expression of the high-affinity choline uptake carrier 

found by Rodriguez-Puertas et al. (1994) is in accordance with our vervet findings and 

provides evidence of an alteration in the striatal cholinergic system in PD as predicted 

by the proposed DA/ACh tonal balance. However this change is in opposition to that 

observed in our PD patients. The dosage and duration of 1-DOPA treatment in 

Rodriguez-Puertas study is not specified, so the apparent paradoxical findings may be 

explained by differences in 1-DOPA treatment or anatomical orientation. Also a 

proportion of their patients did not possess the pathological hallmark of PD; Lewy 

bodies, and they are therefore using a different criteria to diagnose PD in patients.

A recent study has demonstrated that chronic treatment with 1-DOPA in 6-OHDA 

lesioned rats appears to reverse the changes in peptide gene expression (increased PPE, 

decreased PPT) observed within the ventromedial, but not the dorsolateral regions of the 

striatum (Salin et al., 1997). It is possible that a similar effect of 1-DOPA may occur on 

ChAT mRNA expression within the ventromedial region of the striatum in PD and in the 

vervet model. This is supported by the absence of any change in ChAT mRNA 

expression in the ventromedial putamen of 1-DOPA-naive MPTP-treated vervets.
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However, increased expression was observed within the ventrolateral (which was not 

studied in vervets), but not the ventromedial putamen of PD patients suggesting that this 

may be an oversimplification. The opposing changes in ChAT mRNA expression in the 

dorsolateral striatum of PD patients and MPTP-treated vervets suggest that 1-DOPA may 

reverse changes in expression within the cholinergic interneurons caused by nigrostriatal 

loss in the dorsolateral putamen in PD patients. Treatment with 1-DOPA may also 

overcompensate with respect to DA loss, and potentiate the inhibition of cholinergic 

interneurons within the striatum.

The effects of 1-DOPA on ACh in animal models of PD, is varied; DeBoer et al. 

(1993) showed enhanced ACh output following nigrostriatal lesion of rats which was 

reversed by systemic bromocriptine injection. Systemic 1-DOPA enhanced further ACh 

release in both lesioned and unlesioned rodents, possibly via a stimulatory extrastriatal 

D1 mediated effect that is dominant over the local (striatal) inhibitory D2 response, 

suggesting that the proposed DA/ACh interaction may not occur solely at the level of 

the cholinergic striatal interneuron (Mavridis et al., 1995). Engber et al. (1991) found 

no effect of 6-OHDA and continous 1-DOPA treatment in rats, with respect to ChAT 

activity, but found a decrease when intermittent 1-DOPA treatment was applied. The 

latter administration is closer to that for humans suffering from PD, who generally take 

1-DOPA several times a day. DeBoer et al. (1993) results based on a single dose, 

suggest that an initial increase in ACh outflow may occur which could result in ACh 

depletion following chronic treatment if no upregulation of production occurs. Local 

infusion of 1-DOPA demonstrates a decreased outflow only in lesioned rats (Jackson et 

al., 1993; Ueda et al., 1995), suggesting that local vs systemic application may have 

opposing effects, probably due to the different kinetics of the drug when administered

223



by distinct routes or an effect on other neuronal systems.

6.4.3 Effect of anticholinergic drug treatment on striatal ChAT mRNA in PD

Infusion of cholinergic agonists into the striatum of cats results in tremor, which 

can be abolished by an infusion of DA (Baker et al., 1969), and potentiation of 

cholinergic activity using an AChE inhibitor in PD patients, results in aggravation of the 

rigidity and tremor normally seen. The same dose in normal patients has no effect, 

suggesting that there is an enhancement of cholinergic tone in PD, which may be 

secondary to the loss of DAergic input (Ambani et al., 1973; Duvoisin, 1967). 

Treatment of PD with anticholinergic drugs may restore the balance between DA and 

ACh, and hence return striatal neuron firing to a stable equilibrium. However, no 

evidence of upregulation of ACh synthesis (as determined by ChAT mRNA expression) 

was apparent in our small sample of PD patients treated with anticholinergic drugs (as 

well as 1-DOPA). Indeed a decrease in ChAT mRNA expression in the putamen and an 

increase in the caudate of patients treated with anticholinergic drugs compared with both 

control and PD patients was observed in the small sample examined. The absence of a 

change in the dorsolateral putamen between controls or PD patients does imply that 

some change in expression may have occurred following anticholinergic drug treatment 

but the small sample size negates the ability to determine any significant change, though 

the data appears to be more compatible with PD patients than controls. The differential 

changes in the caudate and putamen may relate to removal of extrastriatal influences such 

as the PPN. Anticholinergic drugs could block cholinergic receptors on neurons which 

are normally innervated by either interneurons or the pedunculopontine pathway. The 

greater pedunculopontine innervation of the caudate than the putamen in conjunction
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with our observations, suggests that this projection may normally maintain ACh 

production in the caudate. However, the increased ChAT expression in the caudate 

following anticholinergic drug treatment would appear to refute this. A possible 

explanation is the presence of muscarinic receptors on the striatal interneurons that may 

act as autoreceptors regulating their own activity via negative feedback. These receptors 

could be blocked by the anticholinergic drugs and therefore no feedback inhibition will 

occur. This can not be the sole explanation, since the same effect would be expected in 

the putamen where a reciprocal observation was made. Further investigation of these 

findings is required to corroborate this, due to the small sample size investigated.

6.4.4 Other potential influences on ChAT expression

The multiple influences of other neurotransmitters on cholinergic neurons, which 

in turn may be modulated by DA, suggest our findings may not purely demonstrate the 

direct consequences of DA depletion. ACh release is modulated directly by neurotensin 

in striatal slices, presumably via presynaptic neurotensin heteroreceptors (Lapchak et al.,

1991) in the absence of DAergic input, whereas enkephalin exerts an inhibitory influence 

over striatal ACh release via both a 8-receptor DA dependent and |a-receptor DA 

independent effect in intact rats (Arenas et al., 1991). Conversely, DAergic inhibition of 

PPE mRNA expression and hence enkephalin, is partly mediated via inhibition of a 

cholinergic influence (Pollack and Wooten, 1992), whereas stimulation of PPT mRNA 

expression and substance P by DA is independent of cholinergic input. The increased 

PPE mRNA within the intermediolateral putamen of PD patients (Nisbet et al., 1995), 

may thus compensate for removal of DAergic inhibition on ACh release (Mavridis et al.,

1995) via collaterals which synapse with cholinergic intemeurons within the dorsolateral
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putamen, reducing cholinergic activity to a level where equilibrium with DA may be 

restored.

Striatal neurons expressing PPE or PPT mRNA also express GAD mRNA and 

therefore further inhibition of cholinergic intemeurons may occur via GABA released 

from striatal collaterals. This is supported by DeBoer and Westerink (1994) who have 

shown direct tonic inhibition of striatal ACh via GAB Aa receptors located on cholinergic 

neurons, and GABAB-mediated inhibition probably via receptors located on 

glutamatergic neurons, reducing the stimulatory drive of glutamatergic neurons. We have 

recently shown altered GAD mRNA (increased GAD65 isoform, but decreased GAD67; 

see Eve et al. (1998a) and Chapter 7) within the striatum, which again may compensate 

for the decreased inhibitory DAergic drive in PD patients by inhibiting ACh release.

The probable importance of the substance P containing striatonigral pathway on 

ACh release is shown by the finding that cholinergic neurons are the only striatal cells 

to possess NK1 receptors, the physiological receptor for substance P (Gerfen, 1991). 

Collaterals from this pathway synapse on cholinergic neurons within the striatum, which 

in turn project onto the substance P containing neurons, thus potentially forming a 

reciprocal intrastriatal loop. Substance P released from the collaterals would stimulate 

ACh release from the intemeuron via NK1 receptors, and the released ACh could further 

stimulate striatonigral (or striatopallidal) neurons via ml receptors (or inhibit via m4 

receptors). Animal models predict that the striatonigral projection is underactive in PD 

and this would reduce the stimulatory effect of substance P on the cholinergic receptors.

This underactivity is not supported in post mortem studies of PPT mRNA 

expression where no significant change in expression was observed, though this may
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relate to 1-DOPA treatment (Nisbet et al., 1995), but a reduction in ChAT mRNA was 

seen suggesting that this pathway is not dominant with respect to ACh production in PD. 

This may mean that the expression of ACh is dependent on the net effects of all its 

innervations (GABAergic/substance P, DAergic, cholinergic and glutamatergic) rather 

than just one major innervator.

The colocalisation of m4 and D1 receptors on the same neuron allows for the 

differential regulation of the same neuron by the cholinergic and DAergic systems since 

D1 receptors are positively coupled to adenylyl cyclase, whereas m4 are negatively 

coupled (the reverse is true for ml and D2 receptors). There is some evidence that these 

receptors may act on the same pool of cAMP (Olianas et al., 1983) implying that the 

responsitivity of striatal neurons may be directly dependent on the net effect of these two 

receptors and therefore DA and ACh levels (providing further support for the DA/ACh 

balance hypothesis). The presence of other receptors that are not linked to adenylyl 

cyclase, such as glutamatergic receptors shows that this is an oversimplification. Since 

the majority of striatonigral neurons express m4 and D1 receptors, but may also express 

ml and the D2 class of receptors (see Chapter 1.7.1), this would suggest that both DA 

and ACh are likely to have antagonistic effects on the neuron both in combination and 

also when released singularly. Where all 4 receptors are present and functional, the 

deciding factor in relation to neuronal activity is likely to be the balance between their 

respective numbers and affinity for their substrate ( D2 receptors have a greater affinity 

for DA than D1 receptors).

It has been suggested that the balance between DA and ACh stimulation may
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determine the ability of the striatal projection neurons to respond to the glutamatergic 

input from the cortex (Di Chiara et al., 1994). Striatal projection neurons are normally 

quiescent and this inactive state is maintained by K+ currents. In this state, Dl receptors 

may inactivate a slow K+ current (Kitai and Surmeier, 1993), depolarising the neuron, 

and thus removing Mg2+ block of NMD A receptors, and facilitating burst firing. Once 

active, Dl receptor stimulation may inactivate a Na+ current and stabilise the neuron 

(Calabresi et al., 1987). Muscarinic receptors also influence K+ channels in a voltage and 

neuronal activity dependent manner, thus stabilising the (in)activity of the neuron.

In a similar way NMDA receptor activation by glutamate could be viewed as 

modulatory, as it is voltage dependent due to blockade by Mg2+ under resting conditions 

and it promotes burst firing and in some regions is believed to induce long term 

potentiation. Cholinergic neurons also possess NMDA receptors, but in contrast to 

striatal spiny neurons are tonically active and therefore are susceptible to glutamate 

stimulation via these receptors under resting conditions. This suggests that under resting 

conditions, NMDA receptor inhibition will not have a direct effect on striatal neurons, 

but may have indirect effects mediated by cholinergic neurons. Glutamatergic input to 

striatal neurons therefore is likely to function through other forms of glutamate receptors 

such as the AMPA receptor.

The cholinergic interneurons express ml, m2 and m4 receptors suggesting that 

potential cholinergic feedback may regulate their own ACh release or release from 

neighbouring cholinergic interneurons, or that extrastriatal cholinergic projections, such 

as the pedunculopontine-striatal pathway may terminate on these interneurons. The m2 

receptor is believed to function as a cholinergic autoreceptor due to its predominantly 

presynaptic location and its ability to inhibit further ACh release (Levey et al., 1991)
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providing evidence for self regulation.

The presence of the Dl class of DA receptor on cholinergic neurons (Bergson et 

al., 1995) (as well as the D2 class of receptor) allows for direct facilitation of ACh 

release by DA. In PD, this effect is likely to be greatly reduced due to the loss of the 

DAergic nigrostriatal pathway, and so the autoreceptor activity of the m2 cholinergic 

receptor is likely to be dominant. The inhibitory effect of D2 stimulation is also likely 

to be dominant over the facilitatory effect of Dl stimulation, following 1-DOPA 

treatment, since studies have shown that Dl receptors are more susceptible to DA 

depletion, possibly due to the greater affinity of DA for D2 than D l receptors (Bertorelli 

e ta l., 1992).

A number of studies have looked at both muscarinic and nicotinic receptors in PD 

and the general consensus appears to be the possible reduction of ml receptors in PD 

patients, that were also demented (Sirvio et al., 1989), probably due to their location on 

nigrostriatal DAergic terminals that are lost in PD (Nieoullon and Kerkerian-Le Goff,

1992). Rinne et al. (1991) demonstrate decreased nicotinic receptor number in both 

nondemented and demented parkinsonians in the striatum and cortex, though the 

reduction is largest in demented individuals. This supports the studies of others who 

demonstrate minor impairment of cholinergic activity, primarily of the cortex and 

hippocampus, in nondemented PD, implying that they have a predisposition to dementia.

Other regions of the brain also affected by PD include the nucleus basalis of 

Meynert and the PPN. These regions exhibit a cholinergic phenotype within a proportion 

of their cells and may exert their own influence on striatal ChAT mRNA expression. 

Reduced ChAT activity is observed in these regions, particularly in demented PD cases 

(Jellinger, 1988; Ruberg etal., 1982). Consequently, anticholinergic drugs are also likely
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to effect the projections of these regions, some of which project directly to the basal 

ganglia or may indirectly effect their activity. Further studies are required to determine 

if these potential sites are functionally relevant to the changes in basal ganglia activity 

that occur in PD.

Anticholinergic drugs are generally nonspecific muscarinic antagonists which will 

block the muscarinic mediated-effects of the inputs from the cholinergic PPN as well as 

the cholinergic striatal interneurons. Consequently, changes in ChAT expression may 

have occurred within the PPN to readdress the balance between DAergic-cholinergic 

activity and hence improve motor abnormalities in PD. As mentioned earlier, the site of 

action of anticholinergic drugs may also be on the striatal terminals of the 

pedunculopontine neurons (and their targets), as well as intemeurons. Studies should be 

performed to investigate whether the main effect of anticholinergic drug treatment is 

exerted through inhibition of striatal intemeurons or at synapses from projection neurons 

terminating in the striatum, or other areas or a combination of these effects.

The trend towards an increased number of ChAT positive cells within the MML, 

is similar to our previous findings for NOS and SS mRNA where a trend ((Nisbet et a l, 

1994a), see Chapter 5) and a significant increase (Eve etal., 1997), see Chapter 4) was 

observed in their respective cell numbers. However, no significant change in ChAT 

mRNA was detected within the MML in contrast to our findings for NOS and SS mRNA 

(Eve et al., 1997; Nisbet et al., 1994a), see Chapters 4 and 5). These three 

neurotransmitters may be located within separate neurons since ChAT-positive cells were 

mainly located in the ventral MML close to the nucleus basalis of Meynert, which they
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may be an extension of, whereas SS- and to a lesser extent NOS-positive cells were 

observed throughout the MML. This requires confirmation by colocalisation studies, but 

may mean that a specific SS/NO colocalising population of MML neurons in PD patients 

are overactive, whereas a cholinergic population of neurons are not.

6.5 Conclusions

1. ChAT mRNA can be detected in a population of large neurons within the striatum, 

which previous studies propose are interneurons.

2. The expression of ChAT mRNA is reduced in PD putamen but increased in the 

MPTP-lesioned vervet model of PD. This difference suggests an overcompensatory 

effect of 1-DOPA treatment in PD patients. Many striatal neurotransmitters are altered 

by DA which in turn can alter ACh release. This therefore may not be simply a direct 

consequence of 1-DOPA treatment.

3. Differential specific changes in neurotransmitter mRNA expression have previously 

been detected in the MML, but ChAT mRNA appears to be unaffected.

4. Administration of anticholinergic drugs does not reverse the reduction in striatal 

ChAT expression in 1-DOPA treated PD patients.
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Chapter 7: BASAL GANGLIA GAD65 AND GAP67 mRNA EXPRESSION

This chapter will discuss changes in the expression of the synthetic enzymes for 

GABA (gamma aminobutyric acid) production in the striatum where they are located in 

both projection and the third population of interneurons. GABA is also the main 

neurotransmitter of the GP. This study was performed in conjunction with Dr. Angus 

Nisbet, who carried out the GAD67 work on the striatum and GP. The subsequent 

analysis using the Kolmogorov-Smirnov test was performed on all the data 

simultaneously.

7.1 Introduction

GABA is the major inhibitory neurotransmitter within the brain. It is found in 

abundance within the SNR, GP and hypothalamus, and at lower concentrations within 

the caudate, putamen and thalamus. Within the striatum, GABA is found within the 

majority of striatal neurons including a subpopulation of interneurons, and projection 

neurons forming both the striatonigral and striatopallidal pathways.

The synthesis of GABA is intimately linked with the production of other amino 

acids as neurotransmitters and the metabolism of glucose. GABA is synthesised via the 

GABA shunt bypass of the tricarboxylic acid cycle between y-oxoglutarate and 

succinate. (Figure 7.1) The GABA shunt involves the formation of glutamate (another 

neurotransmitter) from y-oxoglutarate, which is then irreversibly decarboxylated by 

glutamate decarboxylase (GAD). This enzyme exists in two isoforms; GAD65 and 

GAD67, dependent on their molecular weights, being 65kDa and 67kDa respectively.
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Figure 7.1 Synthesis and catabolism of GABA

The production of GABA is controlled by the enzyme glutamate decarboxylase 

(GAD) decarboxylating glutamate derived from either the GABA shunt that circumvents 

the Kreb’s cycle (from 2-oxyglutarate) or via glutamine, though the latter pathway is 

believed to be the primary source of neurotransmitter glutamate. Following GABA 

release, it is cleared from the synaptic cleft by an uptake protein. GABA is then 

metabolised to form products that can re-enter the Krebs cycle.
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The cDNA’s of the two isoforms of GAD do not exhibit a continous homologous 

sequence longer than 17 nucleotides (Erlander et al., 1991) and possess approximately 

80 % similarity between their amino acid sequences.

GAD is the rate limiting step in GABA production, and requires the presence of 

a cofactor, pyridoxal phosphate. Influencing the binding of this factor may play a role 

in the regulation of this enzyme’s activity, since in vivo, approximately 35 % of this 

enzyme is bound to its cofactor, even though sufficent pyridoxal phosphate is present for 

100 % saturation of the enzyme. The majority of this unbound GAD (also known as 

apoGAD) has been shown to be GAD65 by active site labelling studies, though there is 

also a significant contribution of GAD67 to apoGAD (Martin et al., 1991a). Once 

bound to form holoGAD, pyridoxal phosphate will not disassociate but requires 

transamination by GAD itself, leading to pyridoxamine 5-phosphate, succinic 

semialdehyde and apoGAD (Spink et al., 1987). This is regulated by ATP levels which 

help to stabilise the normally unstable apoGAD and inorganic phosphate which promotes 

haloGAD formation by antagonising ATP and promoting the interaction of apoGAD and 

pyridoxal phosphate (Porter and Martin, 1988). This may explain the predominance of 

apoGAD under normal conditions due to the high levels of ATP in metabolically active 

cells.

Synthesized GABA serves not only a role as a neurotransmitter, but also as a 

metabolic intermediate for the production of energy within GAB Aergic cells and can be 

subdivided into two pools. The neurotransmitter pool of GABA is believed to be 

synthesised mainly in the nerve terminals, whereas the metabolic pool is more associated 

with the perikarya and dendrites. This is supported by the presence of GAD and GABA 

within perikarya, axons and dendrites as well as synaptic terminals.
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The SN contains many GABAergic neurons which project to the thalamus and 

superior colliculus as well as receiving GABAergic innervation from the striatum and 

GP. Lesioning of the forebrain innervations lead to an 80-90% decrease in nigral GABA 

which suggests that the majority of nigral GABA is within the forebrain terminals 

(neurotransmitter pool). However, only a 50% reduction in GABA turnover is observed 

suggesting that half of GABAergic metabolism is associated with metabolic processes 

(metabolic pool) (Casu and Gale, 1981). Conversely, cortical GABA appears to 

contribute primarily to the metabolic pool, though turnover is similar, thus demonstrating 

that there are regional variations in the contribution of GABA to the neurotransmitter 

pool (Patel et al., 1974).

In both cases glutamate is the precursor molecule for GABA synthesis and this 

amino acid is itself a product of several processes and acts as a neurotransmitter in 

different neurons and also as a metabolic intermediate. It is unclear whether glutamate 

concentrations within GABAergic neurons are sufficent to saturate GAD or whether it 

can be rate limiting. Overall glutamate levels suggest saturation occurs, however the 

concentration of glutamate believed to be acting as a precursor within GABAergic 

neurons is much smaller than average intracellular levels (Patel et al., 1974). Blockade 

of glutamate synthesis does reduce GABA production in vivo (Paulsen et al., 1988) and 

production increases when the glutamate precursor, glutamine is administered to 

synaptosomes (Battaglioli and Martin, 1990). The normal source of glutamine is glial 

cells synthesised from previously taken up glutamate, which are in close contact with 

neurons, however the apposition of glia with neurons is lost in synaptosomes. The 

addition of glutamine to neurons may therefore be similar to what happens in vivo. Once 

in neurons, the glutamine can be converted to glutamate.
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Release of GABA has been shown to be calcium dependent and requires 

propagation of an action potential since it is blocked by tetanus toxin. K+ evoked release 

of GABA can be self regulated, implying the presence of autoreceptors on GABAergic 

neurons. Two types of receptors have so far been identified; the GABAa and GABAb 

receptors, dependent on their selectivity for particular agonists. GABAa receptors act 

via a Cf channel and are sensitive to benzodiazapines, whereas GABAb receptors are 

insensitive to benzodiazepines, act via a K+ channel and activation of second messenger 

pathways.

A high affinity specific carrier protein removes GABA from the synaptic cleft into 

nerve terminals and glial cells, limiting the inhibitory action of the neurotransmitter. 

GABA is then metabolised to succinic semialdehyde, catalysed by GABA-transaminase, 

and irreversibly metabolised to succinate by succinic semialdehyde dehydrogenase, which 

is further metabolised by the tricarboxylic acid cycle.

Several studies have measured GAD mRNA expression in animal models of PD 

and generally these have centred on GAD67 expression. Nigral lesioning in rodents 

using 6-OHDA reveal an increase in GABA activity (Samuel et al., 1988; Segovia et al., 

1990; Tanaka et al., 1986) and GAD mRNA (Segovia et al., 1990; Soghomonian et al., 

1992). Soghomonian etal. (1992) suggest that this increase is specific for medium spiny 

projection neurons, whereas GAD expression in the striatal interneurons is reduced 

following lesioning. They also showed that these changes were specific to the GAD67 

isoform.

MPTP-treated primate models have shown increased GAD67 (and also GAD65) 

mRNA expression within the striatum (Pedneault and Soghomonian, 1994; Soghomonian 

et al., 1994) along with increased GABA release within the GPe but not the GPi
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(Robertson et al., 1990; Robertson el al., 1991). This suggests that the increased GAD 

is localised to the striatopallidal pathway. Benzodiazapine binding studies in PD patients 

reveal a decrease in such receptors within the GPe (Griffiths et al., 1990), further 

supporting the idea of an overactive striatopallidal pathway. However an earlier study 

on a small sample of MPTP-treated primates and PD patients reveal opposing changes 

in GAD67 mRNA expression; this was increased in the primates, but reduced in the PD 

patients, which may be a consequence of 1-DOPA treatment (Levy et al., 1995).

The GABAergic neurons of the GP have also been investigated in animal models. 

These have demonstrated increased GAD67 mRNA in the ipsilateral GPe and a decrease 

in the expression of both isoforms of GAD within the contralateral entopeduncular 

nucleus of 6-OHDA treated rodents (Soghomonian and Chesselet, 1992). Conversely, 

increased GAD67 mRNA has been detected within both segments of the primate GP 

(Soghomonian et al., 1994), though another study demonstrates only an increase in the 

GPi (Herrero et al., 1996a; Herrero et al., 1996b), whereas GAD65 was only increased 

in the GPi of MPTP-treated primates (Pedneault and Soghomonian, 1994). A study in 

a small sample of PD patients also revealed no changes within either segment of the GP, 

which they suggest was related to 1-DOPA treatment (Herrero et al., 1996a; Herrero et 

al., 1996b).

Differential changes for colocalised neurotransmitters have been seen in the 

GABAergic striatal projection neurons. It is therefore of interest to determine whether 

GAD mRNA is also altered in the striatum of a larger sample of PD patients and to 

investigate both isoforms of GAD. Both segments of the GP reveal some changes in 

activity and GAD content in animal models of PD and therefore it would be of interest 

to determine if GAD65 and GAD67 mRNA expression are changed concurrently in a
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larger sample of PD patients. Also the current model of basal ganglia connectivity 

predicts underactivity of the GPe, but overactivity of the GPi in PD, so this should be 

reflected in the expression of GAD mRNA if this model is correct. For this reason GAD 

mRNA expression was investigated for both isoforms within the striatum and globus 

pallidus of control and PD cases to determine the effect of PD on GAD-containing basal 

ganglia structures and to evaluate the current ‘direct’ / ‘indirect’ pathway hypothesis of 

basal ganglia function in man.

7.2 Application of general methods

7.2.1 Glutamate Decarboxylase 65 (GAD65)

ISHH was performed using this probe on striatal samples of human tissue. GAD65 

mRNA expression was investigated within pallidal and striatal sections from 8 PD and 

between 10 and 12 control cases. The patients exhibited the folllowing characteristics. 

PD cases: 4 males, 4 females; mean age 76.6 years (range 67-88); mean post mortem 

delay 17.6 hours (range 8.5-24.5); mean cerebellar pH 6.44, SEM 0.05 (range 

6.20-6.60), mean disease duration 17.9 years, (range 11-25); mean 1-DOPA dose at 

death 1172 mg/24 hours (range 400-3 500mg. In all cases, 1-DOPA had been given with 

a peripheral decarboxylase inhibitor). All 8 patients suffered 1-DOPA associated 

dyskinesia in life. Controls: 7 males, 5 females; mean age 74.7 years (range 40-90); 

mean post mortem delay 27.4 hours (range 5.5-50); mean cerebellar pH 6.44, SEM 0.07 

(range 6.12-6.79) and exhibited no neurological symptoms during life, or neuropathology 

on post mortem.

No significant differences between pH, post mortem delay, or age were observed
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between the two groups.

GAD65 mRNA expression was studied at the microscopic level following emulsion 

dipping and development after 7 weeks at 4°C. The probe used was complementary to 

nucleotides 290-319 of human GAD65 mRNA and a 20 base mismatch with GAD67 (Bu 

e ta l,  1992).

5'-GTA GTT GAC ATC CAC TTT GGA GCA GOT GCA-3'

7.2.2 Glutamate Decarboxylase 67 (GAD67)

Expression of GAD67 mRNA within the STN was investigated by ISHH in human 

sections at the microscopic level for 8 PD and control patients. The slides were emulsion 

dipped and developed after 24 days.

Our group also previously studied GAD67 pallidal and striatal expression by ISHH 

in 9 PD and 16 control cases (see Nisbet et al. (1996)), though not all patients were used 

for every area investigated. The patients exhibited the following characteristics. PD 

cases: 4 males, 5 females; mean age 78.0 years (range 70-88); mean post mortem delay

18.2 hours (range 8.5-30); mean cerebellar pH 6.45, SEM 0.05 (range 6.20-6.60), mean 

disease duration 15.4 years, SEM 1.9 (range 5-25); mean 1-DOPA dose at death 825 

mg/24 hours (range 400-1500mg. In all cases, 1-DOPA had been given with a peripheral 

decarboxylase inhibitor). 7 out of 9 patients suffered 1-DOPA associated dyskinesia in 

life. Controls: 10 males, 6 females; mean age 75.1 years (range 40-91); mean post 

mortem delay 30.5 hours (range 5.5-53.5); mean cerebellar pH 6.48, SEM 0.06 (range 

6.12-6.79) and exhibited no neurological symptoms during life, or neuropathology on 

post mortem. The striatum was not subdivided and image analysis was performed at
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X20 magnification. No significant difference between pH, age or post mortem delay was 

detected between PD and control cases for either study.

The probe sequence used was complementary to nucleotides 1931-1960 of human 

GAD67 mRNA and an 8 base mismatch with GAD65 mRNA (Bu et al., 1992).

5-TGC TTT CCA CAT CAGCCA GAA CTT GAA GAT-3'

7.3 Results

7.3.1 GAD65

GAD65 was hybridised with sections of human striatum. No specific labelling was 

seen on x-ray film even after 30 days, but specific cellular labelling was observed 

following 7 weeks exposure to emulsion which matched previously described 

distributions (see Figure 7.2 and 7.3). Cold excess experiments demonstrated no 

labelling and use of an irrelevant excess did not alter GAD65 labelling.

7.3.1.1 GAD65 mRNA in control striatum

The majority of cells labelled for GAD65 expressed low levels of mRNA, and 

probably represent the medium spiny projection neurons. There was considerable 

variation in the levels of mRNA expression as measured by grain area per cell (range 

4-80 pm2/cell). A small number of cells expressing higher levels of GAD65 mRNA may
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Figure 7.2 G A D 65 m R N A  expression in putam en

A. Control

B. PD

Photom icrographs o f  emulsion-dipped, hybridized sections from control and PD 

putam en showing increased silver grains, indicating GAD65 mRNA, over almost all 

visible putaminal neurons in PD. Arrowhead depicts a low expressing cell compared with 

a high expressing (arrow). Scale bars = 10pm. Counterstain: Toluidine Blue
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correspond to GABAergic interneurons. No labelling of large cell bodies, which may 

correspond to cholinergic interneurons, was observed within the striatum in contrast to 

our observations for GAD67 mRNA (Nisbet et a l,  1996). General linear model analysis 

demonstrated significant differences between the putaminal regions, and pairwise 

comparison revealed a 'gradient' o f expression whereby GAD65 decreased in a 

dorsomedial to ventrolateral direction, with ventrolateral being significantly lower than 

dorsolateral, dorsomedial and ventromedial expression in control cases (ventrolateral:

0.011 pm2 silver grain/pm2 of cell area; dorsolateral: 0.013 pm2 silver grain/pm2 of cell 

area; dorsomedial: 0.013 pm2 silver grain/pm2 o f  cell area; ventromedial: 0.0125 prrf 

silver grain/pm2 of cell area; p<0.0033; see Table 7.1, Figure 7.4 and 7.5).

Within the caudate the majority of cells expressed GAD65 mRNA at a low level 

and the mean level o f mRNA expression was also slightly lower than in the putamen 

(mean grain area in caudate: 11.71 pm2/cell; mean grain area in putamen: 14.37 

pm2/cell). The cells were also slightly smaller than putaminal cells (mean cell area in 

caudate: 107.5 pm2; mean cell area in putamen: 120 pm2).

7.3.1.2 GAD65 mRNA in PD striatum

A significant increase was observed in the cumulative distribution o f GAD65 

mRNA expression in the putamen between control and IPD patients (p<0.001; 

Kolmogorov-Smimov test; Figure 7.6) although no significant changes in mean mRNA 

expression were observed (mean grain density: IPD 0.128; control 0.119). Subregional 

analysis revealed that the increased GAD65 mRNA expression in IPD patients was 

primarily within the lateral putamen which was significantly higher than the other
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Figure 7.4 Schematic diagram of GAD65 mRNA in the human basal ganglia

The mean grain density of GAD65 mRNA expression (pm2 grains/ pm2 cell area) 

is shown within the basal ganglia of control (A) and PD (B) patients. Significant changes 

in the cumulative frequency distribution of GAD65 expression are shown.

** p<0.01 or *** p<0.001; Kolmogorov-Smirnov test.
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putaminal regions (p<0.001; Kolmogorov-Smirnov test). General linear model of 

ANOVA analysis followed by pairwise comparison of PD putamen revealed no 

significant differences across the putamen, the dorsomedial-ventrolateral gradient of 

GAD65 mRNA expression observed in controls being absent in PD.

The cumulative distribution of GAD65 mRNA expression in the caudate of PD and 

control was significantly increased in the PD cases compared with controls (p<0.001; 

Kolmogorov-Smimov test), although no change in mean expression was observed (PD:

12.2 ± 0.8 pjm2/cell vs control: 11.7 ± 1.0 fj,m2/cell; p>0.05; Student's /-test).

7.3.1.3 GAD65 mRNA expression in control globus pallidus

The majority of cells within both segments of the GP demonstrated labelling, 

including a population of large cells with high levels of GAD65 mRNA expression. The 

highest level of GAD65 mRNA expression was observed within the GPi (GPe: 52.11 ± 

4.6 |Lim2/cell, GPi: 60.31 ± 9.45 |um2/cell).

7.3.1.4 GAD65 mRNA expression in PD globus pallidus

In PD cases, the highest expression of GAD65 mRNA was again observed in the 

GPi (GPe: 42.6 ± 3.82 pm2/cell, GPi: 53.85 ± 6.91 |j,m2/cell). Within both the GPe and 

GPi, a significant decrease in the cumulative distribution of GAD65 mRNA expression 

was observed in PD cases, compared with controls (P<0.001; Kolmogorov-Smirnov test) 

although no significant alteration in mean expression was observed (GPe: PD: 42.6 ±3.8 

|um2/cell vs control: 52.1 ± 4.6 (im2/cell; GPi: PD: 53.9 ± 6.9 (j,m2/cell vs control: 60.3 

±9.5 |nm2/cell; p>0.05; Student's t-test; see Figure 7.7).
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Figure 7.7 GAD65 niRNA expression in the globus pallidus

A. GPe

B. GPi

Frequency histograms o f GAD65 mRNA expression in both segments o f the GP 

in controls and in PD. A statistically significant decrease in the cumulative distribution 

of GAD65 mRNA expression in PD was observed in both the external and internal GP.
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7.3.2 GAD67

The GAD67 hybridised blot of human striatum was apposed to film and developed 

9 days later. The probe had hybridised with RNA corresponding to a size of 

approximately 3.6 kb. This agrees favourably with values quoted in the literature (Bu 

eta l., 1992), thus confirming the specificity of the probe sequence for GAD67 mRNA 

in conjunction with the displacement of signal in cold excess and lack of an effect with 

irrelevant excess.

GAD67 was hybridised with sections from human striatum, including the STN. 

Labelling was seen following 24 days of exposure to emulsion. Labelling of emulsion 

dipped slides was analysed by examining an area of the striatum roughly equal to the 

intermediolateral putamen and counting approximately 30 cells at x20 magnification. The 

results have already been published and showed a significant reduction in mean GAD67 

mRNA expression within the GPe and a trend towards a reduction in the GPi. Mean 

GAD67 mRNA was unaffected within the putamen. (see Nisbet et al. (1996)). 

Repetition of this study using the Kolmogorov-Smirnov test revealed more significant 

changes such as decreased GAD67 mRNA expression within the GPe and GPi, as well 

as a decrease in GAD67 expression within the striatum (see Figure 7.8 and 7.9).

7.3.2.1 Subthalamic expression of GAD67

Unfortunately only 4 control and 5 PD showed sufficient labelling of the STN with 

GAD67. These cells had an average cross-sectional area of 108 pm2 and were small and 

round. In general they were not clearly nucleated and so maybe glia, rather than
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Figure 7.8 Schematic diagram of GAD67 mRNA expression in the human basal 

ganglia

The mean grain area of GAD67 mRNA expression (pm2 grain area) is shown 

within the basal ganglia of control (A) and PD (B) patients. A significant change in mean 

(##; p<0.01; Student’s t-test) or cumulative frequency distribution (** p<0.01, *** 

p<0.001; Kolmogorov-Smimov test) of GAD67 mRNA expression is depicted.

251



M Control

PIJTAMEN

Figure 7.9 Graphical representation of GAD67 mRNA expression in the 

human basal ganglia

GAD67 mRNA expression, measured as grain area (pm 2) within the basal ganglia 

of human control and PD subjects. A significant decrease in the cumulative frequency 

distribution within the putamen, GPe, (*** p<0.001; Kolmogorov-Smirnov test) and GPi 

(** p<0.01) was apparent, with mean grain area also being significantly reduced for the 

GPe (## p<0.01; Student’s /-test)
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neurons. No significant difference in expression was seen between PD and control cases 

with mean, median or Kolmogorov-Smirnov comparison, though the spread of values 

was slightly larger in controls (mean grain density: PD: 0.1430, SEM 0.023 pm2/cell 

area vs control: 0.1421, 0.043 pm2/cell area).

7.4 Discussion

The distribution of GAD65 mRNA expression within the striatum appears to be 

similar to that for GAD67 in human material (Nisbet et al., 1996), except no evidence 

of labelling of large cells (> 400pm2 in cross sectional area) was observed. A 

subpopulation of medium sized, heavily-labelled cells could be detected which may 

correspond with GABAergic interneurons. The distribution of GAD65 within the GP 

agreed with previously published descriptions in other species (Mercugliano et a l, 1992; 

Pedneault and Soghomonian, 1994). Their distribution also suggests colocalisation of the 

two isoforms of GAD mRNA within the same neurons.

Specific changes in GAD65 mRNA expression were observed within the basal 

ganglia of IPD patients (decreased expression within both segments of the GP, and 

increased expression within the lateral striatum). In all cases the changes were subtle, 

and were only revealed when the cumulative frequency distribution of hybridisation 

signal rather than the mean expression of GAD65 mRNA was compared.

Previous studies from our group investigating mean GAD67 mRNA in IPD 

revealed only a significant decrease in the GPe and a nonsignificant decrease in the GPi 

(Nisbet et al., 1996). Distribution analysis of GAD67 mRNA expression using the
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Kolmogorov-Smirnov test, revealed significant changes in parallel with those observed 

for GAD65 in this study for the GP, and significant but opposing changes in the striatum. 

A significant reduction in GAD67 expression was revealed within both segments of the 

GP (p<0.001; Kolmogorov-Smirnov test), as well as a significant decrease in GAD67 

mRNA expression within the putamen of IPD patients (p<0.001; Kolmogorov-Smirnov 

test).

7.4.1 GAD expression in the striatum

The apparent discordance between GAD65 and GAD67 expression in IPD striatum 

is intriguing and provides evidence of the capacity for differential regulation of GAD and 

potentially other neurotransmitters within the same neurons. This may be a consequence 

of the localisation of GAD65 to axon terminals, compared with GAD67 to nerve 

processes and cell bodies. A recent study using chronic treatment of D1 receptor 

agonists to unlesioned rats revealed a differential increase in GAD65 mRNA expression 

purely within non PPE containing (and hence presumably PPT containing striatonigral) 

neurons, and no changes in GAD67 mRNA expression within striatal neurons (Laprade 

and Soghomonian, 1997). L-DOPA has been shown to induce increased glucose 

utilization within the striatonigral targets in a D1-dependent manner (Trugman and 

Wooten, 1986), and this may help to explain the increased expression of GAD65 mRNA 

within the striatum.

GAD65 and GAD67 are expressed in 3 different neuronal populations within the 

striatum; the striatonigral, substance P coexpressing projection neurons, the 

striatopallidal enkephalin coexpressing projection neurons and a small population of 

intemeurons. Differential expression within these 3 groups of neurons, as suggested by
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animal models (Mercugliano et al., 1992; Soghomonian et al., 1992), could result in a 

range of changes depending on the predominant alteration in a particular neuronal group 

and region. Our studies did not segregrate neuronal types and it is plausible that 

differential regulation of GAD may occur within the different neuronal types in the 

striatum. Large striatal neurons expressing high levels of GAD67, but no GAD65 

mRNA may contribute to the differential regulation of these enzymes.

Studies in MPTP-treated primates have shown that chronic 1-DOPA administration 

following MPTP treatment appears to induce increased GAD65 and GAD67 expression 

within the putamen, but not the caudate, whereas MPTP alone, only caused an increase 

in GAD67 expression in the putamen and caudate (Soghomonian et al., 1996). A 

separate study by Levy et al. (1995) reveals a similar increase in GAD67 mRNA 

expression within the primate striatum, which was only partially reversed by 1-DOPA. 

All the IPD patients in our study had been treated chronically with 1-DOPA, and our 

GAD65 findings agree with this study. Levy et al. (1995) also observed decreased 

GAD67 mRNA within IPD striatum agreeing with our findings.

A possible reason for the disparity between GAD65 and GAD67 expression in IPD 

is the suggested differential action of DA on the expression of the 2 GAD isoforms. 

Laprade and Soghomonian (1995a) demonstrated that D2 agonists decreased GAD67 

mRNA expression, whereas D1 agonists increased GAD65 mRNA expression in the rat. 

These transcriptional changes appear to correspond to striatal GAB A levels since GAB A 

release in the striatum (primarily from projection collaterals or interneurons) is also 

increased by D1 and reduced by D2 agonists (Bemath and Zigmond, 1989; Girault et al., 

1986). Stimulation of striatal slices from 6-OHDA treated rats by 1-DOPA has been 

shown to increase GAB A release by a D1 receptor mediated mechanism (Aceves et al.,
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1991) and this may contribute to the increased GAD65 mRNA expression observed.

It has recently been shown that the D1 and D2 class of receptors are colocalised 

in a subpopulation of striatonigral and striatopallidal neurons, though the dominant class 

(in number) is D1 and D2 respectively (see Chapter 1.7.1), D1 receptors are believed 

to exert a facilitatory influence whereas D2 are generally inhibitory. In support of this, 

D1 receptor agonists upregulate GAD65 whereas D2 receptor agonists reduce GAD67 

expression. The direction of the changes observed in our study of PD patients are in 

opposition to that predicted by loss of DAergic input from animal studies for GAD67 

(i.e. removal of D2 mediated inhibition of GAD67, and D1 mediated facilitation of 

GAD65) (Lindefors, 1993) and are more in line with the effect of excess DA on GAD67 

as demonstrated in animal models (Lindefors, 1993). A possible explanation for this 

would be that the influence of 1-DOPA on GAD67 appears to be greater than that for 

endogenous DA in PD patients. This may relate to the intermittent administration of 

large doses of 1-DOPA in PD patients compared with the ‘continous’ effect of DA in 

normal cases. 1-DOPA may therefore be stimulating the D1 (and D2) receptors to a 

greater extent than normally occurs resulting in exacerbation of the effects of DA on 

these isoforms of GAD. The increased GAD65 mRNA may therefore reflect a 

predominate change in striatonigral neurons whereas the decrease in GAD67 mRNA 

reflects a predominate change in the striatopallidal pathway. Colocalisation studies with 

PPE and PPT mRNA, immunocytochemistry or tracing studies are required to study this 

and determine the relationship between DA and GAD isoform mRNA expression within 

the different GAD expressing neuronal populations of the striatum.

GAD65 mRNA expression within the ventromedial putamen was unaltered in our
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patients. This could be due to either a reversal of any potential changes by 1-DOPA or 

the reduced severity of the DAergic deafferentation in this region. The observed increase 

in the dorsolateral regions may be due to the absence of an effect of 1-DOPA on these 

neurons. A recent study of peptide mRNA expression within lesioned rats, chronically 

treated for 6 months with 1-DOPA found reversal of changes in peptide expression in the 

ventromedial but not the dorsolateral deafferented striatum of rats (Salin et al., 1997). 

The lack of an effect of 1-DOPA in the dorsolateral putamen is partially supported by our 

findings for PPE and PPT mRNA expression in EPD patients where there is a significant 

increase and a non-significant trend towards a decrease in expression respectively 

(Nisbet et a l., 1995). Salin et al. (1997) suggest that the excitatory influence of 

corticostriatal glutamatergic neurons may be the dominant effector in the dorsolateral 

striatum rather than DA, since cortical lesions (Campbell and Bjorklund, 1994) and 

NMDA antagonists (Hajji et al., 1996a) reverse the upregulation of enkephalin in the

6-OHDA treated rat, whereas 1-DOPA had no effect.

7.4.2 GAD expression in the GP

The decreased expression of GAD65 and GAD67 mRNA expression within the 

GPe, can be explained by the currently agreed model of basal ganglia connections 

(Alexander and Crutcher, 1990). In IPD, evidence for increased activity of the 

striatopallidal pathway has been demonstrated in animal models of PD and in IPD 

patients, by glucose utilisation (Mitchell et al., 1992), autoradiography studies showing 

reduced GABA receptor density (hypersensitivity due to increased striatal input) 

(Griffiths e ta l, 1990) and increased PPE mRNA expression (Nisbet et al., 1995) within 

these neurons, presumably leading to increased inhibition of the GPe. Our findings for
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both GAD65 and GAD67 support such an inhibition in IPD. The resulting decreased 

GPe activity is thought to result in disinhibition of the STN, which in turn should lead 

to greater stimulation of the GPi and SNR and hence increased activity of neurons in 

these nuclei. Several animal studies demonstrate increased GAD65 or GAD67 mRNA 

expression within the GPi (or equivalent) following DA deafferentation using short term 

models, in which the animals were lesioned a few months prior to the study (Herrero et 

al., 1996b; Pedneault and Soghomonian, 1994; Soghomonian and Chesselet, 1992; 

Soghomonian et al., 1994). In contrast with these animal studies, we find a reduction 

in GAD65 and GAD67 mRNA within the GPi. The disparity between these findings and 

our data may be due to all our patients being treated with 1-DOPA whereas the animal 

models were 1-DOPA-naive. 1-DOPA treatment in MPTP-treated monkeys has been 

shown to reverse the increase in GAD67 mRNA in the GPi observed following DA 

deafferentation (Herrero et al., 1996b) as well as causing a rebound increase in PPT 

mRNA expression, no change in the PPE mRNA expression and inducing dyskinesias 

(Jolkkonen et al., 1995), suggesting a greater inhibition of the GPi. Our data suggests 

a similar effect of 1-DOPA occurs in humans and may explain the presence of dyskinesias 

and ‘off periods in long term 1-DOPA-treated patients (see below).

The chronic nature of IPD compared with the acute treatment regimes investigated 

may also contribute to the disparity in our findings and those in animal models.

Autoradiography studies reveal no change in the number of GABA receptors 

within the GPi of PD patients (Griffiths et al., 1990), suggesting that the ‘direct’ striato- 

GPi pathway is unaltered in PD. However, the excitatory subthalamopallidal pathway 

could synapse on striato-GPi terminals and enhance release which may normalise the 

predicted reduction (by current models of basal ganglia function (Alexander and
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Crutcher, 1990)) in activity of the striato-GPi pathway. The interplay between these two 

pathways and their potential role in dyskinesias is discussed below.

7.4.3 Role of GABA in dyskinesia

The majority of our patients had suffered dyskinetic episodes before death, and 

so the absence of a statistically valid control group of non-dyskinetic IPD patients meant 

that the contribution of dyskinesia to our observations could not be investigated directly. 

However, clues to the cause of dyskinesias may be derived from this study.

Analysis of GAD mRNA expression in three lesioned animals that exhibited 

dyskinesias following 1-DOPA treatment were found to have significant increases in 

putaminal GAD65 and GAD67 mRNA expression (Soghomonian et al., 1996). They 

proposed that dyskinesia may be related to potentiation of GABA neurotransmission (as 

defined by GAD mRNA expression) within the putamen.

The shift in the balance between the excitatory subthalamic influence and the 

inhibitory striatonigral pathway on the GPi proposed above, may be in favour of the 

inhibitory striatonigral pathway following 1-DOPA treatment (see Graham et al., 1994). 

This is supported by the decreased GAD mRNA expression within the GPi in this study 

and the increased regional cerebral glucose utilization, which may be due to the 

overactive striatonigral terminals, previously observed in nigrally-lesioned rodents and 

primates administered 1-DOPA (Mitchell et al., 1992; Trugman and Wooten, 1986), 

though other interpretations of this observation such as changes in the activity of GPi 

neurons or subthalamic terminals are also plausible. Increased binding of 

[3H]flunitrazepam to GABAa receptors has been detected within the GPi of dyskinetic 

1-DOPA-treated, MPTP-lesioned primates (Calon et al., 1995), which would seem to
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suggest a reduction in GAB Aergic innervation of the GPi does not seem to support our 

observation of decreased GAD expression in the GPi. Surgical lesioning also does not 

support the proposal that dyskinesia occurs as a consequence of the subsequent 

overactivity of the thalamus and cortex as a result of less thalamic inhibition by the GPi. 

Lateral pallidotomy (i.e. lesion of the GPe) which would cause activation of the GPi (and 

therefore inhibition of the thalamus) by both loss of direct inhibition as well as removal 

of inhibiton of the STN, worsens dyskinesia (Blanchet et al., 1994) whereas medial 

pallidotomy (i.e. lesion of the GPi), thus removing inhibition of the thalamus does 

improve dyskinesia (Baron et al., 1996; Laitinen et al., 1992a). A recent study on 

patients undergoing pallidotomy in which the activity of pallidal neurons was recorded 

showed that subcutaneous administration of apomorphine caused increased firing of GPe 

neurons and decreased firing of GPi neurons. When the changes were at their peak, 

dyskinesia was observed in some of the patients, which further supports the hypothesis 

that decreased inhibition of the thalamus by the GPi may contribute to dyskinesias 

(Hutchinson et al., 1997). The increased firing in the GPe neurons would both inhibit 

the GPi directly and also reduce the stimulatory effect of the STN. However, our studies 

do not support this increased firing of the GPe, assuming that changes in GAD mRNA 

expression translate to GABA production, which in turn relates to neuronal firing. 

Further studies examining GAD mRNA within the GP of nondyskinetic EPD patients is 

required to test this hypothesis.

The apparently contradictory findings of our group and others may result from the 

pulsatile administration of 1-DOPA to PD patients leading to an oscillatory balance 

between the excitatory subthalamopallidal and inhibitory striatonigral pathways and this 

may explain the presence of both dyskinesias and ‘off periods within the same patients.
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This is partly supported by studies of intermittent and continous 1-DOPA treatment in 

animal models which reveal opposing changes on neurotransmitter gene expression 

(Engber et al., 1992; Engber et a l 1991; Gnanalingham and Robertson, 1994).

Using post mortem material can only provide a limited insight in to the oscillatory 

dynamic state of intermittently stimulated basal ganglia pathways, but would seem to 

suggest that the GPi is primed for the occurrence of dyskinesias in response to changes 

in this dynamic equilibrium between its inputs.

Examination of GAD mRNA expression within specific neuronal projections with 

respect to their projection sites and also the origins of the synapsing efferents with 

respect to motor, limbic, and associative territories may also reveal segregated changes 

in expression.

7.5 Conclusions

1. GAD65 and GAD67 mRNA expression is reduced in the GPe of IPD patients, as 

predicted by animal models and the current model of basal ganglia connectivity, in which 

the ‘indirect’ enkephalinergic striatopallidal pathway is thought to be overactive, thus 

inhibiting the GPe.

2. Decreased GAD65 and GAD67 mRNA was also seen in the GPi, which is in 

opposition to the changes predicted by animal models of basal ganglia connectivity in 

which overactivity is predicted due to the disinhibition of the STN. This may be due to 

chronic 1-DOPA treatment reversing changes following nigral injury in the PD patients.

3. All patients studied exhibited 1-DOPA-induced dyskinesias during life. The reduced 

GPi GAD mRNA expression would therefore support the proposal that dyskinesias arise
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when a shift occurs in the dynamic balance between the excitatory input from the STN 

and the inhibitory inputs from the striatonigral pathway (and also GPe), resulting in net 

inhibition of the GPi.

4. The reduced GPi GAD expression observed suggests that the GPi is primed for the 

induction of dyskinesia in the patients studied.

5. The differential regulation of GAD mRNA expression in the putamen (increased 

GAD65, decreased GAD67) may mean that GAD65 is normally tonically inhibited by the 

nigrostriatal pathway (probably acting via D2 receptors), whereas GAD67 is stimulated 

by this pathway (probably acting via D1 receptors). Segregation to a particular 

projection pathway (e.g.GAD65 to striatopallidal, GAD67 to striatonigral) may also 

underlie this observation. However the observed distribution of both mRNAs to the 

majority of neurons within the striatum suggests that this is unlikely.
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Chapter 8: GENERAL DISCUSSION

Before addressing the impact of this work on our understanding of the changes in 

neurotransmitter expression observed in PD, the suitability (and problems) with in situ 

hybridisation will be discussed.

8.1 In situ hybridisation histochemistry

This technique is ideal for measuring specific mRNA expression for abundant 

proteins within the brain and proved to be a useful tool. Precise localisation and 

identification of particular cells that express a specific protein can be obtained. We have 

clearly demonstrated the specific localisation of GAD65, GAD67, NOS, ChAT, SS, 

PPE, PPT, aldolase C and p-tubulin mRNA within certain neurons of the basal ganglia 

and detected differences in mRNA expression. The technique has previously 

demonstrated that mRNA is not specifically located in the soma of cells, but can also be 

translocated and detected in proximal dendrites (Paradies and Steward, 1997). The 

importance of mRNA specificity is apparent when you consider the number of different 

mRNA molecules generated by the brain or even an individual cell.

Some mRNA may be expressed at low levels, but still be functionally relevant. In 

this situation, normal ISHH may not be sensitive enough to detect this mRNA. For this 

reason, the nondetection of mRNA does not necessarily rule out its presence. RNA 

amplification, for example by reverse transcriptase-polymerase chain reaction, could be 

used to increase the sensitivity of ISHH. Conversely, this additional technique might
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lead to the erroneous detection of nonfunctional mRNA.

One-advantage of ISHH, is that it can be combined with immunocytochemistry to 

confirm that the mRNA encodes a specific functional protein (or an additonal protein for 

neuronal identification). The ability to combine these two procedures allows for 

demonstration of the relationship between the presence of mRNA and how changes in 

levels of expression translate to protein concentrations. However, combining ISHH and 

immunocytochemistry is techniquely very difficult and was not performed successfully 

in these studies. Protein studies are difficult to quantitify, whereas ISHH provides the 

user with semi-quantitative information about mRNA expression as shown in this body 

of work where changes in neurotransmitter expression were clearly apparent in the brains 

of PD patients.

The relationship between the presence of mRNA and functional protein is still 

unclear, though there is a general correlation between the two i.e. mRNA is detected 

within cells that have previously been shown to express the protein. Some exceptions 

have been noted, for example, neuronal NOS mRNA is not detected within the SN 

(Nisbet et al., 1994b) yet neuronal NOS protein has been detected by histochemistry 

within these cells (Hunot et al., 1996). In these studies, we have assumed that a change 

in mRNA expression leads to a functional change in protein expression but further 

studies are required to corroborate this assumption. This correlation is likely to be close 

for peptides where the mRNA translates to a protein that is cleaved to generate the 

functional moiety i.e. one mRNA equals one neurotransmitter. Enzymes on the other 

hand, are dependent on the level of their substrates and coenzymes and are also subject 

to post translational processing, and can generate a large number of transmitter 

molecules and therefore a weaker correlation between enzymatic mRNA and
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neurotransmitter may exist.

Since oligonucleotides hybridise with only a short sequence of mRNA it is possible 

that if post mortem effects (or even disease state) led to the degradation of the mRNA 

into fragments, ISHH may detect the presence of these fragments leading to the 

erroneous assumption of the presence of functional mRNA that will be translated into 

an active protein. Where non-functional (degraded) mRNA is disease-related, its 

detection by oligonucleotides would paint a false picture resulting in the assumption that 

no changes have occurred. Again, this is where dual ISHH/immunocytochemistry 

studies could prove to be of great importance. Conversely its detection when post 

mortem processes have led to degradation of the mRNA could also be valuable. This 

highlights the importance of trying to match post mortem conditions between disease and 

control tissue for example by using pH measurements to compare agonal state.

8.2 Interpretation of our data

Flash frozen tissue was found to be optimal for ISHH and it was possible to 

demonstrate changes in mRNA expression in PD. Agonal state as measured by tissue pH 

was shown to be a more reliable indicator of RNA preservation than post mortem delay.

Collecting data from post mortem material can be fraught with problems. This is 

primarily discussed in Chapter 3. However, it is important to remember that post 

mortem studies only act as a snapshot of what was happening at the time of death. This 

is true for any measurement, not just mRNA. Where there is a dynamic regulation or
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equilibrium, such as we postulate is occurring in the GPi in dyskinetic humans, or even 

throughout the basal ganglia following 1-DOPA treatment, the value of post mortem 

evidence may be limited and interpretation can be difficult.

Using current techniques the majority of studies can not be performed in vivo for 

practical as well as ethical reasons. Animal studies can provide some information on 

dynamic processes, but again is limited by the current technology. The main advantage 

of animal models is the ability to control peri mortem, death and post mortem conditions 

very tightly, though one must not forget that for the majority of diseases they are a 

model of the disorder and not the disease itself.

The majority of post mortem material from PD patients provides indirect 

information about the pathophysiology of PD, due to the confounding effects of 1-DOPA 

treatment. However, by comparison with animal models, extrapolation can be made as 

to what is happening as a consequence of PD itself. This is an inherent problem of 

clinical studies since they are subject to considerable variation in factors such as disease 

duration, drug regimen and mode of death. This makes it considerably difficult to obtain 

comparable groups. Since the advent of 1-DOPA, the number of patients at post mortem 

who have not been treated with 1-DOPA or any other drug is negligible and this is 

unlikely to change due to the major improvement initially seen following 1-DOPA 

treatment. Consequently the effect of 1-DOPA’s involvement in changes cannot be 

determined conclusively in PD patients, but they can be predicted from animal models.

One important factor to remember is that although nigrostriatal loss is the main 

lesion in PD, this pathway influences several other pathways within the basal ganglia and 

therefore has far reaching consequences on the expression of other neurotransmitters,
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and hence the activity of many other neuronal pathways. These effects, in turn will cause 

changes in the activity of other neurotransmitters and the potential interactions overall 

need to be assessed to garner the full picture of what happens either causatively or as a 

compensatory response to PD. It is likely that a dynamic equilibrium is present whereby 

neuronal activity (and neurotransmitter expression) is controlled by interactions between 

a variety of different neurotransmitters. For this reason, studies of the basal ganglia need 

to take into account all possible interactions, instead of assuming that DA (or rather the 

lack of it) is the sole causative agent. The remainder of this chapter will try and 

encompass these potential interactions and suggest further work to enhance our 

understanding of the connections of the basal ganglia and the consequences of 

nigrostriatal degeneration in PD.

The current hypothesis of basal ganglia pathway connections proposes that the 

striatopallidal pathway is tonically inhibited by DA acting primarily via D2 receptors, 

whereas the striatonigral pathway is under tonic stimulation primarily by D 1 receptor 

activation. As previously mentioned (see Chapter 1.7.1) DA can exert both D1 and D2- 

mediated effects on a subpopulation of both striatopallidal and striatonigral neurons, so 

this description is an oversimplification. To confuse things further, there is evidence that 

some striatofiigal axons innervate more than just one target. Parent et al. (1995a) have 

shown by biocytin-labelling of single striatal neurons, that in primates, a substantial 

proportion of neurons arborize in both pallidal targets before terminating in the SN. 

Studies in rodents have revealed a similar innervation (Kawaguchi et al., 1990). Despite 

the presence of collaterals innervating the three targets of the striatum, a preferential 

target for each axon could be determined due to greater arborization to form ‘woolly
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fibres’ of thin collaterals entwining the dendrites of target neurons (Parent et al., 1995a). 

It is likely that the topographical representation of innervation is still maintained i.e. 

sensorimotor striatal neurons send collaterals to the sensorimotor regions of both pallidal 

segments and the SNR, though more detailed mapping studies are required to confirm 

this.

In PD, the striatal effects of DA are ‘removed’ due to the loss of the nigrostriatal 

pathway. Our previously reported finding of increased PPE mRNA expression, 

presumably within the striatopallidal neurons, supports loss of D2-mediated inhibition 

of these neurons (Nisbet et al., 1995). The lack of a significant decrease in PPT mRNA 

expression probably within striatonigral neurons (Nisbet et al., 1995) could result from 

the reversal of PD-induced changes by 1-DOPA administration, as has previously been 

demonstrated in animal models (Engber et al., 1991; Herrero et al., 1995; Jolkkonen et 

al., 1995). In the studies reported here, we detected differential expression of GAD65 

and GAD67 mRNA in the human striatum. Similar observations have been made by 

others in animal models using DA agonists, but this is the first example in humans. GAD 

isoforms are differentially regulated by DA receptors in rat striatum, with D1 agonists 

increasing GAD65 mRNA within striatonigral neurons (Laprade and Soghomonian, 

1997), whereas D2 agonists reduce GAD67 mRNA expression (Laprade and 

Soghomonian, 1995a). In contrast to this, both GAD65 and GAD67 mRNA are 

increased in PPE containing neurons following acute MPTP treatment to induce 

parkinsonism in monkeys (Soghomonian and Laprade, 1997). Striatopallidal neurons 

predominantly express D2 receptors, whereas the striatonigral neurons predominantly 

express D1 receptors, so this suggests that if the increased GAD65 is localised to
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striatopallidal neurons then it may not be a direct effect of DA. GABAergic interneurons 

appear to express D2 but not D1 receptors (Lenz et al., 1994) and therefore are likely 

to be overactive in PD. However, primate studies suggest downregulation of GAD67 

mRNA within these interneurons (Levy et al., 1995).

Animal data proposes almost complete colocalisation of the two isoforms of GAD 

within all GABAergic neurons of the striatum (Soghomonian and Laprade, 1997). This 

requires confirmation in human material since we detected no GAD65 mRNA expression 

within large striatal neurons in which we have previously reported GAD67 mRNA to be 

present (Nisbet et al., 1996).

DA (or rather the lack of it) may also not be the sole cause of our observation of 

reduced GAD67 mRNA expression within the striatum since a study has shown GAD67 

expression to be dependent on GABA concentrations (Rimvall and Martin, 1994), 

though other studies dispute this (Jolkkonen et al., 1994). Assuming our observed 

increase in striatal GAD65 mRNA corresponds to increased protein and therefore GABA 

synthesis and release, this in turn could inhibit GAD67 mRNA expression.

The role of glutamate in mediating GAD expression may also be important. 

Laprade and Soghomonian (1995b) have shown that in rats, NMD A receptor blockade 

decreases GAD65, but does not affect GAD67 mRNA expression. Cortical lesions 

increase GAD67 mRNA in the striatum, implying an indirect tonic inhibitory effect of 

glutamate (Salin and Chesselet, 1993), probably not via NMDA receptors (Hajji et al., 

1996b). This could be mediated by a glutamatergic receptor on DAergic terminals, 

cholinergic interneurons (though these are believed to be innervated primarily by the 

thalamus and not the cortex), or somatostatinergic intemeurons. In PD, excessive
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glutamatergic stimulation is predicted due to the loss of D2 mediated inhibition of 

glutamate release at the presynaptic level (Filloux et al., 1988; Warenycia et al., 1984). 

This is supported by the potential benefit of glutamate antagonists in the treatment of PD 

as suggested by animal models and some trials in PD patients (Metman et al., 1998; 

Montastruc et al., 1997; Starr et al., 1997), providing another potential interaction 

whereby differential regulation of GAD isoforms can occur and an alternative 

explanation for the increased GAD65 mRNA we observed in the lateral putamen.

There is also some debate as to the effect of ACh on the activity of GAD and other 

neurotransmitters . Both striatopallidal and striatonigral neurons express Ml receptors, 

whereas M4 receptors are expressed by the majority of striatonigral but only 30-40% of 

striatopallidal neurons. Therefore both types of neurons have the potential to be 

influenced by ACh activity. Basal release of GABA is promoted by ACh acting via 

nicotinic receptors in animals (Limberger et al., 1986), however depolarisation-evoked 

release of GABA is directly inhibited in a muscarinic dependent manner (Sugita et al.,

1991). An Ml antagonist was found to promote GAD67 expression in the striatum of 

normal and 6-OHDA lesioned rats implying that GAD67 expression is tonically inhibited 

by ACh in vivo (Mavridis et al., 1994). However, the Ml antagonist was administered 

systemically and this effect could be due to inhibition of DAergic neurons in the SNC 

decreasing DA release in the striatum, though this seems less likely as the effect was also 

observed following 6-OHDA treatment. Nevertheless indirect regulation is supported by 

a microdialysis experiment of freely moving rats that revealed no effect of Ml or M2 

class antagonist via striatal administration on GABA release (Smolders et al., 1997).

It is unclear how the differential regulation of GAD65 and GAD67 mRNA 

expression will affect the net release of GABA, however the reduced ChAT mRNA
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expression we observed in the striatum of PD patients may be due to a net increase in 

GABA release in conjunction with the changes in DA since GABA inhibits ACh release 

from striatal neurons (DeBoer and Westerink, 1994). We observed increased GAD65 

and decreased ChAT mRNA expression in the dorsolateral putamen, so increased GABA 

release from either striatonigral collaterals or GABAergic intemeurons within the 

striatum may have directly caused this reduction in ChAT mRNA expression.

We observed reduced mRNA expression of both isoforms of GAD within the GPe 

and GPi. Reduced GAD mRNA expression within the GPe is predicted by animal studies 

and the current basal ganglia hypothesis, whereas the decreased expression seen in the 

GPi is in opposition to these models. This may relate to the PD patients all suffering from 

dyskinetic episodes and is further discussed in 8.4.

SS is believed to inhibit ACh release via stimulation of DA release from 

nigrostriatal nerve terminals (Arneric and Reis, 1986). In PD this effect is likely to be 

negligable due to the loss of the nigrostriatal terminals and this is partly supported by our 

finding of similar changes in ChAT and SS mRNA within some of the same areas of the 

putamen. The large dendritic tree of the cholinergic interneurons means that a change 

in SS mRNA within one region could influence ChAT within another e.g. we observed 

increased SS in the intermediolateral but reduced ChAT mRNA in the dorsolateral 

putamen. This could be due to some residual indirect effect of SS as a result of the 

replacement of DA by 1-DOPA, though de novo DA could be released extravesicularly 

and hence would not be moderated by SS. It is also important to remember that these 

are arbitary subdivisions for analytical purposes.

NO interacts with enzymes such as guanylate cyclase to produce cGMP and 

inactivates proteins by nitrosylation. NO is believed to promote release of glutamate,
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GABA and ACh by enhanced synthesis of cGMP in a calcium dependent manner 

implying an alteration of synaptic release (Guevara-Guzman et al., 1994). The effect on 

GABA may also be related to reversal of the GABA uptake protein (Segovia et al., 

1994).

The effect of NO on DA release is complex. Inhibition of NO has been shown to 

increase NMDA-induced DA release in the striatum in vivo (Shibata et al., 1996), 

whereas DA and glutamate uptake were inhibited by NO in striatal synapto somes (Lonart 

and Johnson, 1994). Both of these effects could relate to nitrosylation of the proteins 

involved (i.e. the NMDA receptor at the putative redox modulatory site (Lipton et al., 

1993) and the DA and glutamate uptake proteins at an unknown site). Guevara-Guzman 

etal. (1994) demonstrated NO dependent inhibition of DA release by NO gas dissolved 

in Ringers solution, whereas NO doner carriers e.g. penicillamine, glutathione, and 

potassium ferricyanide, exerted their own effect, increasing DA release. cGMP agonists 

mimicked the excitatory effect of NO on other neurotransmitters and also DA, which 

may suggest that DA release is potentiated by NO, but this is counteracted by 

concomitant increased ACh and GABA release.

In other studies, increased DA release has been shown following administration of 

either 1-arginine (precursor of NO) to gerbil striatum in vivo (Strasser et al., 1994) or of 

an NO generator in rat striatal slices (Lonart et al., 1993). Use of NMDA antagonists 

has shown that NO induced DA release is not due to glutamate acting via NMDA 

receptors, but has not ruled out another receptor or neurotransmitter (Hanbauer et al.,

1992).

NOS mRNA expression was reduced in the putamen in PD, so striatal NO may not 

contribute to any of the observed changes. Since these neurons are also believed to

272



express SS, which showed a net increase in the striatum, this shows differential 

regulation of colocalised neurotransmitters.

We observed increased expression of NOS and SS mRNA within MML neurons 

which may project to the striatum, or at least interact with nigrostriatal, nigropallidal and 

nigrosubthalamic neurons to promote DA release in the striatum or other targets. 

Therefore NO may be able to either directly (or indirectly) influence striatal 

neurotransmitter expression. NO may also exert a neurotoxic (or neuroprotective 

depending on the redox state (Lipton et al., 1993)) effect over the nigral projection as 

it courses through the MML or possibly by acting on cells within the striatum itself. SS 

could also exert a neurotoxic effect due to its proposed ability to induce apoptosis via 

SSTR2 or SSTR3 receptors (Patel etal., 1996; Sharma et al., 1996). If either NO or SS 

triggered cell death within nigrostriatal terminals, then this could result in the retrograde 

death of the nigrostriatal pathway, and thus explain one of the major pathologies of the 

disease. NO has been shown to interfere with oxidative phosphorylation within 

mitochondria (Bolanos et al., 1995; Bolanos et al., 1996; Bolanos et al., 1994; Brookes 

et al., 1998; McNaught and Brown, 1998) and a link between reduced mitochondrial 

membrane potential and induction of apoptosis has been suggested (Tanabe et al., 1998) 

so it is possible that the SS and NOS could disrupt the functioning of terminal 

mitochondria eventually leading to nigrostriatal cell death. However, the lack of 

convincing evidence for apoptosis within the SN suggests that this may not be the case 

(Banati etal., 1998; Kingsbury et al., 1998a), though since PD is a chronic disease and 

generally symptoms are thought not to arise before greater than 80% cell loss has 

occurred within the nigrostriatal pathway, it is possible that the level of apoptotic cell 

death is no longer detectable at the post diagnosis or post mortem stage. Analysis of
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patients in which PD has not yet been diagnosed due to the absence of symptoms, such 

as incidental Lewy body disease cases may help to resolve this issue.

8.3 The MPTP-treated vervet

Interpretation of the findings for our primate studies is limited by the shortage of 

available tissue (for ethical, practical and financial reasons). In addition there is 

increasing evidence from animal models (in rodents at least) that nigrostriatal lesion can 

have bilateral effects and therefore using the unlesioned side as an internal control may 

be invalid (Soghomonian and Chesselet, 1992). Nevertheless our findings of significant 

changes in both SS and ChAT mRNA within the striatum on the lesioned side are of 

interest and the increased SS in the ventromedial putamen of the vervet is in concert with 

our findings in PD patients. This is in some respects surprising, since it has been 

suggested that in rodents, 1-DOPA can reverse lesioned-induced changes in neuropeptide 

levels within the ventromedial, but not the dorsolateral putamen (Salin et al., 1997). We 

detected increased ChAT mRNA expression within the lateral putamen of the vervets, 

which was not evident in 1-DOPA-treated PD patients, though an alteration in the 

ventromedial putamen was also determined by us in PD patients. Assuming the MPTP- 

treated vervet reflects neurotransmitter expression in 1-DOPA-naive PD patients, this 

suggests that regulation of SS and to some extent ChAT mRNA within striatal 

intemeurons is not purely via DA, but may also be regulated by other transmitters whose 

activity is altered by DA depletion.
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8.4 Implications for models of basal ganglia functions

The decreased GAD65 and GAD67 mRNA expression observed within both 

segments of the GP of PD patients in this study presents a dilemma. On the one hand 

the decreased GPe expression agrees with the predicted effects of DA deafferentation 

from the currently ‘accepted’ model of the basal ganglia, whereas on the other the 

decreased GPi mRNA expression is in opposition to the predictions of this model. This 

may be because all the patients exhibited signs of dyskinesia during their lives. However, 

doubt has been cast on the usefulness of the simplified model of the basal ganglia 

(reviewed in Levy etal.(\991), Parent and Cicchetti, (1998)) for a number of anatomical, 

functional and clinical reasons. Segregation of striatal outputs is a major factor of the 

current simplified model but the advance in retrograde single labelling studies now reveal 

high collateral innervation of two or even three of the target output structures (Parent 

et al., 1995a). Also in disagreement with this model is the incomplete segregation of 

substance P neurotransmitter and D1 receptors to the striatonigral and enkephalin 

neurotransmitter and D2 receptors to the striatopallidal pathway (Surmeier et al., 1996), 

along with the presence of enkephalinergic positive terminals within the SN (Parent et 

al., 1995b).

The current model views the GPe simply as a relay station of the ‘indirect’ 

pathway, but the presence of projections to all components of the basal ganglia suggests 

that this is a major oversimplification and instead an important integrative role has been 

proposed (Parent and Hazrati, 1995a; Parent and Hazrati, 1995b). This integrative role 

is supported by the innervation of the GPe by the dorsal STN, in which we have 

demonstrated increased NOS mRNA expression, and the GPe innervation of the RTN.
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The reduction of GAD mRNA in the GPe however suggests that stimulation of the GPi 

by STN afferents does not exert a dominant effect in PD. The reduction of GAD mRNA 

observed by us in the GPi implies that the contribution of the STN-GPi and GPe-GPi 

pathways may also be insufficient to contrast the effects of other inputs including the 

substance P/ GABA containing striatonigral pathway in dyskinetic PD patients.

Three other projections are ignored by the current model including the reciprocal 

projections to the PPN from the output structures of the basal ganglia and the DAergic 

nigral projections that arborise within/project to the GP (including the MML) and the 

STN. The PPN exerts an excitatory glutamatergic influence over the GPi, STN and SN 

and thus may in some respects be analogous to the STN.

Our observations of increased SS and NOS mRNA within the MML may relate to 

this pathway or the nigral arborisations/projections. In turn the MML can interact with 

and influence the release of DA within the striatum. These arborisations/projections are 

believed to be less severely affected than the nigrostriatal pathway in PD (Schneider and 

Dacko, 1991). The increased SS and NOS mRNA expression within the MML may 

relate to this DA release (as well as the additional effect of systemic 1-DOPA) and also 

the potential loss of inhibitory GABA release from GP dendrites as suggested by the 

reduced GAD expression in the GP or changes in GABA release from striatal projection 

collaterals.

The current model of the basal ganglia predicts an overactive striatopallidal 

pathway which is supported by our observations of decreased GAD mRNA within the 

GPe, and therefore disinhibition of the STN, which is supported by our observation of 

increased subthalamic NOS mRNA. A rodent study however shows that lesioning of the 

GPe causes a 20% increase in the firing rate of STN neurons, whereas lesioning of the
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nigrostriatal pathway doubles firing (Hassani et al., 1996) suggesting that an overactive 

STN may not be due purely to inhibition of the GPe. The lack of excitation of the STN 

following GABA agonist injection into the GPe of 6-OHDA lesioned rats (and hence 

inhibition of projection neurons) (Chesselet and Delfs, 1996) also suggests that there are 

other influences involved. The STN also receives excitatory innervation from the 

cerebral cortex and thalamus. Our finding of decreased GAD within the GPi means that 

the thalamus would be less inhibited by this projection and therefore could exert a greater 

excitatory influence over the cortex and both these areas may then stimulate the STN 

further, acting as a long negative feedback loop regulating the activity of the thalamus.

The combination of these studies and those performed by others, suggest that the 

current model of basal ganglia connectivity requires considerable modification, with the 

recognition of the role of the DAergic innervation of the STN and GP, the PPN loop 

with the basal ganglia, and the integrative role of the GPe which is more than simply a 

conduit for the ‘indirect’ pathway.

8.5 Proposals for further work

It would be of interest to know whether the changes observed in both segments 

of the GP are segregated to just the motor regions or whether it is an overall decrease 

in GAD mRNA expression. More detailed studies with anatomical and functional 

subdivisions of the GP could be very useful, but the segregation of the GP is not as clear 

cut as those for other regions of the basal ganglia, so this could be techniquely difficult.
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Determining expression of GAD mRNA within the GP (and striatum) of 

nondyskinetic individuals would be helpful in clarifying whether our observations are 

indicative of PD, or PD patients who exhibit dyskinesia.

Colocalisation studies of GAD mRNA with either peptide immunocytochemistry 

or non-radioactive ISHH for parvalbumin, PPE or PPT mRNA within the striatum could 

be helpful in determining whether the observed differentiated regulation of striatal GAD 

isoforms are segregated to specific projection neurons or intemeurons and provide more 

information on the relative impacts of the ‘direct’ and ‘indirect’ pathways in PD. An 

alternative to these methods of determining the segregation of GAD changes would be 

by combining ISHH with tracing studies. This requires the use of large brain blocks 

containing the potential pathways and would be techniquely rather difficult. The majority 

of currently available tracers require active transport and therefore could not be used for 

human studies. However, the fluorescent label Dil, diffuses slowly along nerve axons, 

and therefore could be used in post mortem material. One limitation is that all 

experimentation would have to be performed under dark conditions. This form of 

tracing can be combined with immunocytochemistry, but it is unclear whether Dil would 

be stable under ISHH conditions or whether the probes might interact with the Dil.

GAD mRNA was not measured within the SNR, which is also an output structure 

of the basal ganglia. It would therefore be of considerable interest to determine if the 

activity of the SNR mirrors that of the GPi, or whether there is differential regulation of 

the activity of the output structures of the basal ganglia.

Measuring glutamate activity could prove very useful in determining the activity 

of the cortex, STN, PPN and thalamus in PD. However, due to the metabolic and GAD 

intermediate role of glutamate, as well as its guise as a neurotransmitter, this is difficult
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to analyse. An alternative method could be to measure glutamate receptor and 

transporter mRNA within the projection sites of these regions. The plethora of different 

glutamate receptors and their subunits mean that this could be a long and ardous task. 

Currently five glutamatergic transporters have been identified, of which two are localised 

specifically to glia. These carriers transport glutamate into the cell in an energy 

dependent fashion so if energy production is compromised, excitotoxicity could occur. 

Reversal of the carriers has also been shown to occur in mitochondrially compromised 

cells and this may have a role in the etiology of PD.

A proportion of the pedunculopontine projection neurons are believed to coexpress 

ACh and glutamate, so a measure of ChAT mRNA expression within the PPN could 

prove valuable in determining its role in PD.

Obtaining a larger sample of unilaterally MPTP-lesioned vervets (along with a 

number of controls to rule out bilateral changes) could prove beneficial in revealing what 

occurs in 1-DOPA naive PD patients since post mortem material from such patients is 

almost non-existent.

Application of tracing studies would be useful to determine where the neurons 

project to that show changes in overall expression. This is particularly of interest with 

respect to the dorsal STN in which NOS mRNA is increased. This area has been shown 

to project to the motor GP, but it is still unclear whether it also innervates the SN. If 

such an innervation exists then the increased NO production could promote 

excitotoxicity and accelerate nigrostriatal degeneration. Since no cell death occurs in the 

GP, it seems likely that the increased NO is not likely to be a primary cause of PD, but 

may provide an additional toxic influence.

Other areas of interest using the technique outlined in this thesis include measuring
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expression of the neuropeptide NPY within the same population of intemeurons as NOS 

and SS in PD.

8.6 Overall Conclusions

1. Measuring the cerebellar pH of patients is a reliable method of determining the likely 

usefulness of patients in ISHH studies. This provides an indirect measure of agonal state 

which when used in conjunction with age, sex and post mortem delay can allow for 

adequate matching of sample groups for study. mRNA preservation appears to be more 

susceptible to peri mortem conditions such as agonal state (as measured by pH) than post 

mortem delay

2. In situ hybridisation is a reliable method for determining the presence of mRNA for 

specific neurotransmitters and can provide semiquantitative data on mRNA activity under 

post mortem conditions.

3. ISHH can detect altered expression of several mRNAs in post mortem material 

including neurotransmitter related mRNA such as NOS, SS, ChAT, GAD65 and GAD67 

in response to the development of PD. From this further understanding on the 

pathophysiology of PD can be gained.

4. The observed increase in NOS mRNA expression within the dorsal STN provides 

evidence for an overactive STN in PD.

5. Differential regulation of two isoforms of GAD mRNA has been shown for the first 

time in humans within the striatum. It awaits clarification as to whether these changes 

are specific to particular projection or interneuronal pathways.

6. Decreased GAD expression within the GPe supports the predicted overactivity of the
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striatopallidal pathway and provides a possible mechanism whereby increased STN 

activity is observed.

7. In dyskinetic PD patients, the net effect of the excitatory subthalamic and inhibitory 

striatal and GPe innervation appears to be underactivity of the GPi (as demonstrated by 

the reduced GAD mRNA expression).

8. Increased SS and NOS mRNA is observed within the MML, the cells of which have 

the potential to interact with the nigral projections to the striatum and GP. These 

increases in mRNA expression can potentially induce neuronal cell death by apoptosis 

or excitoxicity.

9.Intrinsic striatal intemeurons reveal similar changes in activity with both ChAT and SS 

mRNA being reduced in the dorsolateral (motor) region, whereas both were increased 

in the ventromedial (limbic) region. NOS mRNA, which is believed to be colocalised 

within the same neurons as SS, was also decreased in an area that includes the 

intermediolateral putamen.

10. The MPTP-treated vervets demonstrate opposing changes in SS and ChAT mRNA 

within the putamen suggesting that 1-DOPA treatment has a major effect on the striatal 

interneurons either directly, or indirectly via changes in other pathways.

11. Anticholinergic drug treatment does not cause upregulation of ChAT mRNA in the 

striatum.

12. The current model of the basal ganglia requires substantial modification including an 

integrative role for the GPe, and incorporating the reciprocal projections of the PPN with 

the basal ganglia as well as the DAergic nigral innervations of the GP and STN.
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